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ABSTRACT

The behavior and error sources of three different optical resonator gyroscopes were
studied. All of these gyroscopes determine the inertial rotation rate by measuring the
Sagnac effect in an optical ring cavity.

First, the behavior and error sources of a passive resonator gyroscope made of discrete
mirrors were studied. Important sources of noise and drift for this gyroscope were evalu-
ated, and compared with the theoretical shot noise limit. These sources include the effects
of backscattering, as well as the variations in both the state of polarization and spatial
alignment of the input beams. Short term rms noise was very close to that predicted by
shot noise limit, i.e. 0.17 deg/hr for 7 =10 ms. For 7 = 100 sec, we observed an rms
noise of 0.01 deg/hr, which is several times larger than the shot noise. This difference is
attributed to several effects that need to be studied. These effects include incomplete car-
rier suppression and residual gas flow effects inside the sealed resonator. Additionally, the
existence of lockin at low rotation rates was demonstrated and a nonmechanical method
of eliminating this effect was presented.

Next, the behavior of a passive resonator gyroscope using a fiberoptic ring resonator
was studied. Several sources of drift and offset were evaluated. These included backscat-
tering, variations in the state of polarization of light, and the cptical Kerr effect.

Finally, we studied the feasibility of a fiberoptic ring laser gyroscope based on the use
of stimulated Brillouin scattering as the laser gain medium. The measurement of rotation
rate by this device was demonstrated, and a nonmechanical approach to eliminate the
lockin problem was presented. Several sources of bias were also identified.

Thesis Supervisor: Dr. S. Ezekiel

Title: Professor of Aeronautics and Astronautics
and Electrical Engineering and Computer Sciences
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CHAPTER 1
Introduction

The advent of lasers has promoted a variety of optical sensors which measure inertial
rotation rate, temperature, pressure, magnetic field, concentration of gas species, distance,
time, and so on. All optical rotation sensors, so far, are based on the Sagnac effect!!], and
are called optical gyroscopes inspite of their lack of a spinning mass.

Gyroscopes in general are useful in fields such as navigation and geophysics where
precise measurement of angular velocity is required. A navigation grade gyroscope must
have a precision better than 1073 deg/hr{*3). In addition, gyroscopes with precision better
than 107° deg/hr[“] can be used in geophysics experiments to measure variations in the

rotation of earth.

1.1. The Sagnac Effect

As mentioned previously. the physical principle behind the opération of an optical gy-
roscope is the Sagnac effect, which is a nonreciprocal optical propagation effect due to
rotation. In this section we will present a simplified derivation of the Sagnac effect. In a
closed optical path such as the continuous ring illustrated in figure 1.1.1, the Sagnac effect
will cause a clockwise-traveling beam, E~, to experience a different perimeter than that
observed by a counterclockwise-traveling beam, .E*. This difference, labeled APq, is illus-
trated in figure 1.1.1, where during the time, 7, when light goes 0121ce around the loop, the
point S on the loop has moved to a new position S', so that the effective perimeter for E~
has been shortened by approximately QR and similarly the effective perimeter for E*
has been elongated by approximately QR7,. The round trip travel time 7, is approximately

given by 27 R/c, where c is the speed of light, and thus APq becomes:
APq =27 (QR)
4A (1.1.1)

= —0
c
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Figure 1.1.1. Illustration of the Sagnac effect in a rotating circular ring.

where A is the area of the loop. As shown above, APq is directly proportional to the
angular rotation rate. It should be noted that APq is only sensitive to the component of
the angular velocity vector that is perpendicular to the plane of the loop.

APq is typically very small. For example, the 1072 deg/hr accuracy, required for a
navigational gyroscope, corresponds to a APq of only 10~1° m, for a circular loop with
a diameter of 0.1 m. This is approximately 3 X 10~!° of the perimeter of the loop. By
comparison, reciprocal or common mode perturbations, such as thermal variations of the
optical path, can be orders of magnitude larger than the Sagnac effect, but these reciprocal
perturbations can only change the Sagnac scale factor (44/c) and do not contribute to

APq directly.



1.2. The Optical Interferometer Gyroscope

One way of measuring the Sagnac effect, manifested in APq, is to use a so called Sagnac
interferometer!s). Figure 1.2.1 shows an example of a Sagnac interferometer setup made
from bulkoptic components. The interferometer is composed of a 50/50 beamsplitter BS

and 3 maximum reflectivity mirrors M) through Ms.

7
N
/

E~|: BS

52
N
2N

Figure 1.2.1. Example of a bulkoptic Sagnac interferometer.

Light from a laser is split into two beams E* and E~ by BS. E* travels in the
counterclockwise direction in the interferometer and E~ travels in the clockwise direction.
E+ and E- are combined into a single beam, Eg, by BS. It is obvious from figure 1.2.1
that E* and E~ both travel through physically identical paths through the interferometer.

However, in the presence of rotation, because of APq, there is a phase difference, Adaq,

9



between E+ and E~ as they exit the interferometer, which is given by:

2r
Dgg = :\—APQ
21 4A

==——0
Ao C

(1.2.1)

where ), is the free space wavelength of the laser source. A¢q, which is directly propor-
tional to the rotation rate, §2, causes a measurable variation in the intensity of Eq as a
function of Q as illustrated in figure 1.2.2. Tt should be noted that the choice of E4 as the .
output of the interferometer is presented here for illustration purposes. In practice, reci-
procity issues associated with the beamsplitter require us not to choose E, but to choose
the output along the other arm of the interferometer, which goes back towards the light

source.

Intensity T

Figure 1.2.2. Variations in the intensity of E4 in the Sagnac interferometer
vs. rotation rate, 2.
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The interferometer of figure 1.2.1 can be replaced by a multiturn fiber interferometer!®]
as shown in figure 1.2.3. The beamsplitter BS is replaced by a fiberoptic evanescent wave
coupler C, and the body of the interferometer is a continuous strand of single mode fiber
wrapped N times around a cylinder of area A. The Sagnac phase shift for the multiturn
Eber interferometer is proportional to the total area covered by the interferometer, i.e.
N x A, and is given by:

27 4AN

Apg = ——Q (1.2.2)
Ao €

Thus, the rotation sensitivity of the gyroscope increases both with the loop area A and

the number of turns N.

LASER

Figure 1.2.3. Example of a fiberoptic Sagnac interferometer.
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1.3. The Optical Resonator Gyroscope

Another way of measuring the Sagnac effect is by the use of an optical ring resonator! %
Figure 1.3.1 shows an example of such a resonator consisting of four mirrors, My through
M,, which form a closed square cavity. Light can be coupled into and out of the resonator

via the partially transmitting mirrors M, and M,.

e e | ”g __Egm
1 | _

I .
o Ylout

Figure 1.3.1. Example of a bulkoptic ring resonator.

Figure 1.3.2a shows the output along the clockwise and counterclockwise directions of

the cavity, as a function of the frequency of the input light, when Q = 0. The resonance

frequencies of the cavity, labeled fc, are exact multiples of the free spectral range of the

cavity. ¢/P. where P is the perimeter of the cavity, ie.:
c
fe=9p (1.3.1)
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where ¢ is the longitudinal mode number associated with a particular cavity resonance.
Also indicated in figure 1.3.2a, the clockwise direction of the ring cavity has identical
resonance frequencies as the counterclockwise direction, when Q=0.

In the presence of rotation, because of APgq, there is a separation of Afq between
a counterclockwise resonance frequency f-, and a clockwise resonance frequency fJ, as

indicated in figure 1.3.2b. A fq is thus given by:
ot =g g—
Afﬂ - fc fc qP_ qP+
- oc APq
=q P+P_
gc 44

T PtP- ¢

where Pt and P~ are the effective perimeters of the ring resonator along the counter-

(1.3.2)

clockwise and clockwise directions, respectively. Using the simplification P* =~ P~ = P,

Afq is given by:
el
Afa = 77 e Q
Y
=37 . (1.3.3)

44
Ao P

where )\, is the free space wavelength of light with frequency fc, which is on resonance

Q

with the ¢'* longitudinal mode of the cavity.
An optical resonator gyroscope can also be implemented using ﬁberopticslg] as shown
in figure 1.3.3. It is a straight forward matter to show that A fq for a fiber ring resonator

is given by:
4A
,\.,nPQ

where n is the index of refraction of the fiber. It should be noted that for a resonator,

Afa = (1.3.4)

consisting of N turns wrapped around a cylinder with area A and perimeter P, the total

enclosed area is N'A4 and the effective resonator perimeter is N P so that Afq is given by:

4AN
Ao = 3aNP
44
/\‘,nPQ

(1.3.5)
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clockwise
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clockwise
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- ____>

Afo f

Figure 1.3.2. Clockwise and counterclockwise cavity resonances (a) in the ab-
sence of rotation (b) in the presence of rotation indicating a resonance separa-

tion of A fq, due to the Sagnac effect.

which is identical to Afq for a single-turii resonator in equation 1.3.4. Thus, unlike the
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E; Evanescant Ef"
B wave coupler S—
A e—
-+
- Ep

Figure 1.3.3. Example of a fiberoptic ring resonator.

interferometer gyroscope, the scale factor of a resonator gyroscope is independent of N.

There are two ways of measuring Afa. The first is the active approach, which is
based on a ring laser techniquel"1%11] as illustrated in figure 1.3.4. Here, an appropriate
optical gain medium is placed inside the ring resonator to prc;duc.e laser oscillations along
the clockwise and counterclockwise directions. Outside of the ring resonator, the outputs
of the two lasers are combined to generate a beatnote at Afq, which is proportional to 2
as indicated in equation 1.3.3. The commercially available Ring Laser Gyroscope (RLG)
uses the active approach with a He-Ne gain medium as the optical amplifier.

The second way of measuring Afq is the passive approach(12:13), which is illustrated
in figure 1.3.5. In this approach, there is no lasing action inside the ring resonator, and

Afq is determined by two probing externally generated light beams, E* and E-. The

15
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Figure 1.3.4. Illustration of a ring laser gyroscope (RLG)
actual implementation of a passive resonator gyroscope (PRG) is described in detail in

chapter 3.

1.4. Thesis Synopsis
In this thesis we will study the behavior of optical ring resonator gyroscopes and the error

sources associated with them.

In chapter 2, some of the important considerations in 2 PRG are described, including

the generation of a discriminant and the fundamental noise limit in a PRG.

In chapter 3, we present data on the operation of a bulkoptic PRG. We demonstrate

the measurement of rotation in the open loop and closed loop modes of operation, and

discuss the gyroscope error sources, which are due to backscattering, state of polarization

of the input light, and misalignment of the input beams.
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Figure 1.3.5. Illustration of a passive resonator gyroscope (PRG)

In chapter 4, the behavior of a fiberoptic PRG is analyzed. We demonstrate mea-
surement of rotation with this gyroscope, and describe important error sources due to
backscattering, state of polarization of light, and the so called optical Kerr effect.

In chapter 5, the first implementation of a fiberoptic rixig laser gyroscope (RLG) is
demonstrated, which uses the Stimulated Brillouin Scattering as the laser gain medium.
We demonstrate the measurement of rotation by this fiberoptic RLG, and discuss some of
the error sources associated with it.

Finally, in chapter 6, we present an overall summary and suggestions for future work.

17



CHAPTER 2
Principles of a Passive Resonator Gyroscope (PRG)

As mentioned in section 1.3, all optical r2sonator gyroscopes detect rotation rate by mea-
suring the separation between the clockwise and counterclockwise resonance frequencies
of the cavity, Afq, represented either by equation 1.3.3 for a bulkoptic resonator or by
equation 1.3.4 for a fiberoptic resonator. In a passive resonator gyroscope (PRG), & fa
is determined by using light generated by a laser source outside of the ring cavity. In
this chapter, we describe the generation of the discriminant in a PRG which is used to
determine the resonance frequency of the cavity. We also present the fundamental noise

limit in a PRG, due to shot noise.

2.1. The Discriminant

The discriminant in a PRG is a signal approximately proportional to the derivative of the
cavity output intensity with respect to the frequency of the input light. Thus, when this
signal is zero, the frequency of the input light is equal to the effective cavity resonance
frequency.

We will now describe the process of generating a discriminant in our PRG. Figure
9.1.1 shows the cavity output, I, along one of the directions of the cavity, as a function
of the frequency of the input light, f illustrating the resonance lineshape of the cavity
with a center-frequency at fc. If we set the frequency of light at f; and add a small
sinusoidal frequency modulation at a rate fm, we observe a sinusoidal modulation on the
cavity output intensity, I with an amplitude approximately proportional to the slope of
the resonance lineshape, 81/9f, as indicated in figure 2.1.1. If we now set the frequency

of light at fz, on the other side of the resonance linecenter, we observe a 180° phase shift

18



Hfl P‘ i) —}—>
{

Y Y

Figure 2.1.1. Illustration of the discriminant modulation technique
in the intensity modulation on I, which is consistent with the change in the sign of the
resonance slope, as indicated in figure 2.1.1.

The fm component in the output intensity is the discriminant. The amplitude of
this component is approximately proportional to |0I/8f], and its phase indicates the sign
of 8I/df. Figure 2.1.2a illustrates this discriminant, displayed simultaneously with the
unmodulated cavity output (figure 2.1.2b) both as a function of f. As can be seen in figure
2.1.2a, when the laser frequency is at the cavity linecenter the discriminant is zero, and

away from the linecenter it is approximately proportional to 8I/9f.

2.2. The Fundamental Noise Source in PRG

The fundamental frequency noise in the passive gyroscope is due to the shot noise on the

light, which gives rise to a Auctuation of the discriminant voltage.
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DISCRIMINANT

RESONANCE
LINESHAPE

(b)

Figure 2.1.2. (a) The discriminant voltage as a function of laser frequency
(b) the corresponding cavity output

The shot noise associated with the detection of a light beam by a photodetector can
be calculated using a simplified treatment(14]. If the light beam is represented as a stream
of photons with an average arrival rate of Ny, then over a period of time 7, the total

number of photoelectrons N, generated by the photodetector is given by:
Npw = Npanr (2.2.1)

where 7 is the quantum efficiency of the photodetector. If both the time interval between

the successive photons and the photon-electron conversion inside the photodetector, follow

20



a Poisson distribution, then the rms fluctuation in Nph, labeled as 6 Npa, for an ensemble

of samples each taken over 2 measurement period 7, is given by:

6Nph = \/ NpanT (2.2.2)

Thus the inherent signal to noise ratio, SNR, due to shot noise, is given by:

SNR = g\:"h =/ Npan7 (2.2.3)
P

which indicates that the signal to noise ratio increases with N2

The voltage output of the photodetector, labeled Vs, is given by:

Vo = Rip
B (2.2.4)
= R(Nne)

where R is the equivalent resistance of the photodetector, ip is the photocurrent generated
by the photodetector, and € is the electronic charge. The corresponding rms voltage noise
of the output of the photodetector is labeled 6V, and is given by

V.  Ri

Vo= ——= = —
SNR  /Npr

_rE
Ve

The shot noise expression in equation 2.2.5, indicates the rms noise voltage of the

(2.2.5)

photodetector around DC, but in a passive gyroscope we are interested in the rms intensity
noise obtained from demodulating the detector output at fm. However, because shot noise
is a white noise source, the rms noise obtained from demodulating the detector output at
fm is numerically identical to the rms noise at DC.

The equivalent frequency noise of the gyroscope, éf, is obtained by converting the
discriminant voltage noise into frequency using the discriminant slope, «, as indicated in
figure 2.2.1., so that:

V2 R 2ipe
K

of = Lovo= 7y (2:26)
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The factor of /2 in equation 2.2.6 is due to the addition of the uncorrelated shot noise
of the clockwise and counterclockwise beams. The slope, k, depends on the modulation
parameters and has a maximum of approximately V, /T where I'c is the full width half
maximum linewidth of the cavity. Therefore the frequency error due to shot noise can be
given as:

6Vo
§f = \/ir"ﬁ:

N rc\/‘é_:_ (2.2.7)
ipT

The corresponding rms noise in the measurement of rotation rate, labeled 692, for a bulkop-
tic resonator is obtained by dividing éf by the rotation scale factor of the resonator,

indicated in equation 1.3.3, 1.e.:
AQP

60 = 6

2
_ A, PT. _21 (2.2.8)
T 44 1pT

and for a fiber optic resonator using equation 1.3.4, 69 is given by:

AonPT,. [2e
60 = A di—p-; (2.2.9)

Thus, 69 can be reduced by increasing the light intensity 2p, increasing the measure-

ment time 7, and reducing the cavity linewidth T.. In a bulkoptic resonator, I'c is given

by:
FSR _ ¢
F ~ PF

where FSR is the free spectral range of the ring cavity, P is the perimeter of the cavity,

.= (2.2.10)

and F is the cavity finesse, which is determined by the round-trip cavity loss. Thus in
order to reduce I'; in a bulkoptic resonator, one must either reduce the round trip cavity
loss, which leads to an increase in F, or increase the perimeter of the ring resonator. By
contrast, in a fiberoptic ring resonator, T, is given by:

FSR c

_FSR__ ¢ 9.9,
Te=—f = LNPF (22.11)
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slope =
5V, pe=r

\

&f

Figure 2.2.1. Conversion of the discriminant voltage noise, §Vo, into an equiv-
alent frequency noise, éf

where n is the index of refraction of the fiber, N is the number of fiber turns in the
resonator, and P is the perimeter of a single fiber loop. Thus in a fiber ring resonator with
low loss fiber, T'. and consequently 8% can both be reduced by igcreasing N. This reduction
in T, due to N does not affect the rotation scale factor of the resonator, 4A/AonP, which

is independent of N.
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CHAPTER 3
The Bulkoptic PRG

In this chapter the performance and error sources of a bulkoptic passive resonator gyroscope
are presented. First the experimental setup of the gyroscope is described, which includes
both the optical and the electronic components. Then, the open loop and closed loop
modes of operation of the gyroscope are presented, as well as an analysis of the sources of

noise and offset.

3.1. The Experimental Setup

In this section, we present the implementation of a bulkoptic resonator gyroscopels]. Figure
3.1.1 shows the schematic diagram for the open loop mode of operation. The laser light
source in the setup is a Melles Griot 2 mW single transverse mode He-Ne laser with
a wavelength of 632.8 nm. The laser oscillates in a single longitudinal mode when the
frequency of that mode is near the center of the Ne gain curve. A piezoelectric transducer
PZT, is glued to the side of the laser tube so that by applying a 0-1000 volt to this
transducer, the length of the laser cavity can be changed to vary the laser frequency by
approximately 80 MHz. To extend the 80 MHz tuning range provided by PZT, a 75 Q
resistor, Ry, is also glued to the side of the laser. By driving this resistor the laser cavity
can be heated and stretched, thus extending the tuning range of the laser.

As shown in figure 3.1.1, the laser light is split into two beams by the beamsplitter
BS. Each beam is passed through an acousto-optic modulator (AO), where it is frequency
shifted by an amount equal to the AO drive frequency supplied by an RF oscillator (OSC).

The AO modulators shown in figure 3.1.1 are Coherent model 305A which have a peak
efficiency of 80% when driven by a 2 W signal at 40 MHz. The AOs can be tuned from 30
MHz to 53 MHz, which gives a tuning range of 23 MHz.

0OSC-, which provides the drive frequency for AO, is a frequency synthesizer (PTS

model 160) with 0.1 Hz resolution. The frequency reference of the synthesizer is generated

24



0SC

r

LASER . | — — — = S -| a0’ - =\
|
I
|
|
|

HTR 1 !
OSC I E
|
f Nz
| | - v§1
—o| SERVO \|\__ _ ;('_ | D | psp

Figdure 3.1.1. The experimental setup for the bulkoptic PRG in open loop
mode

by an oven stabilized crystal oscillator. OSC";, which provides the drive frequency for
AO*, is also a frequency synthesizer (General Radio model 1061), using the same reference
frequency as OSC~. The relative drift between the two oscillators is less than 107* Hz
measured during a 20 minute interval. * After being frequency shifted by the AOs, the
two beams, which are now labeled E* and E~, are coupled into the cavity, as shown
in figure 3.1.1. E* is coupled along the counterclockwise direction and E~ is coupled
along the clockwise direction. The intensity outputs of the cavity along the clockwise and

counterclockwise directions are monitored by photodetectors PD- and PD*, respectively.
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PD- and PD*, which are shown schematically in figure 3.1.2, use EG&G SGD-100A
photodiodes, which operate under a 15 volt reverse bias to reduce the diode junction capac-
itance. The photocurrent from each diode is converted to a voltage by a transconductance
amplifier with an equivalent resistance of 500 kQ and a 3db bandwidth of 400 kHz, as

shown in figure 3.1.2.

500k

LF356 L
SGD100A J‘

-15V

Figure 3.1.2. Schematic diagram for the photodetectors.

A primary feedback loop holds the frequency of E~ at the center of a clockwise cavity
resonance by controlling the laser frequency using PZT . The operation of the primary
feedback loop is based on a discriminant voltage, V; , which is described in section 2.1,
and in our case is obtained by FM modulating the laser at a rate fm and demodulating
the output of PD~ by a phase sensitive detector PSD™, as shown in figure 3.1.1.

PSD- is a Princeton Applied Research model 124A lockin amplifier, which consists
of an input bandpass filter with a manually adjustable center frequency and a variable
Q of 1 to 100, followed by a mixer stage with input frequency range of 0.1 Hz to 100
kHz, followed by an output lowpass filter with an adjustable bandwidth, from a maximum
of 700 Hz down to a minimum of approximately 5X 10-4 Hz. The reference modulation

frequency, fm, 1s generated within PSD~.
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The output of PSD™ drives the electronic circuit, labeled SERVO~, which as shown
in figure 3.1.3, contains an integrator stage to boost the low frequency gain of the feedback
loop, and a high voltage stage (0-1000 volts) to drive PZT.. As shown in the integrator
stage of SERVO™, 356A type operational amplifiers are used to implement the integrators,
where each op amp with feedforward resistors ry and feedback capacitor cp acts as a single
integrator. By selecting different capacitors from the capacitor bank, the gain of the
integrator can be varied. The series addition of a variable potentiometer to the capacitor
provides a tunable zero for the integrator. As seen in the high voltage stage of SERVO-,
the high voltage amplifier is a single op amp in conjunction with a high voltage transistor
SK3115 (hse =~ 5). The modulation frequency, fm, is added to the signal in this stage
as shown in figure 3.1.3. The output of SERVO- also drives the resistor R; after an
isolation/attenuation stage labeled HTR in figure 3.1.1.

Normally, in the open loop operation of the gyroscope, the frequency of ‘EY is set
equal to that of E™. The AO arrangement in our setup is used for diagnostic purposes
to introduce a very small but nonzero frequency difference between E* and E~, when
required. This means that, in the open loop operation, the frequency of E*, as well as
that of E~, is held at the center of a clockwise resonance frequency.

The difference between the clockwise and counterclockwise resonance frequencies,
Afa, can now be obtained from the counterclockwise discriminant, Vf , which measures
the detuning of the frequency of E*t with respect a counterclockwise cavity resonance
frequency. i.e:

where x, as illustrated in figure 2.2.1, is the slope of the discriminant voltage with respect
to the frequency of E*. Thus V: is proportional to A fa, which, as indicated by equation
1.3.3, is proportional to the applied rotation Q. As seen in equation 3.1.1, the open
loop operation requires stability of the discriminant slope k which is influenced by many

factors such as the intensity of E*+. In this thesis, we have used open loop operation
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Figure 3.1.3. Schematic diagram for the servo electronics.

as a diagnostic tool to demonstrate error sources, and to determine the performance of

the gyroscope under controlled conditions described in section 3.2.5. However, it is clear
that open loop operation has limited applications in the precision measurement of angular
velocity, and in general we need to use the so-called closed loop mode of operation.

In the closed loop mode of operation, in addition to the primary loop, we have a sec-
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ondary feedback loop, which holds the frequency of E* at the center of a counterclockwise
cavity resonance. A fq is therefore equal to the frequency difference between the clockwise
and counterclockwise beams, and is independent of the slopes of clockwise or counterclock-
wise discriminants. The schematic of the closed loop setup is shown in figure 3.1.4, where
the secondary loop controls the frequency of E + by driving the voltage controlled oscillator

VCO*.

LASER - f — — — — \l\ —1a0'F =3\ [rc le—o
R lT' PZT
L L
— A0 VCO+
HTR I

/Il_..._\——:_-_—}/ sx—:kvo*
|
|

| E
-+
| v |
|
! l
PSD -e——— PD"

Figure 3.1.4. The experimental setup for the bulkoptic PRG in closed loop
mode
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3.1.1. The Optical Cavity

Figure 3.1.5 shows the optical cavity used in our experiments. The cavity is made of four
highly reflective mirrors mounted on a quartz block (provided by Litton Guidance and
Control). Two of the cavity mirrors, My and M,, are flat, while the other two mirrors, M3
and M,, have a radius of curvature of 50 cm. M; and M2 are partially transmitting and
are used as input/output ports for the two directions of the cavity. The perimeter of the
cavity is 52 cm, corresponding to a FSR of 600 MHz. The cavity resonance frequencies can
be tuned approximately 300 MHz by two independent PZTs which translate the curved

mirrors of the cavity.

Figure 3.1.5. Tlustration of the bulkoptic cavity in the setup.

Figure 3.1.6a shows the resonance lineshape of the cavity as a function of the laser
frequency when p polarized (or T M) light, is coupled into the cavity at mirror M;. The

full width at half maximum (FWHM) of the resonance for p polarization is measured to
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be 500 kHz corresponding to a finesse of 1200. The peak transmission for p polarization is
10%.

Figure 3.1.6b shows the cavity resonance lineshape for s polarized (or TE) light. This
resonance has a FWHM of 35 kHz, corresponding to 2 cavity finesse of 17000. The peak
transmission for s polarization is 2%, which is a factor of 5 smaller than for p polarization.

Figure 3.1.6c shows the output of the cavity when the polarization of the input beam
is misaligned with respect to a cavity eigen polarization s or p. As shown in the figure, the
narrower s resonance is separated from the wider p resonance by approximately 10 MHz
because of the difference in the reflection phase of the cavity mirrors for s and p polarized

light.

3.1.2. Performance of the Primary Feedback Loop

As described in the previous section, the primary loop holds the frequency of the
beam E— at the center of a clockwise cavity resonance. The discriminant, V", used by the
primary loop, is generated by modulating the laser frequency at 10 kHz with a modulation
excursion of +15 kHz. Figure 3.1.7a shows the output of PD™ as a function of the laser
frequency, showing the cavity resonance in the presence of this laser modulation. The
output of PD™ is then demodulated by PSD~ at 10 kHz, as described in section 3.1.
Figure 3.1.7b shows the output of PSD-, which is the discriminant voltage for clockwise
propagation. As indicated previously in section 2.1, the discriminant has a central linear
region with zero voltage corresponding to the center of the resonance lineshape.

The primary loop holds the discriminant voltage at zero volts, by anpropriately driv-
ing the laser frequency. The loop has a phase crossover frequency of approximately 1.5
kHz, and a gain crossover set at 750 Hz, which results in a locp phase margin of 60°.
As mentioned in section 3.1, the dynamic range of PZT is 80 MHz and the loop will

compensate for laser frequency Auctuations within 80 MHz. However, any sudden jumps
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Figure 3.1.6. The resonance lineshapes of the cavity for (a) p polarized input
(b) s polarized input (c) mixed state of polarization.

in the laser frequency of more than the width of the discriminant, or approximately 40
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Figure 3.1.7. Generation of the discriminants in the bulkoptic PRG showing
the modulated resonance lineshape as a function of the laser frequency (top)
the discriminant voltage as a function of the laser frequency (bottom).

kHz, will unlock the loop. No relock circuitry 1s implemented in this setup.

The residual relative jitter between the laser frequency and the cavity resonance, which
is not removed by the primary loop, can be directly observed on V. Figure 3.1.82 shows
\'P simultaneously with the output of PD™ as a function of time when the primary loop
has only one integrator. PSD- has a single pole lowpass output filter with a time constant
of 160 us. The residual jitter shown by V; in figure 3.1.8a has-a peak to peak value of
approximately 14 kHz.

The large peak to peak fluctuation of V; can be reduced by adding a second integrator
with a zero at 200 Hz. Figure 3.1.8b shows the output of PD- and the corresponding V-
for the case with two integrators. As can be seen, the peak to peak fluctuations in V; has
been reduced to approximately 5 kHz which corresponds to a factor of 3 improvement over
the single integrator case. The small improvement in the fluctuation is consistent with the

small (order of unity) loop gain contribution of the second integrator at high frequencies.
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(b)

Figure 3.1.8. The behavior of the primary loop with (a) one integrator in the
feedback loop (b) with two integrators in the feedback loop. The top trace in

each is the output of the photodetector PD~, and the bottom trace is the resid-
ual discriminant voltage 1.
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The reduction in the fluctuation of V;~ is more dramatic at low frequencies. Figure
3.1.9a shows the residual low frequency perturbations of V,; for a single integrator feedback
loop observed on a separate PSD with a single pole lowpass output filter (time constant=1
sec), demonstrating a peak to peak fluctuation of approximately 1 kHz. Figure 3.1.9b shows
the residual low frequency perturbations of V; in the presence of the second integrator,
demonstrating a further reduction to 0.4 Hz peak to peak, which is approximately 2000
times lower than in the single integrator case. This reduction is also in agreement with

the large increase in the loop gain at low frequencies due to the addition of the second

integrator.
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Figure 3.1.9. Low frequency perturbations of V;~ (a) with one integrator in
the loop (b) with two integrators in the loop.

The residual peak to peak noise observed on V; in figure 3.1.9b is the common mode

loop tracking error, which can be removed by subtracting V;~ from V}. This subtraction is
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analogous to common mode rejection used in many electronic circuits. Figure 3.1.10 shows
the revised schematic of the open loop gyroscope with subtraction, where the outputs of
PD*+ and PD- are subtracted from each other prior to demodulation by PSD*. This
subtraction is done inside PSD* and the element A, adjusts both the amplitude and
the phase of the PD~ output, so that the best subtraction ratio can be achieved. Using
subtraction, the 0.4 Hz loop tracking error on the output of the gyroscope can be reduced

to 4 x 10~ Hz by our common mode rejection ratio of approximately 10%.
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Figure 3.1.10 Revised schematic of the PRG with subtraction
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The secondary loop, used in closed loop operation, is similar to the primary loop. The
secondary loop has only one integrator because the primary loop compensates for most of
the drift between the laser frequency and the cavity resonance. Such drift is common to

both clockwise and counterclockwise directions.

3.2. The Open Loop Operation of the PRG

In this section, we will discuss the open loop operation and performance of the bulkoptic
PRG. This includes an analysis of the effects of backscattering inside the resonator, and

an analysis of the noise and offset of the gyroscope.

3.2.1. Observation of drifts due to Backscattering

We now present the initial gyroscope drift data for the open loop operation, when the
clockwise and the counterclockwise beams, E~ and E*, have the same freque‘ncy. Figure
3.2.1a shows V' as a function of time observed with a 30 ms 6 db/octave output filter,
indicating a bounded fluctuation with an equivalent peak to peak amplitude of approxi-
mately £120 Hz. We now set a 1 Hz frequency difference between E* and E~. Figure
3.2.1b shows V' as a function of time for the same output filter as that in figure 3.2.1a,
demonstrating the transformation of the bounded drifts in figure 3.2.1a, into a 1 Hz os-
cillation of V' with an equivalent peak to peak amplitude of £120 Hz. Both the drifts
of figure 3.2.1a and the oscillation of figure 3.2.1b can be cauéed ‘by backscattering from
scattering centers inside and outside of the cavity, which will be individually discussed in

the next two subsections.

a. Internal Scatterers

In order to illustrate the effects due to a scatterer inside the ring cavity, let us consider
a ring cavity with a clockwise intracavity beam E-, a counterclockwise beam E}t, and a

single scatterer located at point S on the mirror M;, as shown in figure 3.2.2. At S, a
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The secondary loop, used in closed loop operation, is similar to the primary loop. The
secondary loop has only one integrator because the primary loop compensates for most of
the drift between the laser frequency and the cavity resonance. Such drift is common to

both clockwise and counterclockwise directions.

3.2. The Open Loop Operation of the PRG

In this section, we will discuss the open loop operation and performance of the bulkoptic
PRG. This includes an analysis of the effects of backscattering inside the resonator, and

an analysis of the noise and offset of the gyroscope.

3.2.1. Observation of drifts due to Backscattering

We now present the initial gyroscope drift data for the open loop operation, when the
clockwise and the counterclockwise beams, E™ and E*, have the same frequency. Figure
3.2.1a shows V" as a function of time observed with a 30 ms 6 db/octave output filter,
indicating a bounded fluctuation with an equivalent peak to peak amplitude of approxi-
mately £120 Hz. We now set a 1 Hz frequency difference between Et and E-. Figure
3.2.1b shows V" as a function of time for the same output filter as that in figure 3.2.1a,
demonstrating the transformation of the bounded drifts in figure 3.2.1a, into a 1 Hz os-
cillation of Vd+ with an equivalent peak to peak amplitude of £120 Hz. Both the drifts
of figure 3.2.1a and the oscillation of figure 3.2.1b can be caused by backscattering from
scattering centers inside and outside of the cavity, which will be individually discussed in

the next two subsections.

a. Internal Scatterers

In order to illustrate the effects due to a scatterer inside the ring cavity, let us consider
a ring cavity with a clockwise intracavity beam E, a counterclockwise beam E}, and a

single scatterer located at point S on the mirror M;, as shown in figure 3.2.2. At S, a
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Figure 3.2.1. Bounded variations of V;5 due Observed backscattering when

Sa) E+ and E- have the same frequency (b) E* and E~ have a 1 Hz frequency
ifference

fraction of EF, a~Ej, is scattered along E;, and similarly a fraction of E;, et E7 is
scattered along E7. The injection of atE- along E; will generate an effective scattered

field, EF, propagating along the same direction as that of Ef, which is given by:
Ef =a%E7 (3.2.1)

Figure 3.2.3 shows the vector addition of EF and E;}, which perturbs the phase of E} by

Ag}, given by:

EF .
Aot = -E—‘;sxn(AdJ)
- (3.2.2)

r

sin(A¢)
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Figure 3.2.2. Illustration of the backscattering due to a single scatterer, S,
inside the ring cavity

where A¢ is the difference between the optical phase of ET and E;} at point S.
The phase A¢7 is added to the round trip phase of E}, and results in a change in

the counterclockwise resonance frequency of the cavity by an amount Af}, given by the

expression:
IR LLON
27 (3.2.3)
+ - cdoe
_FSRa E; sin(A¢)

- °2n E}

Similarly, we can obtain an expression for the perturbation in the phase of E_, labeled

A¢;, which is given by:
_ a E} .
Ad, = o sin(—A¢) (3.2.4)

where —A¢ is the difference between the optical phase of E} and E]. The phase shift

A¢7 causes a shift in the clockwise resonance frequency by an amount Af;” given by:

afr = -E28n4;
" FSRatE- (3:2.5)
= r sin(—A4)

~ on Ef
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on E} due to backscat-

hase perturbation Aot

Figure 3.2.3. Tllustration of the p
tering
Thus, the overall separation between the clockwise and counterclockwise resonance fre-

quencies due to backscattering, labeled as & f,, is given by the difference between AfJ

and Aff, ie:
Af,=Af7 = AfF

FSR o*ES- o Ef\ .
5 ( 5 + 5= ) sin(Ad) (3.2.6)
= v, sin(A¢)

where:

FSR ,o*E-  o~Ef, .
s = 50 ("E; +°’E_' ) sin(A¢) (3.2.7)

which shows that Af, is proportional to sin(A¢) and thus proportional to the interference

beatnote between E; and E-. Therefore, this backscattering error is referred to as the

coherent backscattering effect.
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b. External scatterers

We now consider the effect of a single external scatterer S, with a field reflection coefficient
of a} as shown in figure 3.2.4. Following the treatment presented in section 3.2.1, we
can determine the perturbations in the resonance frequencies along the clockwise and
counterclockwise directions due to this scatterer, i.e. Afn and Af},. Inorder to determine
Afl, we must first determine the scattered field Ef,. This field is calculated by first
coupling E; out of the resonator via mirror M;. The corresponding output field is given
by tE;, where t is the transmission coefficient of the mirror M;. The field t E subsequently

scatters from S, so as to yield attE". This field is then coupled back into the resonator,

resulting in an intracavity scattering field EZ,, which is given by:

M, My
' ———————
| |
| |
I i
| |
1y gt |
_ |1 ro_ |
tE; | Er |
B e e
—_——@Pm = = = - —— - —
S, .+ —\ + /

Figure 3.2.4. Illustration of the backscattering due to a single scatterer, Se,
outside of the ring cavity

EX =oft?E]

= %O:E:
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where 2 =~ = /F, and F is the finesse of the resonator. Similar to the case in equation
3.2.2, the counterclockwise scattering phase perturbation A¢?, is given by:
+_ E g +
A¢y, = o5 sin(A¢ + ;)
(3.2.9)

T Qa

_ Tl B Gnag+éd)
=¥ EF °°

where ¢7F is twice the propagation phase delay from the mirror M, to the scatterer Se.
a} is the amplitude of the phase perturbation due to external backscattering along coun-
terclockwise direction, and A¢ is the phase difference between the clockwise beam and
the counterclockwise beams at the mirror M,. By comparing equation 3.2.1 and 3.2.8 we
observe that if an internal and an external scatterer have the same scattering coefficient
a, the backscattering phase perturbation due to the internal scatterer is a factor of F' /r
larger than that due to the external scatterer. The perturbation in the counterclockwise
resonance frequency is thus given by:

FSR=atE™
+ _ N e
Afee = 2ar F Et

sin(A¢ + 67) (3.2.10)

The backreflection from S, does not perturb the clockwise resonance frequency. so that
Af.=0.
A similar argument can be constructed for an external scatterer along the clockwise

direction, which yields:

FSRraZE*
Ofr=- ;,“E sin(- A¢+¢,) (3.2.11)

and in this case Aff =0
Thus, we have demonstrated that for external scatterers, both A fL and Afj, vary
sinusoidally with A¢, however, they do not have the same amplitude, and in general have
phase difference determined by the location of the external scatterers.

In figure 3.2.1b we measured the amplitude of the coherent backscattering. i.e. s,

to be 120 Hz. As mentioned before, internal scatterers are more effective than external
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scatterers by a factor of F/m. This factor is 17000/7 = 6000 [for s polarization in our
case]. Thus, the observed coherent backscattering in figure 3.2.1b is most probably due
to internal scatterers. By using equation 3.2.7, we estimate an internal backscattering
coefficient to be approximately 6 x 10-7.

Also, in addition to coherent backscattering errors, we can have intensity backscatter-
ing errors, which are due to the intensity of the backscattered light. In our case, we have
pot been able to observe such intensity effects for a bulkoptic PRG; however, they are a

very important error source in a fiberoptic PRG, as described later in section 4.2.3.

3.2.2. Elimination of the Drifts due to Backscattering

In the previous section, we observed the coherent backscattering error in the open loop
operation of the PRG. Here, we will demonstrate the suppression of the coherent backscat-
tering error by a sinusoidal phase modulation of E*, using an electrooptic phase modulator,
EO (coherent model 28), as shown in the revised schematic of the setup in figure 3.2.5.

We now demonstrate the suppression of coherent backscattering in our setup. We
apply a sinusoidal phase modulation to E* with a modulation frequency, fj, of 50 Hz
and a variable phase amplitude of 6¢,. The bottom trace of figure 3.2.6 shows the peak
to peak amplitude of this applied phase modulation, indicating a stepwise increase In
§¢, from 0 to 3.6 rad. The top trace of the figure is Vd"' as a function of time with a
30 ms 6db/octave filter, showing the coherent backscattering error for a 2 Hz frequency
difference between E* and E-. Sections A through F present the gradual suppression of
the coherent backscattering as 84, is increased from O (section A) to 2.4 rad (section E).
Section E demonstrates the complete removal of coherent backscattering. In section F,
6¢; is increased to 3.6 rad, and the coherent backscattering reappears.

We now use a simple model to explain the removal of the coherent backscattering
using phase jitter. Figure 3.9.7a shows the spectra of E+ and E—, which in the absence

of phase jitter, indicate delta functions at optical frequencies, fJ and fs, respectively.
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Figure 3.2.5. The schematic setup for open loop operation with an EO phase
modulator

As indicated in equation 3.2.7, the coherent backscattering is proportional to sin(Ad),
which in this case is a sinusoidal variation representing the beatnot-e between the two delta
functions in figure 3.2.7a. Figure 3.2.7b shows the spectra of E* and E~ in the presence of
a phase jitter, clearly indicating sidebands of E* at f+ + mf;. The amplitude of the mth
sideband of E* is given by Jm(66,), where Jom is the mth order Bessel function of the first
kind. The coherent backscattering is now represented by the sum of the beatnotes between
E- and each of the sidebands of E*. All of these beatnotes are at harmonics of f; and are

removed by lowpass filtering. except for the original beatnote between E~ and the carrier
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Figure 3.2.6. Elimination of the coherent backscattering on (a) V; as a func-
tion of (b) the amplitude of the applied phase modulation. The carrier sup-
pressed case is indicated in E.

component of E+. This component is now attenuated by Jo(6¢,) due to the apylication

of phase jitter, and its corresponding beatnote completely disappears when Jo(6,) = 0,

ie 6¢,=24rad This result is in excellent agreement with our observation in section E
of figure 3.2.6. Furthermore, as 8¢, is increased beyond 2.4 rad, Jo(6¢;) is no longer zero

which will result in the reappearance of the coherent backscattering as observed in section

F of figure 3.2.6.

In our setup. we obtained a carrier suppression ratio of approximately 5x10~3, which
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in our case, for v, = 120 Hz, the coherent

d drift, which

is limited by the purity of the phase jitter. Thus
backscattering error after carrier suppression results in a +0.6 Hz of bounde

is not tolerable. Therefore, better suppression is needed for a precision rotation sensor.

46



3.2.3. Observation of an Anomolous Discriminant Jump

In the absence of carrier suppression, as described in the previous section, an anomolous
discontinuity in V' was observed in the open loop operation of the gyroscope when the
frequency difference between E* and E~, labeled A fo, was slowly changed from a positive
value to a negative value. Figure 3.2.8a shows V; as a function of time, with a 100 ms
12 db/octave lowpass filter, when Af, is swept from 100 Hz to -100 Hz, indicating the
equivalent of a a 20 Hz jump in Vi as Af. goes through zero. It should be noted that
this jump is not the same as the open loop oscillation on Vd"', described in section 3.3.2.
This oscillation is shown for a Af, = 1 Hz in figure 3.2.8b, indicating a v, of 120 Hz.

In order to determine the dependence of this jump on 7v,, we increased <, by attenu-
ating E;, as predicted by equation 3.2.7. Figure 3.2.8d shows V! as a function of time for
Af, = 1 Hz, after attenuating E, indicating an increase in v, to 800 Hz. Figure 3.2.8¢c
shows V! as a function time observed with a 100 ms 12db/octave lowpass filter, when A fo
was swept from 100 Hz to -100 Hz. Although the noise on V' has increased dramatically
as compared with figure 3.2.8a, the jump at Af, is still 20 Hz. Thus the magnitude of this
jump is independent of 7,.

In our setup, it was observed that the application of the carrier suppressed phase jitter
os section 3.2.2 also eliminates this jump. However, the exact origin of this jump may be

worth investigating further, and is left for future studies.

3.2.4. Measurement of the Sagnac Scale Factor

The Sagnac scale factor for the bulkoptic ring resonator can be easily measured by rotating
the optical cavity and measuring the variation in Afq as indicated by V;5. To apply
rotation, the setup was mounted on an aluminum slab and bolted to a rotating platform,
which was then rotated back and forth sinusoidally around the axis perpendicular to the
plane of the cavity by an electric motor as shown in figure 3.2.9. Figure 3.2.10a shows the

rotation angle of the platform, 6,, as a function of time, which is a sinewave with a period
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Figure 3.2.8. (a) The anomolous jump in V' as a function of frequency and
b) the corresponding coherent backscattering amplitude for v, = 120 Hz. (c)
and (d) show the case for 7, = 800 Hz

of 130 sec and an amplitude of 42.5°. This motion corresponds to a sinusoidal variation

in angular velocity with 2 peak amplitude of +430 deg/hr.

Figure 3.2.10b shows V; as a function of time, with a 1 sec 6db/octave filter, when

the rotation of figure 3.2.10a was applied to the setup, demonstrating a sinusoidal variation

in V5, 90° out of phase with respect to 6. The peak amplitude of the variation in V'

corresponds to 430 Hz and it occurs at the maximum rate of change of the rotation angle

(i.e. 430 deg/hr). This corresponds to a Sagnac scale factor of 1 Hz per deg/hr which is
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Figure 3.2.9. Schematic diagram for the rotation platform

ue predicted by 4A/A.P for our setup when:

{A =1.7 x 10~2m?

in agreement with the val

P =0.52m
o = 632.8nm

3.2.5. Random Noise of the Gyroscope
PRG. We used s polarized

In this section we present the noise performance of the bulkoptic
3.1.1. The peak

light, for which the cavity linewidth, T, is 35 kHz, as presented in section

output intensity along either the clockwise or the counterclockwise direction of the cavity is
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Figure 3.2.10. Simultaneous recording of (a) the rotation angle 6, as a func-
tion of time and (b) the variation of V;

approximately 2 uW, corresponding to a photocurrent, ip, of 1.4 uA, and a photodetector

output of 0.7 V. The discriminant slope & in our case is approximately 20 pV/Hz.

As described in section 2.2, the fundamental noise of the gyroscope, é f, is due to shot

we have:

noise of the light, given by equation 2.2.6. In our case for:

R = 500 kQ
i, =14 pA
k=20 uV/Hz
A%
5"4 - \/55" - 360 n

1.7 x 102 Hz
§f = 7

50

\/1-.

(3.2.12)



where 6Vy is the noise voltage on the discriminant, and 7 is given in units of seconds.
We have neglected the attenuation in the average intensity of the light due to the fm
modulation.

We start by measuring the short term noise of the gyroscope for 7 = 10 ms. In this
measurement, the frequencies of E* and E~ are set equal to each other. The drifts due to
coherent backscattering , presented in section 3.2.2, are ignored since they are very slow
(order of 10 sec and longer). We then sample V' at a rate of 1 kHz for 500 ms, average
these 500 samples to obtain 50 new samples each 10 ms in duration, and calculate the rms
fluctuation for these 50 samples. This experiment was repeated several times, and each
time we obtained an rms noise voltage of approximately 3.5 4V, corresponding to 0.17 Hz.
This result is plotted in figure 3.2.11, which indicates the rms noise of V' as a function of
7. The solid line in this figure indicates the shot noise limit predicted by equation 3.2.12.
As shown in the figure for 7 = 10 ms the measured noise of Vd"' is equal to the shot noise
limit. We will now describe the procedure for obtaining other points of this plot for larger
values of 7.

In order to measure éf for larger values of 7, we can no longer ignore drifts due
to coherent backscattering, so we remove the coherent backscattering by the application
of a phase jitter to E¥, as described in section 3.2.2. As mentioned in section 3.2.2,
the residual coherent backscattering due to incomplete carrier suppression is 0.6 Hz. This
residual coherent backscattering is removed by having a 10 Hz frequency difference between
E* and E~ and filtering the resulting oscillation of V' by a 100 ms 12db/octave filter.
We then sample V' at a rate of 10 Hz for 50 sec, and average these 500 samples to obtain
50 new samples each 1 sec in duration, and calculate the rms fluctuation for these 50
samples. We thus obtain an rms noise voltage of 740 nV, corresponding to 3.7x10~2 Hz.
By comparison, equation 3.2.12 predicts a noise of 1.7x10~2 Hz, which is a factor of 2
smaller than the measured noise.

We now demonstrate possible contributions to this factor of 2 deviation of § f from the

shot noise limit for r = 1 sec. Figure 3.2.12a shows the fluctuations of V;} as a function of
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time, observed with a 300 ms 12db/octave output filter, in the presence of a phase jitter
with f; = 40 Hz and 6¢, = 2.4 rad. This figure indicates a 0.2 Hz peak to peak noise. We
now increase §¢; to 5.5 rad so that it corresponds to the second zero of Jo. It should be
noted that we are still suppressing the carrier of E*. Figure 3.2.12b shows the fluctuations
of V:’ as a function of time with a 300 ms 12 db/octave filter, for this case, indicating an
increase of the peak to peak noise to 0.5 Hz. Thus we have demonstrated an increase in
noise as 6¢; is increased.

To further illustrate the dependence of the residual frequency noise on the amplitude
of the phase jitter, we turn off the phase jitter, and set a 30 Hz frequency difference between
E+ and E~. The coherent backscattering effect at 30 Hz is then removed by our 300 ms
12db/octave low pass filter. Figure 3.2.12¢ shows the fluctuations of V; as a function of
time, indicating a reduction of the peak to peak noise to 0.1 Hz. We then made a similar
measurement of the rms noise of Vj} for r = 1 sec in the absence of phase jitter. We
obtained an rms noise voltage of 450 nV, corresponding to 2.3x10~2 Hz. This noise is
smaller than the noise measured for the phase jittered case, and is now a factor of 1.5
larger than the shot noise limit predicted by equation 3.2.12. Thus we have shown that
6 f increases with an increase in the amplitude of the phase jitter, and decreases when the
phase jitter is turned off.

To understand the dependence of § f on the phase jitter, let us consider figure 3.2.13a,
which shows V;’ as a function of time, for a 10 Hz frequency difference between E* and
E-. The phase jitter for this case has been turned off, so that we can observe a 10 Hz
oscillation due to coherent backscattering. As can be seen in the figure, the segment of
the oscillation cycle labeled A has very low noise because in this segment the slope of VI,
i.e. k¥, is equal to that of V; ,i.e. 7,50 that any high frequency common mode noise on
the discriminants is subtracted. By contrast, the segment of the figure labeled B is noisy,
indicating incomplete noise subtraction, which means that x* and ™ areno longer equal to

each other. In figure 3.2.13b we eliminated the noise shown in segment B of figure 3.2.13a
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Figure 3.2.11 rms frequency noise of the gyroscope 6f as a function of the
averaging time 7

by adjusting k™ via the gain adjustment element A;, shown in figure 3.1.12. However,
by doing so, we now have excess noise in segment A, indicating incomplete subtraction
there. Thus, figures 3.2.13a and b conclusively demonstrate a fluctuation in the slope of
the discriminant, tied to A, i.e. the phase difference between E* and E~. In the presenée
of phase jitter, A¢ is modulated sinusoidally, which also corresponds to a modulation of
x*. This modulation of x multiplies the high frequency noise of the discriminant thus

mapping certain components of this noise to around DC. This additional noise is thus
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directly related to phase jittering. We can eliminate this additional noise by increasing the
jitter frequency to above the bandwidth of the laser frequency fluctuations.

We now measure the rms noise of V;" as a function of 7 for values larger than 1 sec.
These results are plotted in figure 3.2.11 next to the noise measurement at 7 = 10 ms.
As mentioned previously, the solid line in the figure is the shot noise limited performance
predicted by equation 3.2.12. For these noise measurements, we used phase jittering with
fj = 40 Hz and 6¢; = 24 rad. The rms noise for 7 = 1 sec, 8s previously measured, is
3.7 x 10~2 Hz, which is a factor of 2 above the value predicted by shot noise. Although
the rms noise generally decreases with 7 within our measurement range (1 sec< T <100
sec) it deviates further from the shot noise for larger values of . For example, for 7 = 100
sec, the rms noise frequency is 1.2x 102 Hz which is 7 times the value predicted by shot
noise limit. This gradual deviation from the predicted noise is due to very low frequency

offset drifts. In the next sections, we will consider some of these additional drift sources.

3.2.6. Additional Socurces of Drift in Bulkoptic PRG

Earth’s rotation results in approximately 9.5 Hz of offset in our setup due to the Sagnac
effect. In addition to this constant offset, we also have drifts which cause the increase in
the rms noise observed at large values of 7 in figure 3.2.11.

We observe a 0.5 Hz change in offset when the plane of polarization of one of the
input beams is rotated by approximately 40° with respect to s p.bla.rization. In our setup
we can maintain the plane of polarization of the input beams to better than 0.1°, which
approximately corresponds to an offset of 0.0013 Hz. This offset is within the shot noise
limit of light at 7 = 100 sec. Thus, polarization misalignments do not explain the enhanced
noise of figure 3.2.11

We also measured the sensitivity of the offset to perturbations in the input alignment.
In our setup, for 2 arc minutes of misalignment, the offset varies by less than 0.05 Hz. By

using very stable mirror mounts, we can hold our input alignment to within 2 arc seconds,
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Figure 3.2.12 Variations in Vi as a func’ion of time when the amplitude of

the phase jitter is (a) 2.4 rad corresponding to the first zero of Jo (b) 5.5 rad
corresponding to the second zero of Jy (c) zero and there is a 30 Hz frequency

difference between E* and E~
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(b)

Figure 3.2.13 (a) Oscillations of V" due to coherent backscattering indicating
a fluctuation in the slope of V' synchronous with the oscillation cycle (b) after
increasing the subtraction gain of V:‘ by 2%
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which corresponds to approximately 0.001 Hz of fluctuation. This is also approximately
equal to the shot noise limit at 7 = 100 sec. Thus misalignment does not contribute
significantly to the drifts observed in figure 3.2.11 either.

Another source of error in the gyroscope is due to the drift between the optical phases
of E* and E— before they are coupled into the cavity. These drifts are caused by air
currents, thus we must seal all of the optical paths in our setup. We have independently
checked for the contribution of this error source in our setup by removing the optical
resonator, and recombining E* and E~ into a single beam, E4, by a 50/50 beamsplitter,
as shown in figure 3.2.14a. A photodetector PD now monitors E, as a function of time.
Figure 3.2.14b shows the output of PD as a function of time when we have a 1 Hz frequency
difference between E* and E-, showing the intensity variation due to the interference
between E* and E~. Figure 3.2.14¢ shows the variation in the output of PD as a function
of time, when the same drive frequency is used for both AO* and AO~. Thus, here we see
the relative phase drift between E* and E~. The maximum rate of drift is in the section
indicated by arrow C, and corresponds to approximately 0.2 cycles over 300 sec, or 0.0008
Hz. Therefore, the phase drifts between E* and E~ in our case do not contribute to the
added noise in figure 3.2.11. Thus, we now propose several additional sources of drift to
be explored in future studies.

One possible source of drift in our setup is due to the fluctuation of the discriminant
slope, observed in figure 3.2.13. As seen in this figure, the discriminant slope fluctuates
periodically as a function of A¢. Since the coherent backscattering error also fluctuates
periodically with Ag, we may have a direct demodulation of the coherent backscattering
due to this discriminant slope variation. We measured a 1% fluctuation in the slope
and a coherent backscattering amplitude of £120 Hz. This corresponds to a worst case
drift contribution of approximately 0.6 Hz, which is very significant. It should be noted
that although the application of the phase jitter removes the low frequency components of
the coherent backscattering errors, it does not eliminate this demodulaticn behavior. The

contribution of this potential error source, must be studied further.
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Figure 3.2.14 (a) Setup to measure the phase drift between E* and E~ (b)

the beatnote between E* and E~ when there is a 1 Hz frequency difference

between them (c)the relative phase drift between E* and E~.

An additional source of drift is due to the discriminant jump, observed in section 3.2.3,
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which in our case corresponds to 10 Hz. This jump is suppressed by the sinusoidal phase
jitter described in section 3.2.2, however, 2 variation in the amplitude of the phase jitter,
labeled 6¢; in section 3.2.2, can result in the incomplete removal of this jump. Thus, a
0.1% fluctuation in §¢; will result in an offset fluctuation of approximately £0.01 Hz. This
offset is now approximately equal to the long term fuctuations we observe (for 7 = 100
sec) in figure 3.2.11. The errors due to this source should be also studied further.
Finally, we must also consider the effect of Fresnel drag in our cavity. Fresnel drag is
the change in the index of refraction of a medium to to its motion. This change in the index
of refraction, An, is s approximately given by An = (n — 1)vm /c where vy, is the velocity
of the medium. In our case, the cavity is filled with a mixture of He at approximately 1
Torr and Ne at approximately 0.1 Torr. Therefore for a gas velocity of 2 mm/sec, we get
the equivalent of 0.001 deg/hr of offset error. This contribution is significant, and can be

easily removed by evacuating the cavity completely.

3.3. The Closed Loop Operation of the PRG

As described in section 3.1, in closed loop operation, both primary and secondary loops
are active. The closed loop output of the gyroscope is the frequency difference between
E- and E*. This frequency difference can be measured by optically interfering E* and
E-, or by electronically mixing the drive frequencies of A/Q* and A/O~. In our case
the drive to A/O~ is generated by an oven stabilized frequency synthesizer which drifts
less than 0.01 Hz per hour. Thus we need only measure the drive frequency of A/O%, i.e.
+. to infer the frequency difference between E+ and E-. We measure f} by a digital
frequency counter.
The closed loop operation of the gyroscope can be demonstrated by applying a sinu-
soidal rotztion to the setup via a rotation platform as described in section 3.2.5. Figure
3.3.1a shows the rotation angle of the platform, labeled 8, as a function of time. 6p has

an amplitude of 2.5° and a period of 130 sec, corresponding to a sinusoidal variation in
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angular velocity with a peak of 430 deg/hr. Figure 3.3.1b shows the variation in f} as
a function of time corresponding to this applied rotation. In this figure, zero frequency
indicates E* and E~ having the same frequency. Region A in figure 3.3.1b corresponds to
the case where the frequencies of E* and E~ are locked together, inspite of a rotation rate.
The lockin threshold, 7, is the maximum angular velocity for which the frequencies of
Et and E~ are still locked together, and can be measured from figure 3.3.1b. In our case,
the applied angular velocity near lockin varies approximately linearly with time, with a
slope of approximately 21 deg/hr per second. As show in figure 3.3.1b, the dead zone, that
is associated with the lockin behavior, extends +6 sec from its center, which corresponds

to a lockin threshold of approximately 125 deg/hr.

0, ' ] ) (a)

1A

2.5°

4

L JHE N 1L
Variati > 130 sec ———_d
anations L B
of f} | 1 B
(b) T
500 Hz 1
0 "l n
'4 A _
A
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i 11

Figure 3.3.1. Demonstration of the closed loop behavior of the setup showing
(a) rotation angle applied to the ring resonator (b) corresponding variation in
the drive frequency of VCO? indicating the lockin zone in the region marked A
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3.3.1. The Lockin Behavior

The lockin behavior is the manifestation of the coherent backscattering in the closed loop
operation. In order to derive the lockin behavior, let us consider the overall separation
between the clockwise and the counterclockwise resonance frequencies. This is represented
by the sum of A fa, which is due to the Sagnac effect, and Af,, which is due to the coherent
backscattering. As described in section 3.1, during the closed loop operation, the difference
between the frequencies of E* and E7, i.e. Af., is set equal to the separation between

the clockwise and counterclockwise resonance frequencies. Thus Af, is given by:

Afo = Afﬂ + Afs
(3.3.1)
= Afa + 7, 5in(A8¢)

where A¢ is the phase difference between E+ and E—, and is related to Af, by the simple
relationship:

Afo = 2—1,;%(43‘#) (3.3.2)

Af, can be eliminated between equations (3.3.1) and (3.3.2), to give a differential equation

describing the closed loop behavior of the gyroscopel1518, i.e.:

gt‘(M) = 27 (Afa + 7.5in(A9)) (3.3.3)

For a given Afq and v, this equation can be solved analytically for A¢ as a function of

A¢ = %+2tan" (tan (m/Af&—‘yfh—%)J%%}-{—:ﬁ) (3.3.4)
The beat note between E+ and E—, given by sin(A¢), can be expressed as:
vs + Afasin (27rm t)
Afa — vssin (21rm t)
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We show the variation of sin(A¢) as a function of time for several values of Afq in
figure 3.3.2. When Afq is much larger than 7,, sin(A¢) is a pure tone with irequency
Afo = \/A_fﬁ_—Ty? . As A fq approaches 7v,, sin(A¢) becomes non sinusoidal, but remains
periodic with a period t, = 1/ \/A—f;%T'F . The average frequency of sin(A¢), labeled
Kf,, is equal to 1/t., and is given by:

~._1_ 2 2
Afo == \[Af -

o

4A
= /A ar -2 (3.3.6)
4A AP
—_— 2 __2°
=5spV¥ -

Figure 3.3.3 shows a plot of Kf as a function § in equation (3.3.6), clearly indicating the

lcckin zone, where the lockin threshold Q7 is given by:

AP
Qr = (3.3.7)

As determined previously, the lockin behavior in figure 3.3.1b represents Qr = 125
deg/hr, which corresponds to 4, = 125 Hz. However, as illustrated in section 3.2.1, v,
can also be measured from the open loop behavior of the gyroscope. This measurement
is carried out by switching to open loop operation immediately after the closed loop mea-
surements, and determining v,. Figure 3.3.4 shows the oscillation of V;t in the open
loop operation, indicating v, = 120 Hz. This is in good agreement with the closed loop

measurement of v,.

3.3.2. Elimination of the Lockin Behavior

4
The lockin behavior can be eliminated by mechanically dithering the cavity, such as the
case in a commercial Ring Laser Gyroscope (RLG). However in our case the lockin can
also be removed by a non-mechanical jitter. Figure 3.3.5 shows the revised schematic for

the closed loop operation with jitter, where a sinusoidal phase jitter with frequency f;

62



Q= 5Qr
sin(Ad)

time
Q=2Qr
Q=1.50r
(
/ ‘ Q=1107
0
-1
i — (

time

Figure 3.3.2. sin(Ag) asa function of time for 1.1Qr < @ < 5Qr for two
cycles of sin(A ¢ )

and phase amplitude §¢;, is applied to E* by the electrooptic EO to wash out the lockin

63



Afo

Fiiure 3.3.3. Zﬁ as a function of § demonstrating the lockin behavior with
a threshold Q1 = (A P/4A)7s

behavior. f; must be set larger than the bandwidth of the secondary loop, which is 900 Hz
in our case. This is to insure that the secondary loop will not compensate for the applied
jitter. '

Figures 3.3.6 a through f show the frequency of VCO*, £, as a function of time, for
the applied rotation illustrated in figure 3.1.1a, when f; = 3 kHz and é¢; is increased from
0 (in figure 3.3.6a) to 2.88 rad (in figure 2.3.6f). In figure 3.3.6 a through e, the width
of the lockin zone gradually decreases until in figure 3.3.6e the lockin behavior disappears
completely. In this case §¢; = 2.4rad, which corresponds to Jo(6¢;) = 0. This is the closed
loop equivalent of the carrier suppression technique of section 3.2.2. A further increase in

6¢; results in the reappearance of the lockin behavior as indicated in figure 3.3.6f
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Figure 3.3.4. Coherent backscattering oscillation of V;t as a function of time
in the open loop operation indicating s = 120 Hz

Thus, we have demonstrated the lockin behavior in the closed loop operation of the
PRG, and presented a nonmechanical approach to eliminate it. We have also explored
several other nonmechanical methods to eliminate the lockin behavior in our PRG, which
are variations of the method described above. These are presented previously in another
work(17.

3.4. Investigation of Errors due to Birefringence within
a Ring Resonator

In this section, we calculate the effects of an intracavity birefringent element on the reso-
nance frequencies of a ring resonator. We demonstrate the validity of these calculations by
placing a birefringent element inside a bulkoptic ring resonator, and observing the resulting
changes in the cavity eigen polarizations and resonance frequencies. This treatment is of

interest to the fiber optic PRG described in chapter 4.
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Figure 3.3.5. Revised closed loop schematic diagram with an electrooptic
phase modulator EO

3.4.1. Reciprocity Considerations for an Intracévity Birefringent

Element

Figure 3.4.1a shows a simple ring cavity composed of 3 mirrors. The partially transmitting
mirror, M; is the input port for this resonator, and the mirror M, is the output port. In
order to analyze the behavior of the cavity for different states of polarization, we choose
a coordinate system (s,p,z). At every point inside the ring cavity, the z axis is along the

direction of a counterclockwise propagating beam, the p axis parallel to the plane of the
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ring cavity, and the s axis is perpendicular to the plane of the ring cavity, as for example

67



shown for point A in figure 3.4.1a. Th: electric field vector, E, of any beam with an

arbitrary state of polarization can now be represented by its two components along the p6

E=(%) (3.4.1)

The propagation of E around the counterclockwise direction of the resonator, is represented

and s axes. E is represented by:

by the multiplication of E with a counterclockwise propagation matrix, M +. In our simple

simple ring resonator M* is given as:

I3
M+ = M° = (RPS P R’gjel) (34.2)

where R, and R, are the round trip field attenuation coefficients for p and s polarizations

respectively, and £, and £, are the normalized frequencies given by:

&= Pt 2
1‘; (3.4.5)
§s = ‘zw + ¢,

where w is the optical frequency of light, P is the perimeter of the cavity, c is the speed of
light in the cavity, ¢, is the phase due to reflection from the three mirrors for p polarization,
and @, is the phase due to reflection from the three mirrors for s polarization. These two
phase delays, ¢, and ¢,, can be slightly different because the reflection phase of the mirrors
can be different for s and p polarized light.

The eigen vectors of M+ are the eigen polarizations of the cavity, and represent the
electric field vectors, which repeat their particular state of polarization after traveling once
around the resonator. In our case, these two vectors are ((1,) corresponding to p polarized
light, and (?) corresponding to s polarized light . The propagation matrix for an electric
field along an eigen polarization, E,, simply becomes A}, which corresponds to the eigen

value of the propagation matrix for E,.
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Figure 3.4.1. [Illustration of a triangular ring cavity (a) without any intra-
cavity elements and (b) with an intracavity birefringent element B

Let us now consider the case where an electric field along one cf the eigen polarizations,
E.,, is launched into the cavity. The output field of the resonator, E,, is given by an infinite
sum of the round trip reflections inside the resonator, which becomes:

t2

Eo=1T37

E: (3.4.4)

where ¢t is the transmission coefficient of the input/output mirrors, M; and M;. Thus, the
resonance frequency of the cavity for the eigen polarization E,, depends only on the eigen

value of Mt for E,..
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In the absence of rotation, we can extend these arguments to a beam traveling in the

opposite direction, such that the clockwise propagation matrix M~ is given by:
Rxe~Jé 0
- = P . =(M,)* 4.

M ( 0 R:e-zf-) (M-) (3.4.5)

The complex conjugate of R, and R, simply accounts for the fact that the direction of

propagation has now been changed. As can be seen, the eigen values for M ™, i.e. A7, are

given by:
AT =00 (3.4.6)

Once we consider the difference in the direction of propagation, these eigenvalues represent
the same resonance frequencies along the clockwise and counterclockwise directions.

The addition of an intracavity optical element, B, inside the ring resonator, as shown
in figure 3.4.1b, can be represented by the inclusion of the transfer matrix of this element,
Bt in M, ie.:

M* = B*M, (3.4.7)
It should be noted that this changes both the eigen vectors and the eigen values of M.

If the element B is reciprocal, then it is a straight forward matter to show that the

clockwise transfer matrix for B, B™, is given by:
B~ =(B*); (3.4.8)

where the subscript ¢ denotes the transpose of a matrix. Thus the clockwise propagation

matrix, M ™, starting from point A, in figure 3.4.1.b, is given by:
M~ =(M,)'B~
= (Mo);(B*): (3.4.9)
= (B*M.);

since in our case (M,)* = (M,);. We can easily see that in this case we must have

At = (A7), so that the resonance frequencies along the clockwise and counterclockwise
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directions are identical. Thus if the intracavity element, B, is reciprocal, it does not create
a separation between the clockwise and counterclockwise cavity resonance frequencies.
By contrast, if B is a nonreciprocal element, such as a Faraday cell in the presence
of an axial magnetic field, then B~ is no longer equal to (B*)! and as a result AF #
(A7)*, representing a separation between the clockwise and counterclockwise resonance

frequencies.

3.4.2. Observation of the Effects due to an Intracavity Birefrin-

gent Element

In this section we will present the behavior of a ring resonator with an intracavity birefrin-
gent element. The ring resonator is made from three mirrors defining a triangular cavity
with a perimeter of 0.72 m, corresponding to a FSR of 420 MHz. One of the mirrors is
mounted on a PZT, labeled PZT.. The birefringent element is a A/2 plate with anti-
reflection coatings. The states of polarization of the two input beams, E* and E~, can be
controlled by polarization controllers PC* and PC~ respectively. Each of these controllers
consists of a A/2 and a A/4 plate as shown in figure 4.3.2. The output intensities along the
clockwise and counterclockwise directions of the cavity are monitored by photodetectors
PD~ and PD* respectively.

Originally the fast axis of the intracavity A/2 plate, B, is along the s axis. Here, the
cavity has two eigen polarizations, s and p. In order to show the resonance lineshapes of
the cavity we observe the output of the cavity along either clockwise or counterclockwise
direction while applying a linear voltage sweep V, to PZT.. The voltage V, can be expressed
as an equivalent frequency by equating the voltage corresponding to one free spectral range
of the ring cavity with 420 MHz. Figure 3.4.3 shows the output PD* as a function of V/,
when E* is p polarized, indicating a cavity resonance with a linewidth of 8 MHz. This
lineshape corresponds to a finesse of approximately 50. Similarly Figure 3.4.4 shows the
output of PD* as a function of Vi, when E7 is s polarized, indicating a cavity resonance

with a linewidth of 4 MHz. This lineshape corresponds to a finesse of 100.
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Figure 3.4.2. Schematic diagram for the setup used in evaluating the effects
of an intracavity A/2 plate

The s and p eigen polarizations of the cavity, in this case, have almost identical
resonance frequencies. In order to observe the separation between the s and p resonances
we set the polarization of E* to s and that of E~ to p. The top trace of Figure 3.4.5 shows
the output of PD~ as a function of Vj, indicating the resonance due to p polarization, and
the bottom trace of figure 3.4.5 shows the output of PD+ as a function of V,, indicating
the resonance due to s polarization. This figure shows a separation of approximately 4
MHz between the centers of the s and p resonances.

We now rotate the element B by an angle 8,, to observe its effect on the resonance
frequencies and eigen polarizations of the cavity. Figures 3.4.6a through d show the output
of PD+ as a function of V,, for a p polarized input beam. In figure 3.4.6a the fast axis of B

is along s axis representing 6, =0 the figure shows the cavity resonance lineshape associated
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Figure 3.4.3. Output of PD+ as a function of V, for p polarized input when
the fast axis of B is along s axis

with p polarization, as previously observed in figure 3.4.3. Figures 3.4.6b through f show
the output of PD+ as a function of V,, when 6 is varied from 15 to 75 degrees. These
figures demonstrate simultaneous excitation of both eigen polarizations of the cavity for
the p polarized input. Thus the cavity eigen polarizations are no longer purely s or p.
Furthermore, as shown in figures 3.4.6b through d, the relative separation between the two
eigen polarizations of the cavity changes as B is rotated. This indicates a change in the
resonance frequencies of the cavity.

Now let us see if the rotation in B affects the clockwise resonance lineshapes differently
from the counterclockwise resonance lineshapes. Figure 3.4.7b shows the output of PD™
(top trace) and that of PD* (bottom trace) as a function of Vj, when both E* and E~ are
p polarized, and the fast axis of B is along the s axis, indicating no apparent shift between
the clockwise and counterclockwise resonances. Figures 3.4.7a,c,d show the output of PD~
(top trace) and that of PD+ (bottom trace) as a function of V,, when the rotation angle of

Bis —1.5,1.5, and 3 degrees respectively. These figures indicate the excitation of both eigen
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Figure 3.4.4. Output of PD+ as a function of V, for s polarized input when
the fast axis of B is along s axis

polarizations of the cavity by the input beams. These figures further demonstrate that
when both E* and E~ have the same state of polarization, then the mixture of the two
cavity resonances for the clockwise direction is identical to that for the counterclockwise
direction.

We will next demonstrate that the polarization of Et and E~ can be adjusted so
that they excite only one eigen polarizations of the ring cavity. Figure 3.4.8a shows the
output of PD~ (top trace) as well as that of PD¥ (bottom %race) as a function of V,,
when 6, is -1.5°. Here, both E*+ and E~ are p polarized. The figure shows the excitation
of both eigen polarizations of the cavity, as previously observed in figure 3.4.7a. Figure
3.4.8b shows the output of PD™ (top trace) and that of PD* (bottom trace) as a function
of V,, when the polarization of E- is adjusted by PC~ and E+ is still p polarized, clearly
demonstrating the excitation of only one cavity eigen polarization along the clockwise
direction. Figure 3.4.8c shows the output of PD™ (top trace) and that of PD* (bottom

trace) as a function of V;, when the state of polarization of E* is adjusted by PS™, and that
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Figure 3.4.5. Output of PD~ (top trace) and that of PD* (bottom trace) as
a function of V,, when E~ is p polarized, E¥ is s polarized, and the fast axis of

B is along s axis, indicating a 4 MHz separation between the p and s resonance

linecenters.
of E~ is adjusted by PC~. The figure clearly demonstrates the excitation of a single eigen
polarization along both directions of the cavity. Figure 3.4.8d shows the outputs of PD*
and PD™ as a function of V, with an expanded scale, demonstrating that the clockwise and
counterclockwise resonances are apparently symmetric, and there is no apparent separation
between their centers.

We will now demonstrate the effect of a polarizer on the output of the cavity, while the
polarizations of E* and F~ are both aligned with a cavity eigen polarization. Figure 3.4.9
shows the revised experimental setup. The setup now includes a polarizer, PL, placed on
the output of the cavity along the counterclockwise direction. We choose 6§, = —1.5°, and
align the polarization of E+ and E- so that we have only one cavity eigen polarization
as shown in figure 3.4.8c. Figure 3.4.10a shows the output of PD~ (top trace) and that of

PD+ (bottom trace) as a function of V;, when the transmission axis of PL is along the s

axis. The figure indicates an attenuation in the intensity of the output of PD* as compared
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Figure 3.4.6. Output of PD* as a function of V, when E* is p polarized and
the rotation angle of B, 6y, is varied from 0 to 75° with respect to s axis in-
dicating excitation of both eigen polarization of the cavity by the p polarized

light when 6, # 0
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Figure 3.4.7. Output of PD~ (top trace) and that of PD* (bottom trace) as

a function of V,, when both E* and E~ are p polarized, for rotation angle of
B, 6, varying from -1.5° to 3 ° with respect to s indicating the same mixture of
the two eigen polarization of the cavity along both clockwise and counterclock-

wise directions
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with the output observed in figure 3.4.8c. Figure 3.4.10b shows the output of PD~ (top
trace) as well the output of PD™ on an expanded scale (bottom trace) as a function of
V, indicating no distortion in the counterclockwise resonance due to the polarizer, and no

apparent shift between the clockwise and counterclockwise resonances.

/
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Figure 3.4.9. Revised schematic diagram for the setup with'a polarizer on the

counterclockwise output

Next, we demonstrate the effects of rotating PL, when the states of polarization of
E+ and E- are not the same as a cavity eigen polarization We set 6, = 6°, with both
E* and E~ p polarized. Figure 3.4.11a shows the output of PD~ (top trace) and that
of PD* (boitom trace) as a function of V,, when the transmission axis of PL is along the
s axis, indicating a noticeable difference between the amplitude ratio of the two excited

eigen polarizations along the clockwise and counterclockwise directions. This difference
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Figure 3.4.8. Output of PD~ top trace and that of PD* (bottom trace) as a
function of Vs for 8, = —1.5°, when both E* and E~ are p polarized (b) only

E- is p polarized and the polarization of E* is adjusted to get only one eigen
polarization (c) the polarizations of both E* and E~ are adjusted to excite
only one eigen polarization (d) expanded scale version of (c).
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Figure 3.4.10. Output of PD” (top trace) and that of PD* (bottom trace)
for §, = —1.5°, when the polarizations of E* and E~ are set along an eigen
n of the cavity with (a) polarizer rotated so the transmission axis is

polarizatio
before but the output of PD* has a magnified scale.

along p axis. {b) same as
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inevitably leads to an apparent separation between the clockwise and counterclockwise
resonance frequencies via mode pulling.

Figures 3.4.11 b and c show the output of PD~ (top trace) and that of PD* (bottom
trace) as a function of V,, when PL is aligned along a 45° angle with respect to the s
axis (in figure 3.4.11b) and along the p axis (in figure 3.4.11c). These figures indicate a
variation in the ratio between the amplitudes of the two excited resonances as the polarizer
is rotated, thus also indicating a variation in the separation between the clockwise and
counterclockwise resonance frequencies as a function of the rotation angle of PL.

Thus, if the states of polarization of the input beams are not exactlyk aligned with an
eigen polarization of the cavity, a polarizer, or any other optical element with a polarization
sensitive transmission, on the output of the cavity an cause an apparent resonance shift

between the clockwise and counterclockwise resonance frequencies.
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Figure 3.4.11. Output of PD* (top trace) and that of PD~ (bottom trace)
as a function of V, for 6, = 6°, when the transmission axis of PL is (a) along s

axis (b) 45° with respect to s axis (c) along p axis.



CHAPTER 4
The Fiberoptic PRG

In this section we describe the behavior and major error sources of a passive fiber ring
resonator gyroscope which uses a fiber ring resonator as the rotation sensing element. In
contrast to the bulkoptic resonator, a fiber cavity can be made to have only one transverse
mode by using a single mode fiber, and to have only one eigen polarization by using single

polarization fiber.

4.1. The Experimental Setup

Figure 4.1.1 shows the experimental setup for the passive fiber ring resonator gyroscope.
As shown in the figure, the fiber setup is very similar to the bulkoptic setup in figure
3.1.1 with a fiberoptic ring resonator replacing the bulkoptic cavity. The only difference is
that the fiber resonator is operated in "reflection” as compared to the bulkoptic resonator
which is operated in "transmission”. Thus, in our fiber resonator we observe an intensity
dip when the cavity is on resonance instead of an intensity peak associated with a resonator
in transmission.

The laser used in the setup is a 2 mW He-Ne laser oscillating primarily at 1.15 pm.
This wavelength is appropriate for our fiber cavity, which is designed for single mode
operation around 1 um. [In addition to the 1.15 pm output, the laser also oscillates at two
other wavelengths, corresponding to two weak Ne lines, which can be easily separated by
a diffraction grating.] The laser cavity is 35 cm long which corresponds to a FSR of 400
MHz. Since the bandwidth of the Ne gain curve at 1.15 pm is approximately 750 MHz,
the laser can oscillate in one or at most two longitudinal modes of the laser cavity. As
in the case of the He-Ne laser described in section 3.1, single frequency operation can be
achieved by holding a longitudinal mode of the laser cavity at the center of the Ne gain

curve.
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Figure 4.1.1. Schematic setup for the fiber PRG

Similar to the bulkoptic setup, the laser output is split into two beams and each beam

is frequency shifted by a separate AQ to yield the two beams E* and E-. The AOs used
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in the fiber setup are similar to the ones described in section 3.1, and operate at an AO
drive frequency of 40 MHz, however, the AO crystals in the fiber setup have a special
coating to reduce reflection at 1.15 ym.

After the AOs, E* and E~ are passed through polarization controlling elements PC*
and PC~, respectively, each consisting of a A/2 and a A/4 plate, which align the state of
polarization of the input beams with an eigen polarization of the fiber cavity. E* and E~
are then launched into the fiber resonator arms. The ends of the two resonator arms are
cut and polished at a 7° inclination so as to reduce the reflections at these ends, and there
are two splices, s* and s~, on the resonator arms, which reflect approximately 0.25% of
the light intensity, and transmit 85% of the intensity.

E* and E~ then enter the fiber cavity through the coupler C, where E* is coupled
into the counterclockwise direction of the cavity and E~ is coupled into the clockwise
direction. A fraction of the output of the cavity along the clockwise direction is split
off by a piece of glass, g;, and directed to the photodetector PD~. Similarly, a fraction
of the counterclockwise output of the cavity is split off by the piece of glass g;, and
directed to photodetector PD*. The photodetectors PD* and PD~ are identical to those
described for the bulkoptic setup in section 3.3.1, except that they use Rofin Inc. model
7462 photodiodes which have a responsivity of 0.32 A/W at 1.15 um, corresponding to a
quantum efficiency of approximately 35%.

The fiber PRG setup has a primary loop, similar to that in the bulkoptic setup de-
scribed in section 3.1, which holds the frequency of £~ at the center of a clockwise reso-
nance by controiling the frequency of the laser via PZT . The components of the primary
loop in the fiberoptic setup are identical to those described for the bulkoptic setup in
section 3.1. The modulation frequency fm, used in the fiber setup is 10 kHz.

The open loop output of the fiber PRG is V:, obtained by demodulating the output of

PD* via PSD, exactly as described for the bulkoptic setup in section 3.1. The expression
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for V' in a fiber setup is also identical to that presented in equation 3.1.1 for the bulkoptic
setup, i.e.:

Vi =kAfa (4.1.1)
where, as previously described, « is the slope of the discriminant voltage, and Afg is
the separation between the clockwise and counterclockwise resonance frequencies, that is
proportional to the rotation rate 2, as indicated by equation 1.3.4. Thus, in this section
we have described the similarities and differences between the fiberoptic PRG setup and
the buikoptic PRG setup. In the next section, we will describe the fiberoptic resonator in

more detail.

4.1.1. Parameters of the Fiberoptic Resonator

The fiber ring resonator is made of a continuous loop of a single mode non polarization
preserving fiber and a polished evanescent wave coupler. The length of the resonator fiber
is 25 m, which corresponds to a FSR of 7.7 MHz, and it is wrapped around a cylinder with
a diameter of 7.5 cm. The optical perimeter of the resonator can be perturbed by stressing
a segment of the resonator fiber via a piezoelectric transducer, PZT., as shown in figure
4.1.1.

Figure 4.1.2a shows the counterclockwise output of the cavity (for example), mneasured
by PD*, as a function of the laser frequency, when the state of polarization of E¥ is
the same as one of the cavity eigen polarizations. The figure shows the dip at resonance
previously described, and the 7.7 MHz free spectral range of the cavity. Figure 4.1.2b shows
the output of the cavity when E+ has an arbitrary state of polarization, demonstrating
the two cavity eigen polarizations separated by 2.2 MHz.

The eigen polarization shown in figure 4.1.2a is expanded in figure 4.1.3, demonstrating
an asymmetric lineshapel1®:19] with a linewidth of approximately 30 kHz corresponding to
a finesse of 250. The other eigen polarization of the cavity is also distorted and has the
same linewidth. By adjusting the coupler C, linewidths as narrow as 20 kHz have been
observed, corresponding to a finesse of 400, but the cavity resonance remains asymmetric.
This resonance asymmetry of the fiber cavity in reflection is due to having a lossy coupler.

We have included an explanation for this effect in appendix A.
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Figure 4.1.2. Output of PD* as a function of the laser frequency indicating
(a) a single cavity eigen polarization (b) both cavity eigen polarizations

4.1.2. Preliminary Data cn the Behavior of the Fiber PRG
In this section, we will present preliminary data on the open loop behavior of the fiber

PRG. As mentioned previously, during the open loop operation of the fiber PRG, the

primary loop holds the frequency of E~ at the center of a clockwise resonance. The
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Figure 4.1.3. Output of PD* as a function of laser frequency indicating the
resonance lineshape

operation of this primary loop is identical to that for a bulkoptic PRG described in section
3.1.2. Also mentioned previously, the open loop output of the fiber PRG is the output of
PSDY, i.e. V;.

Figure 4.1.4 shows v} as a function of time, with a 100 ms 6 dB/octave filter, for a 1
Hz frequency difference between E+ and E-, indicating a sinusoidal variation with a peak
to peak amplitude of £750 Hz. This sinusoidal variation is due to coherent backscattering
and is analogous to that observed in figure 3.2.1b for the bulkoptic case. Backscattering
issues in the fiber PRG are discussed in detail in section 4.2, and for now we can simply
remove this oscillation by lowpass filtering.

In order to demonstrate the measurement of rotation by our fiber PRG, we use a
rotatable platform, similar to that used in the bulkoptic setup and described in section
3.2.4, to rock the fiber cavity back and forth sinusoidally around an axis perpendicular to
the plane of the resonator. Figure 4.1.5a shows the rotation angle of the platform, 6,, as

a function of time, indicating an amplitude of 5° and a period of 9 sec, which results in
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Figure 4.1.4. V' as a function of time with a 100 ms 6db/octave filter, when

there is a 1 Hz frequency difference between E* and E~ indicating a coherent
backscattering with amplitude of £750 Hz

a sinusoidal variation in angular velocity with a peak of 3.5 deg/sec. In order to see the .
variations of V" due to rotation, we remove the sinusoidal oscillation of figure 4.1.4 by
increasing the frequency difference between E* and E- to 10 Hz, and observing V' with a
1 sec 6 dB/octave lowpass filter. Figure 4.1.5b shows the the variation of V' as a function
of time in the presence of the applied y=iation, indicating a 90° phase shift between Vd"'
and 6, and a peak to peak V" variation of 5.2 kHz. The 90° phase shift between V; and
6, has already been observed in our bulkoptic setup as shown in figures 3.2.10. The 5.2
kHz peak to peak variation of V; in figure 4.1.5b corresponds to a variation in angular
velocity from —3.5 deg/sec to +3.5 deg/sec which gives a Sagnac scale factor of 750 Hz
per deg/sec. From equation 1.3.4 we calculate the predicted value for this scale factor. In

our case we have:
A=44x10"%m?

P =0.23m
Ao = 1.15 pm
n=148
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Figure 4.1.5. Demonstration of the operation of the gyroscope (a) the applied
rotation angle of the platform as a function of time (b) corresponding variation

in V;' with a 1 sec 6db/octave filter and a 10 Hz frequency difference between
E* and E- :

which gives a predicted scale factor of 750 Hz per degree/sec, and is in excellent agreement

with the experimental observations.

In the next sections we will present the influence of backscattering, variations in the

state of polarization of the input beams and the optical Kerr effect on the performance of

the gyroscope.
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4.2. Backscattering in Fiberoptic PRG

As discussed in section 3.2, backscattering of light in a ring resonator causes drifts. The
backscattering inside a fiber ring resonator is due to Rayleigh scattering/??] in addition to
numerous discrete scattering centers along the fiber, which in our case results in a larger
overall scattering coefficient than that observed for the bulkoptic setup. In this section,

we study the effects of backscattering on the open loop behavior of the fiber gyroscope.

4.2.1. Coherent Backscattering in a Fiber PRG

In section 3.2.1, we calculated and demonstrated the coherent backscattering error in our
bulkoptic passive resonator gyroscope. The existence of coherent backscattering in our
fiber PRG has already been demonstrated in figure 4.1.4, where we observed an oscillation
of V' representing a peak to peak variation of 1.5 kHz.

We will now examine the variations in the amplitude of this coherent backscattering
error as a function of the fiber resonator perturbations. We perturb the fiber resonator
by applying a 500 V p-p saw-tooth voltage to PZT. as shown in figure 4.2.1b, thereby
stressing a segment of the cavity fiber. This causes approximately 8 MHz of variation in
the resonance frequency of the cavity, and the primary loop changes the laser frequency
to compensate for this variation. Similar to the conditions in figure 4.1.4, we observe the
coherent backscattering, by setting a 1 Hz frequency difference between E* and E~ and
passing V' through a 100 ms 6 dB/octave filter. Figure 4.2.1a shows V! as a function
of time indicating a change in the peak to peak amplitude of the coherent backscattering
error as a function of the voltage applied to PZT.. As shown in the figure, the peak to peak
amplitude of this error varies from 300 Hz to almost 2.3 kHz. Also, at several points in
the figure, such as the one marked A, the coherent backscattering error becomes distorted.
This distortion will be examined further in section 4.2.2.

We observe a variation in the magnitude of the coherent backscattering as a function

of stressing the fiber cavity because the overall backscattering in our setup includes the
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Figure 4.2.1. (a) V; as a function of time indicating oscillations due to co-
herent backscattering (b) voltage applied to PZT. as a function of time

contribution of several scatterers, both inside and outside of the ring cavity. By stressing

the cavity fiber, we vary the propagation phase between these scatterers and thus change

the overall sum of their contribution to coherent backscattering.

As mentioned previously, in addition to the scatterers inside the ring cavity, we also
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have strong scatterers outside the ring cavity, namely the two splices st and s~. These
splices are located on the fiber resonator arms, as shown in figure 4.1.1, and, as mentioned
in section 4.1, each of them reflects approximately 0.25% of the light intensity, and thus
contributes to coherent backscattering as described in section 3.2.1b. Let us now examine
the contribution of one of the splices, s*, to the coherent backscattering error.

Figure 4.2.2b shows a 650 V p-p saw-tooth voltage applied to PZT, which stresses
the fiber segment between s* and the coupler C. Figure 4.2.2a shows Vd"', as a function
of time indicating a change in the magnitude of the coherent backscattering error as the
fiber arm is stressed. As shown in the figure, the magnitude of this error changes from 2.8
kHz to 5.0 kHz p-p. This change is due to external scattering only, since the scatterers
inside the cavity are left unperturbed.

In summary, we have observed a maximum peak to peak magnitude of approximately
5 kHz for the coherent backscattering error, which is due to both internal and external
scatterers. By using equation 3.2.7, which gives the amplitude of the backscattering error in
terms of the internal scattering coefficient, we obtain a worst case estimate of 1.0 x 1073 for
the internal backscattering coefficient, which is three orders of magnitude larger than that
obzerved for the bulkoptic case in section 3.2.1. In the next section we will demonstrate
the elimination of the coherent backscattering error by a carrier suppression technique,

similar to that described in section 3.2.2.

4.2.2. Elimination of Coherent Backscattering

As demonstrated in section 3.2.2, the coherent backscattering error in our bulkoptic res-
onator setup was removed by suppressed carrier phase modulation of E*. To demonstrate
the elimination of coherent backscattering error in the fiber setup, we also apply a sup-
pressed carrier phase modulation by reflecting E* from a mirror, M;, which is mounted on
a sinusoidally vibrating piezoelectric transducer, as shown in figure 4.2.3. The frequency

of this phase modulation or jitter is labeled f,. In order to observe the change in coherent
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Figure 4.2.2. V} as a function of time indicating oscillations due to coherent
backscattering (b) voltage applied to PZT* as a function of time

backscattering error due to this applied phase jitter, we set a 1 Hz frequency difference

between E+ and E~ and observe V;5 with a 100 ms 6 dB/octave filter.

Section A of figure 4.2.4 shows V! as a function of time, when there is no phase jitter,

indicating a coherent backscattering error with a peak to peak amplitude of 2.7 kHz. In
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section B, a sinusoidal phase jitter with f; = 140 Hz is applied to the setup, and its
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amplitude is adjusted to eliminate the coherent backscattering error. This is analogous to
the carrier suppression demonstrated for the bulkoptic PRG in figure 3.2.6a. In the fiber
case, we also obtained a carrier suppression of approximately 5 X 10~3 which, similar to

the bulkoptic case, is limited by the purity of the sinusoidal phase jitter.

Figure 4.2.4. Vd+ as a function of time for a 1 Hz frequency difference be-

tween E+ and E~ in the presence of a phase jitter with f; = 140 Hz when 6¢;
was varied.

The suppression of coherent backscattering is not always as good as that represented
in figure 4.2.4. For example, figure 4.2.5 shows the case where there is an incomplete
suppression of the coherent backscattering. In section A of figure 4.2.5, we observe the
coherent backscattering error with a peak to peak amplitude of 1.6 kHz in the absence of

phase jitter. In section B, phase jitter at f; = 140 Hz is applied to E*, and we observe
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Figure 4.2.5. V; as a function of time for a 1 Hz frequency difference be-
tween E* and E~ (a) no phase jitter (b) phase jitter with 6¢; adjusted

that, although we have suppressed the 1 Hz oscillation due to coherent backscattering, we
have a large unsuppressed oscillation at 2 Hz, with an equivalent amplitude of +£75 Hz.

To understand this residual unsuppressed 2 Hz oscillation, we must consider the dis-
tortion of the coherent backscattering as dernonstrated in region A of figure 4.2.1a. As
observed in this region, the coherent back: cattering is not & hure sinewave, but has second
and higher harmonic components so that. we can represent it as a sum of the harmonics of
a pure sinewave. In this case, the coherent backscattering error, now labeled Af,, is, for
example, given by:

Af, = a; sin(A@) + a2 sin(2A88) + - - - (4.2.4)

where A¢ is the phase difference between E* and E—, and a; and a; are the appropriate

amplitude coefficients for sin(A¢) and sin(2A¢) respectively. Let us now add a sinusoidal
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phase jitter to A, with an angular frequency of w; and a phase excursion of §¢;. With

the addition of this phase jitter, the expression for Af, in equation 4.2.4 becomes:

Af, = a; sin (Ad + 6¢; sin(w,t)) + az sin (2(A¢ + 6¢; sin(w;t))) + -
= a; sin (A¢ + 8¢, sin(w;t)) + azsin (2A¢ + 289 sin(wjt)) + - (429
In section 3.2.2 we demonstrated that if 6@, is set to 2.4 rad, we can suppress the first term
in equation 4.2.5, which represents the fundamental component of the coherent backscat-
tering error. However, at this point, the second term, with the coefficient a3, has an
equivalent phase excursion of 26¢; =4.8 rad, and is therefore not completely suppressed.
Thus we obtain only partial suppression of this second term.

This incomplete suppression of the coherent backscattering may be solved by adding
additional carrier suppressed phase jitters at different frequencies so as to remove the
residual backscattering effects. In order to demonstrate this, we set a 1 Hz frequency
difference between E* and E~, and observe V; with a 10 ms 6 dB/octave filter. In
section A of figure 4.2.6, we observe a slightly distorted coherent backscattering error with
a peak to peak magnitude of 2.6 kHz in the absence of phase jitter. In section B, a phase
jitter at f,; = 140 Hz is applied to E*, and its amplitude is adjusted to suppress the
coherent backscattering at 1 Hz. The residual backscattering in section B has a peak to
peak amplitude of 250 Hz. In section C, the second phase jitter at fj = 90 Hz is applied
to E*, and its amplitude is adjusted to remove this residual.backscattering error. The

remaining fluctuations of V' are studied further in the following sections.

4.2.3. Intensity Backscattering and its Elimination

In our fiber setup, in addition to the coherent backscattering effects, we observe errors due
to the intensity of the backscattered light [This intensity effect was negligibly small in our
bulkoptic PRG]. To observe the intensity backscattering in the ring resonator, the outputs
of PD~ and PD* are simultaneously recorded when E* is blocked at point A,, shown in

figure 4.1.1. The top trace of Figure 4.2.7 shows the output of PD~ as a function of the
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Figure 4.2.6 Vd+ as a function of time for a 1 Hz frequency difference between
E+ and E~ (a) no phase jitter, (b) a single phase jitter at 140 Hz (¢) two si-
multaneous phase jitters at 140 Hz and 90 Hz

laser frequency indicating the resonance dip for the clockwise direction. As can be seen, the
output of PD™ when the cavity is not on resonance is 0.3 V, which corresponds to 20 pW
of optical power. The bottom trace of figure 4.2.7 shows the output of PD* as a function
of the laser frequency, which indicates the backscattered light intensity traveling in the
counterclockwise direction of the cavity. The peak backscattered intensity in this case is
10 mV which corresponds to 0.7 pW of cptical power. The intensity of the backscattered
light is therefore 3.5% of the intensity of light in the forward direction, thus representing an
intensity backscattering coefficient, a;, of 3.5%. In our setup, the intensity backscattering
ratio varies from 0 to 5% due to fluctuations of the intracavity backscattering.

The ratio of the peak backscattered electric field in figure 4.2.7 to the peak electric
field of the beam in the forward direction is /@i which is approximately 0.18. This ratio is
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Figure 4.2.7. Gutput of PD™ as a function of laser frequency when E* is
blocked (top) corresponding backscattering of E~ observed on PD* (bottom)

approximately 100 times larger than the worst case backscattering coefficient of 1.3 x 1073,
obtained in section 4.2.1. The amplitude of the backscattered field is consistent with the
expected resonant enhancement of backscattering inside the ring cavity by a factor of F/~,
where F is the finesse of the resonator.

We shall now examine the effect of this backscattered field on the discriminant voltage.
The bottom trace of figure 4.2.8 shows the backscattered intensity measured by PD*, as
a function of the laser frequency, for o, = 3.5%. The top trace of figure 4.2.8 shows the
demodulated backscattered intensity as a function of the laser frequency, indicating a small
discriminant-like voltage, which corresponds to +£500 Hz.

In order to demonstrate the drifts due to this demodulated intensity backscattering.
we lock the frequency of E~ to the center of a clockwise resonance frequency, and observe
the drift of V¥, while the beam E* is blocked. Figure 4.2.9b shows V;~ with a 300 ms 12
dB/octave filter, as function of time, indicating V; being held at zero Hz by the primary

loop. By comparison, figure 4.2.9a shows Vd+, on the same frequency scale as the previous
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Figure 4.2.8. Backscattering of E~ measured by PD* as a function of the
laser frequency (bottom) corresponding fluctuation in Vi (top)

figure, indicating a drift of more than 160 Hz. Because of this drift of V5, we must treat
the intensity backscattering as an important error source in the gyroscope.

In order to eliminate the drifts due to intensity backscattering, we use two different
modulation frequencies to generate the discriminants for the clockwise and counterclock-
wise directions, as shown in figure 4.2.10. For the clockwise discriminant, the RF drive of
AO- is FM modulated at a rate f,.. Similarly, for the counterclockwise discriminant, the
drive to AO* is FM modulated at a rate of f. In this case, the intensity backscattering
is not demodulated by the PSDs because it has a different modulation frequency.

In our setup, the separate modulation technique was implemented by FM modulating
E* at ff = 2 kHz, and E~ at f,, = 5 kHz. We suppressed the coherent backscattering
as described in section 4.2.3. Figure 4.2.11 shows V" and as a function of time for a filter
time constant of 300 ms and 12 dB/octave, indicating a gyroscope offset of approximately
—50 Hz. In section A4 of the figure, E* is blocked, and we can see that V' in this section

is zero Hz, thus demonstrating the elimination of the intensity backscattering effect. In
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Figure 4.2.9. (a) variation of V] as a function of time due to backscattering
(E* is blocked). (b) ¥ is held at zero by the feedback loop

the next section we will discuss a possible source of the —50 Hz offset observed in figure

4.2.11.

When using separate modulation frequencies, one must be careful that the residual

intensity modulation due to the separate frequency modulators is kept very small. In
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Figure 4.2.10 Revised schematic with separate modulation frequencies

our case these contributions were kept below 1 Hz. Also when using separate modulation

frequencies, the gyroscope drifts become sensivive to the asymmetry of the resonance. This
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Figure 4.2.11 V; as a function of time for separate modulation scheme indi-
cating a -50 Hz offset. In section A, E?* is blocked.

is a very important consideration and is being studied by others in our laboratory.

4.2.4. Double Backscattering and its Elimination

In figure 4.2.11, we observed a —50 Hz offset while the coherent and intensity backscatter-
ing errors were both eliminated. In this section we demonstrate that this offset is partially
due to double backscattering.

Double backscattering is the result of the back and forth reflection of light from
two scattering centers in the setup. Let us consider the example in figure 4.2.12 which
shows a simple diagram for double backscattering, where light E™, is first scattered from
s1, generating the beam E7, and E; is then scattered from sz, generating the double
backscattered beam EjJ,, which travels in the same direction as that of E*. Analogous
to the intensity backscattering described in the previous section, double backscattering

can also cause drifts in the output of the gyroscope, and it can not be eliminated by the
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Fiber

Figure 4.2.12 A simple illustration of double backscattering

separate modulation frequencies, used in the previous section, because it travels in the
same direction as the original beam (E*), and has the same modulation frequency, fr.
We will now demonstrate double backscattering in our resonator by stressing a segment
of the fiber between the splice st and the coupler C using PZT* (see figure 4.1.1) and
observing the corresponding variation in V. The coherent and intensity backscattering
errors have both been eliminated as presented in the previous sections. Figure 4.2.13b
shows a 400 V p-p saw-tooth voltage applieci to PZT*, and figure 4.2.13a shows the
corresponding variation in V;, indicating a bounded peak to peak fluctuation of 100 Hz
due to double backscattering between s* and other scattering centers. As can be seen in the
figure V! varies sinusoidally as the voltage of PZT is swept linearly in a saw-tooth fashion.
The figure indicates the case where the amplitude of the saw-tooth voltage is adjusted so
that the variation of V" is a complete sinusoidal cycle. Thus, by increasing the frequency

of the saw-tooth voltage we can average the contribution of double backscattering. This is
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Figure 4.2.13 Fluctuation of V, '+ as a function of time when both the coher-
ent and incoherent backscattering effects have been removed and a saw-tooth
voltage is applied to PZT* (b) the voltage applied to PZT*

similar to the carrier suppressed phase modulation described earlier. We now demonstrate
this method of averaging the double backscattering.

Figure 4.2.14 shows V' as a function of time, when the coherent and intensity
backscattering effects have been removed as described in section 4.2.3 and 4.2.4 respec-
tively. Initially V' is passed through a 100 ms 12 dB/octave filter. In section A of figure
4.2.14, a slow 0.18 Hz saw-tooth voltage applied to PZT* with the same amplitude as that

in figure 4.2.13, which now results in a bounded 160 Hz variation in V;F. Similar to the
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case in figure 4.2.13, the variations of V' represent complete sinusoial cycles, and could be
averaged by increasing the frequency of the saw-tooth voltage. In section B, the frequency
of this saw-tooth voltage is increased to 180 Hz and the fluctuation of V;F shown in section
A is filtered out. However, as indicated in this section of the figure, we still see a 50 Hz
fluctuation of Vd+. In section C a second 0.2 Hz saw-tooth voltage is applied to PZT~
which results in an additional 70 Hz of variation on V', due to double backscattering
between s~ and the intracavity scatterers. In section D, the frequency of this saw-tooth
voltage is increased to 200 Hz and then lowpass filtered to demonstrate the removal of the
double backscattering errors between s~ and the intracavity scatterers. We also notice an
increase in the noise. This noise is not present in section B and is due to the addition
of our second saw-tooth voltage. In section E of figure 4.2.14, the time constant of the
filter on PSD™? is increased to 300 ms 12 dB/octave, and we can observe a variation in
the gyroscope offset between 0 and 10 Hz. Although we have eliminated external double
backscattering in this case, we have not removed double backscattering due to intracavity
scatterers. Further studies on this topic is left for future work.

Figure 4.2.15a shows a sample run indicating an offset of 20 Hz. The step in the
figure indicates a 100 Hz change in the frequency of Et and serves as a calibration for
V. By comparison, figure 4.2.15b shows the case for a different longitudinal mode of
the cavity indicating an offset of —20 Hz. Thus, inspite of the elimination of the coherent
backscattering, intensity backscattering, and external double backscattering errors, we
still see a variation from —20 hz to +20 Hz in the gyroscope offset as we select different
longitudinal modes of the cavity. In addition to other sources of drift, examined in the next
sections, the variations of V' may also be the result of having two separate modulation
frequencies and an asymmetric resonance, as mentioned previously. The detailed evaluation

of this error source shall be presented in a future work.
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Figure 4.2.14 V; as a function of time with a 100 ms 6db/octave filter when

(A) a 0.2 Hz saw-tooth voltage is applied to PZT* (B) frequency of this saw-
tooth voltage is increased to 180 Hz (C) a 0.2 Hz saw-tooth voltage is applied
to PZT~ (D) the frequency of this sawtooth voltage is increased to 150 Hz (E)

filter time constant of V: is increased to 300 ms 6db/octave

4.3. Polarization-Induced Errors in a Fiber PRG

In section 3.4.2, we demonstrated that in the presence of an intracavity birefringent
element, the cavity eigen polarizations are no longer along the s and p axes. This is directly
applicable to a fiber resonator where the cavity fiber and the coupler are both birefringent

elements, and as a result, the eigen polarizations of the fiber cavity are in general elliptical
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Figure 4.2.15 V5 as a function of time (a) indicating a +20 Hz offset (b) in-
dicating a —20 Hz offset for a different cavity longitudinal mode

states of polarization. However, based on the results of section 3.4 there is no apparent
resonance shift between the clockwise and counterclockwise cavity resonances unless the
states of polarization of the input beams are a mixture of the two eigen polarizations of
the cavity, as shown in figure 3.4.11. Therefore, in our fiber setup we align the state of
polarization of the input beams along an eigen polarization of the cavity by polarization
controlling elements PC* and PC~ (shown in figure 4.1.1). Since the alignment between
the state of polarization of the input beam and the eigen polarization of the cavity may
drift with time, it is important to evaluate the drifts due to a variation in the state of

polarization of the input(?!],
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4.3.1. Measurement of Polarization-Induced Offset

In this section, we will measure the variations in the open loop output of the gyroscope,
V', as a function of the state of polarization of the input beams. At first, the states of
polarization of both E~ and E* are aligned along one of the eigen polarizations of the
cavity as shown in figure 4.1.2a. We then measure Vf as a function of the rotation angles
of the A\/4 and A\/2 plates in PC* and plot the results in figures 4.3.1(a) and (b). Figure
4.3.1a shows the variation in V' as a function of the rotation angle of the A/4 plate. This
figure indicates an approximately linear relationship with a slope of 5 Hz per degree of
rotation of the /4 plate. Similarly, figure 4.3.1(b) shows the variation in V;' as a function
of the rotation angle of the A/2 plate. The behavior here is different from the linear one
in figure 4.3.1a. For negative rotation angles, we see an approximately linear dependence
with a slope of 3 Hz per degree. However, for positive rotation angles up to 10°, the offset
is practically constant. Because of the dependence of Vd+ on the state of polarization of
the input beams, careful attention must be paid to the polarization issues in our fiber ring
resonator gyroscope. In the next two subsections we shall analyze two possible sources of

polarization-induced perturbation of the cavity resonance frequency.

4.3.2. Offset due to Mode Pulling

In this section, we will estimate the change in the resonance frequency due to mode pulling
between the eigen polarizations along a single direction of the cavity using the calculations
presented in Appendix B. For the purpose of illustration, let us assume that the two eigen
polarizations of our fiber cavity are linear states of polarization along the s and p axes,
and that the polarization of the input beam E,, is along the s axis. In order to simulate
the conditions of figure 3.4.1a, we pass the input beam through a A/4 plate and rotate the
fast axis of this plate by an angle of 6, with respect to the s axis. The output of this A/4
plate is labeled E, and is given by:

E,=E\( sin?(6,) + cos?(6.))3 + E1(1 — j) sin(6,) cos(6.)p :
4.3.1)
~ E;(§+ (1 —j)sin(6,)p)
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Figure 4.3.1. Variations of V' as a function of the rotation angles of the (a)
A/4 element and (b) A/2 element in PC*

The ratio between the amplitudes of the s and p components of E; in equation 4.3.1 is

1i1



V2sin(8.). E; is now coupled into the cavity where it excites both s and p eigen polar-
izations of the cavity. The ratio between the peak electric fields of these two resonances is
also v/2sin(6,). In this example, the two eigen polarizations of the cavity are orthogonal
to each other and therefore there is no interference between them. Thus, the pull in the
resonance at the s polarization, labeled Af, is only due to the intensity of the p resonance

and is given by equation B.5 in Appendix B:

(LuT2)" 212 (V2sin(6,))?

163
(4.3.2)
= (Fé-lf‘:) si n2(9 )

Af =

where I'; and I'; are the FWHM linewidths of the two cavity eigen polarizations and f, is
the separation between the two resonances. For this example, we choose parameters equal

to those measured for our fiber cavity:

I'; =T, = 30 kHz (see section 4.1.1)
fo = 2.2 MHz (see section 4.1.1)

For 6, = 1°. we obtain Af = 2.3 x 10~® Hz which is six orders of magnitude smaller than
the 5 Hz per degree shown in figure 4.3.1a. This pull is therefore insignificant.

We now calculate the pull, Af, in the case which involves the interference between
the two cavity eigen polarizations. We will use the example described above, but we now
pass the output of the cavity through a polarizer with a transmission axis tilted 45° with
respect to the s axis. In this case the two eigen polarizations of the cavity are projected
onto the transmission axis of the polarizer, and the ratio between their peak electric fields
is the same as before, i.e. v/2sin(,). Now the major contribution to Af is due to the

interference between the two cavity eigen polarizations, and is given by equation B.6, i.e:

LI 3 sin(6,)

Af =
(4.3.3)
= 2l 6.

2v2f,
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For 8, = 1°, Af = 2.3 Hz. This value is still a factor of 2 less than the variation observed
in figure 4.3.1a. It should be noted that this is an extreme case, and represents an upper
bound on the perturbation in the resonance frequency due to mode pulling. Thus, to
explain the errors in figure 4.3.1a, we need to consider another source of polarization-
induced perturbation of the resonance frequency, which will be presented in the next

section.

4.3.3. Offset due to Polarization-Induced Resonance Asymmetry

In this section, we will demonstrate and calculate a variation in the asymmetry of the
resonance lineshape as a function of the polarization of the input light. This asymmetry
shifts the cavity resonance frequency according to the calculations of Appendix A.

Figure 4.3.2 shows the setup we used in demonstrating the polarization-induced vari-
ation in the resonance asymmetry. As seen in the figure, light from the laser E;, is coupled
into the cavity in the clockwise direction only. The state of polarization of E, can be ad-
justed prior to entering the resonator arm, by a polarization controller PC;, which includes
a A/2 and a A/4 plate. After exiting the resonator, the output beam E, passes through
another polarization controlling element, PC,, as well as a polarizer PL, and is monitored
by a photodetector PD.

Now let us demonstrate the variation in the symmetry of the resonance lineshape.
At first, we align E,; along an eigen polarization of the cavity to establish this state of
polarization. PC, is then adjusted so as to align this cavity eigen polarization along an
axis labeled s. We now perturb the state of polarization of E; by using a random setting
of PC;. Figure 4.3.3a shows the cavity output E,, monitored by PD, as a function of the
laser frequency when the transmission axis of the polarizer is alorg s, showing a slightly
asymmetric resonance line dip. Figure 4.3.3b shows E, as a function of the laser frequency
when the polarizer is rotated at a 45° angle with respect to s, clearly indicating a significant
change in the asymmetry of the lineshape. This change in the asymmetry of the lineshape

leads to a change in the resonance frequency of the cavity as shown in Appendix A.
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Figure 4.3.2. Schematic diagram for evaluating the effects of the polarization
on the lineshape symmetry

In order to explain this polarization-dependent asymmetry, we must consider the
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Figure 4.3.3. Output of PD as a function of laser frequency when the input
is not aligned with an eigen polarization of the cavity when (a) the transmis-
sion axis of PL is along s axis (b) the transmission axis of PL is tilted 45° with

respect to s axis
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interaction between the two components of the output beam E,, which are E,; and E, as
described in Appendix A. E,; is the so-called primary reflection of F; from the coupler C,
and E. is the field coupled out of the ring cavity by C.

Let us now consider an ideal fiber cavity with a lossless coupler. Similar to the case
in section 4.3.2, the eigen polarizations of this cavity are along the s and p axes. Figure
4.3.4a shows both E,; and the on-resonance E. when E,, is s polarized, indicating that the
on-resonance E. is equal and opposite to E,;. In Appendix A. we defined 1, as the phase
between —E,; and the on-resonance E., and demonstrated that ¥ # 0 leads to cavity
asymmetry. In the ideal case shown in figure 4.3.4a, we have ¢ = 0, which corresponds to
a completely symmetric resonance line dip.

An arbitrary state of polarization of E,; can be represented in terms of its components
along s and p axes, 1.e.:

E,-,‘ = |Er,'|(r11§ + agﬁ) (434)

The corresponding on-resonance E, is equal and opposite to the s component of E,,, and
is given by:

Ec = "allEriI (435)

which is graphically presented in figure 4.3.4b. The coefficient a; for the p component
of E,; is in general a complex number and can not be fully represented in this figure.
Ordinarily, this p component of E,; does not change the resonance symmetry because it
can not interfere with E..

Let us now pass the cavity output through a polarizer. The transmission axis of this
polarizer makes an angle of § with respect to the s axis, as shown in figure 4.3.4c. The

corresponding fields at the polarizer, EF and EF, are given by:

EP = E_sin(8) = —a,|Er:|sin(6)
(4.3.6)
EE = |E,i|(a; sin(8) + a; cos(8))

116



p @ p ®)

a 2Eﬁ cos(9) Ec S

Figure 4.3.4. (a) polarization of E,; is matched along an eigen polarization
of the cavity (b) polarization of E,; is not matched along an eigen polarization
of the cavity (c) a polarizer is placed on the output beam where its transmis-
sion axis makes an angle 8 with the vector associated with an eigen polarization

of the cavity
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Since a; is a complex number, it is obvious that EF and EF are no longer exactly equal

and opposite to each other and the phase 1, defined previously in this section, is given by:
p =arg(l+ Sicot(e)) #0 (4.3.7)
1

Thus, ¥ depends on both the initial state of polarization of E;, which is represented
by the ratio az/a;, as well as on the polarizer rotation angle. This is consistent with
the observations in figure 4.3.3a and 4.3.3b, where a change in the rotation angle of the
polarizer caused a change in the resonance asymmetry, indicating a change in 7.

Let us now compare this perturbation with the results of section 4.3.2. Similar to the
case described in section 4.3.2, we assume s and p eigen polarizations for the cavity, and
pass the cavity input beam through a A/4 plate to simulate the conditions of figure 4.3.1a.
We thus obtain a beam whose state of polarization is given by equation 4.3.1, resulting in
az/a; = (1 — j)sin(6,). az and a, are already defined in equation 4.3.4.

We now couple this beam into the fiber cavity, and pass the output through a po-
larizer which has its transmission axis tilted 45° with respect to the s axis. According to
equation 4.3.7 we get ¢» = arg(1 + (1 — j)sin(6,)) = arg(1 — jsin(6,)) when 6, is small.
This corresponds to ¥ = sin(6,) which results in a resonance frequency perturbation of
(T'1/2)sin(6,) (see Appendix A). For 6, = 1° we obtain ¥ &~ 0.016 which, according to
calculations of Appendix A corresponds to a resonance shift of approximately 240 Hz. We
can see that this pull is 2 orders of magnitude larger than the case obtained for mode
pulling in section 3.4.2.

In general we may not have a polarizer in the output path but an optical element with
a polarization sensitive transmission coefficient, which can cause a similar change in the
asymmetry of the resonance. For example, in the gyroscope setup of figure 4.1.1, most of
the optical components between the coupler and either photodetector, have a polarization
sensitive loss, which can contribute to a change in the asymmetry if the input polarization
is misaligned with respect to a cavity eigen polarization. Thus we can attribute the offset

variations in figure 3.4.1a to a polarization dependent change in the resonance asymmetry.
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This particular polarization problem can be solved if we use a fiber cavity in transmis-
sion, as shown in figure 4.3.5. In this case, we do not expect to observe any perturbation
of the resonance symmetry due to the interference between E,; and E. because of the

absence of F,;.

E; — — K
i 23
E —» — E,

Figure 4.3.5. Illustration of a transmission fiber ring cavity

The state of polarization of the input beams in our setup do not drift significantly with
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respect to a cavity eigen polarization. On occasions, we need to readjust the polarization
of the input beams by less than 0.5° on either the A/2 plate or the A/4 plate in either PC*
or PC~. From figure 4.3.1a and b, this polarization drift corresponds to less than 2.5 Hz
of variation in the offset. Therefore, although this drift is very important in general, it
does not significantly contribute to the £20 Hz of offset variation we observed in the end

of section 4.2.4.

4.4. The Optical Kerr Effect in Fiberoptic PRG

Because of the small core diameter of single mode optical fibers, relatively moderate power
levels can produce extremely large intensities. For example, in our case with the core
diameter of 6 um, a 1 mW beam has an intensity of 3.5 kW/ cm?. In the presence of such
a large intensity, the optical nonlinearities of the fiber medium can no longer be ignored.
One such nonlinearity, which can generate an offset in the gyroscope, is the change in
the index of refraction of the fiber due to the intensity of light, the so called optical Kerr
effect!22:23] In this section we consider the optical Kerr effect in a fiber resonator and its

influence on the gyroscope offset.

4.3.1. Derivation of the Opticai Kerr Effect

We will now present the derivation of the optical Kerr effect(??]. The optical Kerr effect is
a 3rd order nonlinear contribution to the polarization due to degenerate four-wave mixing
inside an optical medium. The nonlinear component of the electric polarization, PNL | is
given by:

PNt = x| E,ELE, (4.4.2)
where XS:; 4 is the 3rd order nonlinear susceptibility tensor, which in our case can be
represented by a single scalar.

In the case of a single beam, propagating along +z direction, we can represent the

electric field E as:
E = E,ef(wt=k) (4.4.2)

120



where k is the propagation wavenumber of the beam and w is the optical angular frequency
of the beam. In this case PNL_ which is proportional to E® will have components at w

and 3w. The component of PNl at w is given by:
PNL(y) = 3y E, Ef E ef (@) (4.4.3)

This component of the nonlinear polarization is proportional to E, and can be modeled as

a change in the index of refraction given by:
47 PNL(w) = AeE;e/“17%%) = 9nAn, E ef(@=k2) (4.4.4)

which in turn yields a simple expression for An, as a function of E;, given by:

6
An, = %x“)ElE;‘ (4.4.5)

We can relate E; E} to the intensity of the beam I which is given by:
ne .
I = §7;1-:1]_-71 (4.4.6)

so that An, can be expressed in terms of I, as:

4872(3)
Am = BEX ),
nc (4.4.7)
= Bo1i
where:
48725 )
Bo = i (4.4.8)

As can be seen in equation 4.4.7, the change in the index of refraction is proportional to
the intensity of the beam.

Let us now consider two counterpropagating beams E; and E;. The total electric field
is now given by:

E = Elej(wli‘-hz) + E2ej(‘02f+k22) (4.409)
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The component of the polarization with the same time dependence as E, is given by:
PNL(w)) = 33 (B E} 4 2B, E3)E, /(1 t=7k12) (4.4.10)

which is identical to the expression we had obtained for the single beam case except for
the addition of 2E; E; to the terms inside the bracket. Following the same simplifications
as above we obtain:

Any = Bo(I; + 21,) (4.4.11)

where I, is the intensity of E;. Thus equation 4.4.11 predicts a change in the index
experienced by E; due to the intensity of E,. It should be noted that the general derivations
of these effects are valid even if E, were copropagating with respect to Ej.

Let us now consider the optical Kerr effect in a fiber ring resonator. For example, in
the clockwise direction, the optical Kerr effect creates a change in the index of refraction

by an amount, An~, given by:
An~ = B(I7 + 2I7) (4.4.12)

where I} and I are the intensities of the intracavity beams traveling in the counter-
clockwise and clockwise directions respectively. The clockwise resonance frequencies of the

cavity are given by:

- gc
o= Npom (4.4.13)

where ¢ is the longitudinal mode number of the resonance, P is the perimeter of the ring
resonator, IV is the number of turns of the resonator fiber, n is the index of refraction, and
¢ is the speed of light. This expression is similar to equation 1.3.1, which was obtained for

a bulkoptic resonator. The optical Kerr effect changes f. by an amount A f., given by:

- g -
Afk = N_P_(n-)z_An

= IVP( )2 ﬂo(I— +2I+)

(4.4.14)
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The intracavity intensities, I and I} are enhanced by a resonant factor of F/m with
respect to the intensities outside of the resonator. As mentioned previously, F is the

finesse of the cavity. Thus, the intracavity intensities I} and I are given by:

_ FWwS
=375
Tt (4.4.15)
It = ——
r T S

where W~ and W represent the optical power of the clockwise and counterclockwise

beams outside the resonator respectively and S is the effective cross section area of the
fiber. Thus, Af; is given by the direct substitution of equation 4.4.15 into equation 4.4.14,

i.e.
- _ __9cFB, - +
Afy = 1rn2NPS(W* +2W7)

CFﬂO r— 7+
—Fkons(w' +2W. )

Here, we used n~ = n where n is the unperturbed index of refraction of the medium,

(4.4.16)

and we also used g/nNP = 1/X,, where X, is the free space wavelength of the light on
resonance with the cavity.
There is a similar expression for the shift in the counterclockwise resonance frequency,

labeled Af;, which is given by:
— 2 (WF +2W]) (4.4.17)

so that the overall separation between the clockwise and counterclockwise resonance fre-

quencies due to the optical Kerr effect is given by:

Afe=Af - Af¢

cFj,
wAonS

=y (W -W")

(W -Ww)) (4.4.18)

where:
_ cFp3,
Y= A nS

(4.4.19)
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As can be seen in equation 4.4.19, by reducing the power of the clockwise beam, i.e. W, ,
we reduce Af,, and by reducing the power of the counterclockwise beam, W, beam we
increase Af.. It should be noted that Af. is proportional to the difference between wt
and W,”, and if we change the power along both directions by equal amounts, there is no
corresponding change in A f..

Let us now calculate vx. In fused quartz, x® &~ 5 x 10715 (esu)??, which results in
B, =~ 3.4 x 1016 cm?/W. The effective fiber area S, is approximately the area of the fiber
core, which in our case for a 6 um core diameter is approximately 2.8 x 10~7 cm?. The cavity
finesse in our case is approximately 300, and the free space wavelength is 1.15 X 1074 cm.
Thus, we calculate vx = 20 Hz/uW. If we calculate 3, based on experimental observations
of the optical Kerr effect in a fiber interferometer gyroscopel??]| we obtain 8, ~ 1.1 x1071°
em?/W, and v = 7 Hz/puW. It should be noted that our estimates of 3, and the effective

fiber cross-section area, S, are approximate, and this leads to an uncertainty in determining

Tk

4.4.2. Observation of the Optical Kerr Effect

As discussed in the previous section, any difference between the clockwise and counter-
clockwise beam intensities can create a separation between the clockwise and counterclock-
wise resonance frequencies. We will now demonstrate this in our setup.

Figure 4.4.1 shows the experimental setup used to evaluate the optical Kerr effect in a
fiber ring resonator gyroscope. The setup shows the closed loop configuration for the fiber
PRG. The closed loop operation of a PRG has already been described for the bulkoptic
PRG in section 3.1.1, and will not be elaborated further. The closed loop output is the
frequency of VCO™ (shown in figure 4.4.1), labeled f, measured by a frequency counter,

FC, as already described for the bulkoptic case in section 3.3. A neutral density filter,
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NDF, could be inserted at any of the five points, A4, through As, so that th&j@ties of
E* and E~ can be attenuated in a controlled manner. \\)

We eliminate the lockin behavior in the setup by separating the frequencies of E*
and E- by 1 FSR of the cavity [7.703 MHz in our case]. In this case E~ probes the gt
longitudinal mode of the cavity while E* probes the g+1** mode, and the beatnote between
them does not cause a lockin behavior at zero rotation rate. We use separate modulation
frequencies i.e. f5 = 5 kHz and f} = 2 kHz to eliminate the intensity backscattering as
described in section 4.2.3. The double Backscattering effects are eliminated as described
in section 4.2.4.

Figure 4.4.2 shows the experimental data demonstrating the optical Kerr effect. The
top trace of the figure represents the intensity associated with the clockwise resonance dip,
which is obtained by demodulating the output of PD~ at 2f, by PSD~~ (shown in figure
4.4.1). Similarly, the middle trace represents the resonance dip for the counterclockwise
resonance, which is obtained by demodulating the output of PD* at 2f} by PSD++.
These measurements indicate the intensities of the beams coupled out of the cavity by
the coupler C. The intensity scale in both traces is calibrated prior to the experiment
to be 2 uW/division, and we measure the output of the cavity along either the clockwise
or the counterclockwise direction to be approximately 17 uW. The bottom trace is the
output of the frequency counter, FC, which méasures f}. The scale for the bottom trace
is 25 Hz/division, and a positive variation of this trace corresponds to an increase in
f. A variation in f} represents a change in the separation between the clockwise and
counterclockwise resonance frequencies.

In section A of figure 4.4.2, the NDF in inserted at location 4; (shown in figure 4.4.1)
to attenuate E- immediately before it falls on PD~. The insertion of this NDF causes
approximately 35% attenuation in the light intensity falling on PD~, which in our case
corresponds to a 6 uW drop in the optical power as measured by PSD™™. As seen in

the bottom trace of the figure, there is no change in the output of FC indicating that
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Figure 4.4.1. Schematic Diagram for the setup used in measuring the optical
Kerr effect

the operation of the primary feedback loop is independent of the light intensity falling on
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Figure 4.4.2. The variations in the fF (bottom trace) as a function of varying
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detector PD~. Similarly, in section B of the figure, the NDF was placed at location A;
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to attenuate E+ immediately before it falls on PD?, resulting in a 35% reduction in the
power falling on PD*. The bottom trace of the figure shows no variation in the output of
FC indicating that the operation of the secondary loop is also independent of the intensity
of E*.

In section C of figure 4.4.2, the NDF was inserted at A3 to attenuate E~ before it
is coupled into the resonator, corresponding to a 6uW drop in the intensity output as
measured by PD~~. As can be seen in the bottom trace, this attenuation corresponded to
an increase in the output of FC by approximately 40 Hz. This change is consistent with
that predicted by the optical Kerr effect in equation 4.4.18. We measure an experimental
value of 7 Hz/uW for ~x, which is in good agreement with the theoretical predictions of
section 4.4.1.

Similarly, in section marked D, the NDF is inserted in location A4 to attenuate Et
before it is coupled into the resonator, corresponding to a 6 yW drop in the cavity output
intensity. As can be seen in the bottom trace of the figure the output of FC is reduced by
40 Hz. We can clearly see that when we reduce the beam power in the clockwise direction,
f} decreases, where as when we reduce the power in the counterclockwise direction, =
increases. This is also in agreement with the predictions of equation 4.4.18.

Finally in section E, the NDF was inserted at point As corresponding to a simultane-
ous reduction in both E* and E~ prior to entering the resonator, and as can be seen in the
figure there is no corresponding change in f}, proving that a change in f is proportional
to the difference between the intensities of E*+ and E~, and when both these intensities
are reduced by the same amount simultaneously, there is no net change in f7.

Figure 4.4.3 shows a plot of changes in f7 as a function of the variation of the coun-
terclockwise beam power W;. This figure indicates a linear change in f;} as a function of
W7, with a proportionality constant of approximately 7 Hz/uW, which is consistent with
the observations of figure 4.4.2, as well as with the theoretical predictions of section 4.4.1.

During the measurement of the +20 Hz offset drift at the end of section 4.2.4, we

have tried to maintain equal intensities along clockwise and counterclockwise direction by
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manual adjustment. However, during experimental runs, we have observed a 2% relative
intensity fluctuaticn between the clockwise and counterclockwise directions. For a 20
uW input beam this corresponds to a difference of 0.4 yW between the clockwise and
counterclockwise beam intensities. This change represents 1> Hz of offset variation due
to the optical Kerr effect, which, although significant, is small compared with the +20 Hz
offset variation observed in section 4.2.4. The existence of the optical Kerr effect, however,
indicates that a precision gyroscope will need a feedback loop to keep the intensity of the

clockwise beam equal to that of the counterclockwise beam.
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4.5. Alternative Method for Measurement of Gyro-
scope bias

As mentioned in section 4.2.4, we have observed a £20 Hz fluctuation in the gyroscope
bias. In section 4.3.3, we attributed approximately £3 Hz of fluctuation to the variation in
the state of polarization, and in section 4.4.2 we attributed another £3 Hz to the optical
Kerr effect. Thus, there is still approximately £14 Hz of fluctuation, which is not yet
accounted for.

In this section, we present a measurement of the bias of the gyroscope in the absence
of backscattering. As previously stated in section 4.2.3, in the presnence of separate
modulation frequencies for clockwise and counterclockwise discriminants, the offset of the
gyroscope now becomes sensitive to variations in the asymmetry of the resonance, as well
as to variations in the applied modulation frequencies.

We will now explain the experimental procedure for our demonstration. We start by
locking the frequency of beam E; to the center of a clockwise cavity resonance. Then
we generate another beam E, with a frequency separation of 1 FSR, and launch this
beam along the counterclockwise direction so it can probe the adjacent counterclockwise
resonance mode for the cavity as shown in figure 4.5.1a. The drift in the discriminant
voltage of E, is illustrated in figure 4.5.2 and it indicates the variation in the separation
between the adjacent clockwise and counterclockwise resonances of the cavity. We now
switch E; from the counterclockwise direction to the clockwise direction of the cavity, as
shown in figure 4.5.1b. The drift in the discriminant now corresponds to the variation
between the two adjacent clockwise resonances. As we switch E; from counterclockwise
direction to the clockwise direction, we should observe an abrupt change or jump in the
discriminant as indicated in figure 4.5.2b. This jump represents the separation between
the clockwise and counterclockwise resonance frequencies of the same cavity longitudinal
mode. A variation in the size of this jump, shown in figure 4.5.2¢c, would indicate a drift in

the separation between the clockwise and counterclockwise resonance frequencies. In this
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way, we can remove the effects of coherent and intensity backscattering, by using a single
beam to separately probe the clockwise and the counterclockwise resonance.

Let us now consider the experimental setup used for this demonstration. Figure 4.5.3a
shows the setup when the beam E, is coupled along the clockwise direction of the cavity
and the beam E; is coupled along the counterclockwise direction of the cavity. Similar to
the setup in figure 4.1.1, the frequency of E; is held at the center of a clockwise resonance
frequency by a feedback loop. The discriminant voltage corresponding to E, is obtained
by demodulating the output of PD* at f, by PSD,, as shown in figure 4.5.3a. Block B
prevents E; from coupling into the clockwise direction of the cavity. In Figure 4.5.3b, E,
is left unperturbed but block B is now placed so as to allow a portion of E; to couple into
the clockwise direction and prevent E; from coupling into the counterclockwise direction
of the cavity. We also simultaneously switch the input of PSD, from PD* to PD—, so it
still generates the discriminant associated with E; which is now monitored by PD~.

We now set f; = 5 kHz and f; = 2 kHz, and modulate the resonator arms to remove
the double backscattering error due to splices as discussed in section 4.2.4. Figure 4.5.4a
shows the output of the detector PD*, indicating the switching of E; between clockwise
and counterclockwise directions. A high level in this figure indicates the case where E,
is traveling along the counterclockwise direction, and is thus picked up by PD*, and a
zero level indicates the case where E; is traveling along the clockwise direction and is
detected only on PD™. Figure 4.5.4b shows the output of PSD;, which corresponds to
the discriminant associated with E,, as E; is being switched back and forth between the
clockwise and the counterclockwise directions. It should be noted that as we switch E, from
counterclockwise to clockwise direction, we simultaneously switch the input of PSD, from
PD* to PD~ as indicated in figures 4.5.3.2a and b. As shown in figure 4.5.4b, the output of
PSD; exhibits a drift of about 100 Hz, which corresponds to a variation in the separation
between the two adjacent cavity resonances. However, the important feature in the figure

is the jump in this output as we switch E; between the clockwise and counterclockwise
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Figure 4.5.1. Procedure to setup an alternative measurement of the gyroscope
bias (a) E; is coupled along the clockwise direction and E; is coupled along the
counterclockwise direction (b) both E; and E; are coupled along the clockwise
direction
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jump indicating an offset drift.
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directions. One example of the jump is indicated in the area labeled A. As can be seen in
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the figure. The magnitude of this jump is within the £2.5 Hz noise of the PSD output.
These 2.5 Hz fluctuations are consistent with the effects due to polarization drift
and the Optical Kerr effect described in section sections 4.3 and 4.4. Thus, we have shown

that without backscattering, there is no observable offset in our present setup.
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Figure 4.5.4. (a) output of PD? indicating whether E, is along the clock-
wise direction or along the counterclockwise direction (b) the discriminant asso-
ciated with E; as it is switched back and forth from clockwise to counterclock-
wise direction
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4.6 Additional Sources of Drift to be Studied

In this chapter we have demonstrated and evaluated sources of drift due to the backscat-
tering of light, state of polarization of the input beams, and the optical Kerr effect in a
fiberoptic PRG. We also demonstrated that the gyroscope offset in the absence of backscat-
tering effects is less than 2.5 Hz (corresponding to 12.5 deg/hr).

Additional work on the drift sources in a fiber PRG is left for future studies. Possible
sources of drift to be studied include, the evaluation of the change in the asymmetry of
the cavity as a function of using separate modulation frequencies, the evaluation of drifts
due to the quadrature component of the discriminant, and the change in the resonance
asymmetry due to backscattering.

Additionally, in the future, by using a cavity in “transmission” we can reduce the
resonance asymmetry shown in figure 4.1.3, in addition to reducing the polarization-
induced errors described in section 4.3.3. It should be noted that, in order to remove
the polarization-induced errors due to mode pulling, which are described in section 4.3.2,

we need a single polarization cavity made from a single polarization fiber.
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CHAPTER 5
Brillouin Fiber Ring Laser Gyroscope

As described in section 1.3, the main attraction of a ring laser gyroscope (RLG) is that
the Sagnac resonance separation, A fq, is measured automatically by a clockwise and a
counterclockwise laser generated inside the ring cavity. Although a fiberoptic PRG is
relatively straight forward to implement, making a fiberoptic RLG is considerably more
challenging.

The challenge in implementing a fiberoptic RLG is to find a suitable laser gain medium,
which provides stable bidirectional lasing in a fiber ring cavity. Conventional solid-state
gain media such as Nd-YAGI?4 are not suitable for RLG applications because they are
homogeneously broadened, thus preventing the simultaneous lasing along the clockwise
and counterclockwise direction due to gain competition.

By comparison, a gain medium based on stimulated Brillouin scattering(?®! (SBS) is
directionall?6:27:28:3% and therefore may support bidirectional lasing!29].

In this chapter we present the implementation of a fiberoptic RLG using SBS as
the gain medium. After a brief description of the SBS process, we will demonstrate the
operation of a simple SBS laser, as well as bidirectional lasing in a fiberoptic ring resonator.
We will then use this setup to measure an applied angular velocity. We also demonstrate
the lockin effect in a fiber RLG propose a method of eliminating this behavior. Finally, we

show and analyze some drift data and demonstrate the optical Kerr effect in the Brillouin

RLG.

5.1. Stimulated Brillouin Scattering (SBS)

Stimulated Brillouin scattering (SBS) is a third order nonlinear optical process, which
can be used as the directional gain medium in a fiberoptic ring laser. Although the SBS
process can be accurately described by a quantum mechanical treatment31], it can also
be understood using only classical mechanics. In this section, we will present the classical

treatment of the SBS process in optical fibers.
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5.1.1. A Physical Model for the SBS Process

In this section, we will describe the physical principles behind the SBS process. Let us
consider an optical pump beam, E,, which travels through the optical medium in the +z

direction, as shown in figure 5.1.1a, and is given by:
E, = Epgel(krz=wr?) (5.1.1)

where k, is the amplitude of the k-vector associated with Ej and wy is the angular frequency
of E,. This wave can scatter from index perturbations due to thermal acoustic waves in
the medium such as the one represented by A in figure 5.1.1b, which travel at the speed
of sound, v, in the medium. The portion of E, which is scattered in the forward direction
experiences no frequency shift and is not of interest to us. The portion of E, which is
scattered in the backward direction, labeled Ej, is downshifted in frequency because of the

doppler effect, as shown in figure 5.1.1c. Thus, E, is given by:
E, = Ejgel (ksztwnt) (5.1.2)

where k; is the amplitude of the k-vector associated with E; and wy is the angular frequency
of Ey. This angular frequency is given bywy = wp(1 — 2—:’—'3) where n is the optical index of
refraction of the medium. The frequency shift of E, with respect to Ej, i.e. wp(2vn/c), is
small compared to the absolute frequency of E,.

The total electric field, E7, which is now the sum of E, and E,, is given by:
Er = Ejelk23=wst) 4 Eyped(krz=ent) (5.1.3)
and the intehsity, It, corresponding to this electric field, is given by:

Ir= g_; [|Epol® + |Esol® + 2Real{Ep0Efoej((k'“")z_(w'—w”) 1 (5.1.4)
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Figure 5.1.1. The SBS process (a) Propagation of a beam E, in the medium

(b) Interaction of E), with an acoustic wave packet (c) £—b, generated by back-
reflection of E, from the wave packet

which corresponds to a partial intensity grating as a function of z with a peak to peak
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amplitude of 2| E,E; |, moving along the +2z direction with a velocity vy, as shown in figure

5.1.2. The amplitude of the k-vector for this grating, k,, is given by:
kg = kp + ky = 2k, (5.1.5)

and the velocity of this grating is given by:

wp —wp _ 2vnwp

=l = (5.1.6)

Vg =

which is equal to the velocity of sound in the fiber medium. This intensity grating is

strongest if the thermal acoustic wave A satisfies the conditions:

ko = kp + ky = 2k,
2% (5.1.7)

Wa =w,—wb=wp—£-

where k, is the amplitude of the k-vector associated with the thermal acoustic wave, and
wge is the angular frequency of this wave. The intensity grating thus formed amplifies
this thermal acoustic wave by the elasto-optic coefficient of the material. Thus, both the
acoustic wave and the Brillouin beam, E}, gradually build up from thermal acoustic waves,
similar to the amplification of spontaneous emission in a laser gain medium. In the next

section a more rigorous derivation of the SBS process is presented.

5.1.2. Classical Derivation of the SBS Process

Now let us consider the classical derivation of SBS[32l. The acoustic and electromagnetic
waves obey their respective wave equations in the medium, i.e.:

n?9*E 4rn 9?

2p 2= NL
8p 0% 2 EL o
vzvzp—ﬂ"b—at— -l =V*p

where E is the electric field inside the medium, p is the mass density of the medium, c is
the free space speed of light, n is the optical index of refraction, and T's is the halfwidth at

half-maximum in angular frequency associated with the relaxation of the acoustic wave.
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Figure 5.1.2. Sinusoidal variation in the intensity of light along the medium
due to the interfererice between E, and E,

There are two coupling terms in equation 5.1.8: PNL, which is the nonlinear polarization
caused by the variations in p, and pEL, which is the electrostrictive pressure in the material
resulting from the energy density associated with E.

The nonlinear polarization term PNL js expressed as the change in the polarization
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¢E due to the variation in the density of the medium, p, and is given by:

1
PNL=4— (E)

lae

" 4w 6p

(5.1.9)

This term couples the variation in density caused by the acoustic wave to the electromag-
netic wave equation.

The electrostrictive pressure, pEL, corresponds to the build up of internal mechanical
stress inside the medium in response to the energy density of light, eE? /8, and is given
by:

PEL = gpug(¢EY)

8n (5.1.10)

where p, is the average mass density of the medium.
We can now represent the electric field as the sum of the complex field for the pump
beam, E,, and that for the backscattered Brillouin beam, E,. The acoustic wave is repre-

sented as a complex scalar p,. These waves are given by:

E =E oe](k,z wpt)
Eb Eboe"( —kpz—wpt) (5.1.11)
pa —AcJ(knz"‘wat)

where Epq, Eyo, and A are the complex amplitudes of Ep, E, and p, respectively. k,, ks,
and k, are the amplitudes of the k-vectors associated with these waves, and wp, wy and w,
are the angular frequencies associated with these waves. The electromagnetic and acoustic

wave equations can now be rewritten for E,, Ej, and p, as

n2w? 4rw?
VZEP+ __’LE — cszNL(wP)

VzEb +

2
n? LbbE 47:2"’6 PNL(UJb) (5.1.12)

Uzvzpa + 2rbwap¢ + wzpa = vszL(wa)
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where pEL(w,), PN E(wp) and PNL(wy) are given by:

PNL(w,,) = Z}—%Eberj(—h+k.)z-ju,t
 dp
NL 1 Oe .k —ka)mjwnt
P w) = g, ErodTe™ (5.1.13)
PEL(wa) = gl;po—g-:—’EpoEb‘oej(kp+ko)z—jw.t

The complex nonlinear polarization term PNL(y,) depends on the amplitude of the
acoustic wave A, which is calculated from the acoustic wave equation. The following

relationships are used to simplify the acoustic wave equation:

V2pEL(w,) = —k2pEL(w,) (5.1.14)
wae = vk,

{ V2 Aeiket = (ko + 0/0z)2 Aeike* x (—k2 + 2jk,0/0z)Aeite*

The simplified acoustic wave equation is given by:

A .
zjka‘-'z%'z' + 2jeThk A = —kszL(wa)e-J(kn z—w,t)

k2 e : _
=—_9;p°__ poEzoeJ(kp+kb ka)z

8r'  Op

k2 Oe . i

(5.1.15)

where Ak = kp + kp — ka-
In order to solve for A from the above equation we use the fact that the primary
z-dependence in the above equation is due to term e’2%*, and make the simplifying as-

sumption of A = A.e/4%%, to arrive at:

_ kapo _35 1
T 16mv dp vAk — 5T

EpoEje’?*: (5.1.16)

which results in an expression for the nonlinear polarization, PNL(wy), given by:

kapo 952 1
64n2v 8p vAk+ 3T
= x®(ws)EpoEpo Es

PVl (wy) =

E Et E ej(-kbz—ugt)
POpo b0 (5.1.17)
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where the third order nonlinear susceptibility x(¥)(ws) is given by:

° 1
X (wp) = 222

Oe .,
6472y (ap) vAk + 3T (5.1.18)

vAk in equation 5.1.18 can be replaced by Aws, which represents the difference be-
tween wp and wp(1 — 2vn/c). Thus, x(3) is given by:

kepo
X (wy) = 22

2
64m2v (ap) Awy +]F5 (5.1.19)

Using a similar treatment for the electromagnetic wave equation for Ej we arrive at:

aEb_ 27T]kb NL
8z n? P (@)

5.1.20)
2mjk . (
= 2B ) ) Epo By B

The gain coefficient, g, for the intensity of E; is given in terms of x®(ws) to be:

9= ——Im{xm(wb)Epo p0}
_ koky (ae) T, E E* (5.1.21)
16mn?0" " 8p’ AZ + 12 7070

where the maximum gain, go, is reached when Awp = 0, and is given by:

_ kaky

9o = 167rn2vfb

(6 P EpE (5.1.22)

We now make the following substitutions:

ky = 270/ Ao
ke =4nn/A,
po(De/Bp) = 6.
EnE;, = (87/nc)l,
Iy =nAv
where )Xo is the wavelength of the pump beam E,, &, is the electrostriction coefficient

for the material, ¢ is the free space speed of light, Av is the full width half maximum

bandwidth of the acoustic excitation, and I, is the intensity of the pump beam.

_ 4rné
9° = X2ncvpoAv P (5.1.23)
= 7pr
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where:
4762

= A2ncvp.Av (5.1.24)

Yo

which predicts that the gain g, associated with the SBS process, is linearly proportional
to the intensity of the pump beam, I, with a proportionality constant of 7. 7, in turn,
is proportional to the square of the electrostriction coefficient, i.e. §2, which determines

the coupling between the acoustic and electromagnetic waves.

5.2. The SBS Ring Laser

As described in the previous section, the SBS process can be used as the gain medium
of a fiber ring laser. In this chapter, we demonstrate the operation of such a fiber ring
laser. We measure the SBS laser power output as a function of the pump power input,
and determine the minimum (threshold) pump power required for the operation of our
Brillouin laser. We then compare this pump threshold power with theoretical predictions.

We also demonstrate a secondary Brillouin laser oscillation for very strong pump powers.

5.2.1. Observation of Brillouin Lasing

Figure 5.2.1 shows a SBS fiber ring laser setup, which lases in the counterclockwise di-
rection of the fiber ring cavity. As shown in the figure, the SBS laser pump beam, E,
is originally generated by a single frequency He-Ne laser operating at 1.15 pm, and sub-
sequently coupled into the fiber cavity along the clockwise direction. The polarization
controlling element PC~, which consists of a A/2 and a A/4 wave plate, aligns the po-
larization of E; with an eigen polarization of the cavity for maximum intracavity pump
intensity. The photodetector, PD~, monitors E;” when it emerges from the resonator. The
frequency of E, is locked to the center of a clockwise cavity resonance by a feedback loop,
similar to the case described for a fiberoptic PRG in section 4.1.1.

In order to demonstrate the operation of the SBS laser, we monitor the beam traveling

along the direction opposite to that of E, by a scanning Fabry-Perot spectrum analyzer,
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5.2.1

Figure 5.2.1. Experimental setup to observe SBS lasing, with output E;,
along the counterclockwise direction of the cavity

FP, as shown in figure 5.2.1. This analyzer has a free spectral range of 70 GHz and a
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linewidth of 2 GHz. Figure 5.2.2a shows the output of the scanned spectrum analyzer,
when the intensity of E, is 40 4W. In this case the Brillouin gain is not large enough
for SBS lasing. The peaks shown in figure 5.2.2a, are due to the backscattering of E; , as
described in section 4.2.1. The separation between these peaks in figure 5.2.2a shows the 70
GHz free spectral range of the Fabry-Perot spectrum analyzer. By contrast, figure 5.2.2b,
shows the analyzer output when the intensity of E; is increased to 100 uW, corresponding
to the case where there is enough gain for the SBS laser to operate. In this case, in addition
to the small backscattering peak of the previous figure, we also observe a strong peak due
to SBS lasing, which is shifted by 15 GHz with respect to the pump beam. This 15
GHz frequency shift is consistent with the predictions of equation 5.1.2. Thus we have
demonstrated the operation of an SBS ring laser. In the next section we will discuss the

pump threshold power and conversion efficiency for this laser.

5.2.2. Threshold and Lasing Efficiency of the Brillouin Laser

Figure 5.2.3 shows the counterclockwise Brillouin laser output power, W;t, as a function
of the clockwise pump intensity, W, indicating a pump threshold power of 60 uW. The
maximum conversion efficiency of thjs Brillouin laser, i.e. AW,/ AW, is approximately
30%.

To calculate the Brillouin threshold we must first calculate the cavity loss, which is
the attenuation in the intensity of the intracavity beam, I, after one round trip. For a

high finesse cavity the loss is given by:

(5.2.1)

2
el

cavity loss =
r

where F is the finesse of the resonator. The round trip amplification in I, due to the SBS
process, which is labeled G, is given by:
G=nwI,NP

_ wW,FNP (5.2.2)
- L)
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Figure 5.2.2. output of the linear FP analyzer monitored by PL as a func-
tion of the scan voltage of the analyzer indicating (a) a small backscattering of
pump beam (b) pump backscattering together with the SBS laser output.

where 73 is the Brillouin gain constant defined in equation 5.1.24, I, is the intracavity
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Figure 5.2.3. SBS laser power output, W;", as a function of pump power
input W;,"’ , indicating a 604W pump threshold for SBS lasing and a conversion

efficiency of 30%

pump intensity, W, is the pump power coupled into the resonator, P is the perimeter of
the fiber resonator, N is the number of turns of the resonator fiber and S is the equivalent
fiber cross section area. It should be noted that the Brillouin gain depends on the finesse

of the resonator, because the intracavity light is a factor of F/m more intense than the
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light outside of the resonator. The threshold power W;" is obtained by setting, G = cavity

loss, which yields:
: 2728
th ¢
Wy = L NPF (5:2:3)

As expected, W;" is inversely proportional to the perimeter of the resonator. However,
W;" is also inversely proportional to the square of finesse because both G and cavity loss
depend on the finesse as shown in equation 5.2.1 and 5.2.2.

In order to numerically evaluate W;", we first need to calculate 43, which is represented

by equation 5.1.24. In our case we have:

( be = po(be/bp) = 0.3
Ao = 1.15 x 10~* um

n =148

{ ¢=3x10' cm/sec
v = 5.9 x 10° cm/sec
po = 2.2 g/cm®

\ Avp = 30 MHz [3%]

resulting in 7, = 5.5 x 107% cm/W. For F = 300, NP = 2500 cm, and S = 2.8 x 10~7
cm?, the pump threshold power is calculated to be approximately 40 yW. This is in
reasonable agreement with our observed threshold of 60 yW. We have observed the a
threshold intensity as low as 30 uW when the finesse of the resonator is increased to

approximately 400. This is also consistent with the predictions of equation 5.2.3.

5.2.3. Secondary Brillouin Lasing

As shown in figure 5.2.3 the intensity of the Brillouin beam E; increases with the pump
intensity. If E; is strong enough, it can act as the pump for a secondary Brillouin laser
E,,. This beam is counterpropagating with respect to the primary Brillouin beam E;',
and is therefore along the same direction as that of the original pump beam E;.

In order to observe the secondary Brillouin lasing, the optical power of E; is increased
to 250 W, i.e. approximately 4 times the Brillouin lasing threshold. As described in the

previous section. we observe the spectrum of light traveling in the direction opposite to
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that of E; by a scanning Fabry-Perot analyzer with a FSR of 70 GHz whose output
is monitored by a photodetector PD; as shown in figure 5.2.4. Figure 5.2.5a shows the
output of PD; as a function of the scanning voltage of the Fabry-Perot analyzer, where
the small peak A, is due to the backscattering of E; and the larger peak B, is due to
the primary Brillouin beam E;}. We now observe the spectrum of the light traveling in
the same direction as that of E; by splitting off some of this light using the piece of glass
g2. This light is then passed through a Fabry-Perot analyzer similar to that used in figure
5.2.5a, and monitored by a photodetector PD; as shown in figure 5.2.4. Figure 5.2.5b
shows the output of PD, as a function of the laser frequency, where the off-scale peak A
is due to E, . The peak B which is 15 GHz from E;, is due to the backscattering of Ej .
Finally, the peak C which is 30 GHz from E, is due to secondary Brillouin laser E;,
which, as expected, travels in the same direction as E.

The secondary Brillouin lasing in our cavity starts at a pump power greater than 200
pW. More over, we have also observed a third order Brillouin laser as we increased the
pump power further. In general, the higher order Brillouins interfere with the operation

of the gyroscope and must be avoided.

5.3. The Brillouin Ring Laser Gyroscope (BRLG)

In this section we describe the operation of a fiberoptic ring laser gyroscope ( RLG) based on
SBS. Figure 5.3.1 shows the experimental setup for the fiber Brillouin ring laser gyroscope
(BRLG). Similar to the passive resonator gyroscope of section 4.1.1, light from a single
frequency He-Ne laser is split by a beam splitter BS into two beams, E;’ and E;, which
are then shifted in frequency by AO modulators, AO* and AO™ respectively, and coupled
into the fiber ring resonator. The beam EJ is coupled along the counterclockwise direction
of the resonator, where it pumps a Brillouin laser along the clockwise direction of the
cavity. This Brillouin laser has an output beam E; . Similarly, the beam E_ is coupled

along the clockwise direction of the cavity, where it excites a Brillouin laser along the
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5.2.1

Figure 5.2.4. Schematic diagram of the setup used in observing secondary
Brillouin lasing

counterclockwise direction of the cavity. This Brillouin laser has an output beam Ef. The
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(b)

Figure 5.2.5. (a) Spectrum of the beams traveling along the counterclock-
wise direction of the cavity indicating a small backscattering of the pump E
(A) and the SBS laser output E;f (B) (b) Spectrum of the beams traveling

along the clockwise direction of the cavity indicating the pump beam E, (A4),
the backscattering of the original SBS beam E} (B), and the secondary Bril-

louin beam E,; (C
» (C) 153



two Brillouin laser outputs, Ej and E; , together with residual pump intensities due to
E;" and E; are combined into one beam, E,, by the heam splitter BS. The Fabry-Perot
interferometer, FP, mentioned in section 5.2.1, is adjusted to pass the Brillouin components
of E, and block the residual pump intensities. The beatnote between the two Brillouin
beams is then monitored either by a low frequency detector, PD, which is sensitive to

frequency components from 0-50 kHz, or by a high frequency detector, PDy, which is

_ sensitive to frequency componenuis from 1-200 MHz.

As mentioned in section 5.2.1. a feedback loop holds the the frequency of E; at the
center of a clockwise cavity resonance. The frequency of E,',“ is then manually adjusted to

be at the center of a clockwise resonance.

5.3.1. Bidirectional Lasing in the BRLG

In section 5.2.1, we demonstrated unidirectional Brillouin lasing along the counterclockwise
direction of our fber ring cavity. In this section we demonstrate stable and simultaneous
lasing of a clockwise and a counterclockwise Brillouin laser.

In order to show the simultaneous presence of both Eb"' and E, , we monitor the
beatnote between these two beams by either PDy or PD;. We separate the frequencies of
E; and E; by 11 FSR of the cavity, i.e. 84.7 MHz, to force the Brillouin lasers to also use
two cavity modes separated by 11 FSRs. Figure 5.3.2 shows the spectrum of the beatnote
between E; and E, obtained by feeding the output of PDy to a spectrum analyzer.
The frequency of the beatnote on PDy is measured by a digital frequency counter to be
approximately 169.4 MHz, which is due to the additional frequency shifting of E;t and E;
by the AO modulators. The measured width of the Brillouin beatnote in figure 5.3.2 is 30
Hz. Although limited by the resolution of our spectrum analyzer, figure 5.3.2 demonstrates
simultaneous and stable lasing of both the clockwise and counterclockwise Brillouin lasers.

To obtain a more accurate measurement of the width of the Brillouin beatnote, the

output of PDy was electronically mixed down to approximately 40 Hz using a stable
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Figure 5.3.1. Experimental setup for the fiber BRLG

reference frequency generated by a high precision frequency synthesizer. The spectral

width of our reference signal has been previously measured to be less than 0.1 Hz. Figure

155



)

' '.?.0.167;' MHZ JO HZ RES ’

Figure 5.3.2. Output of the PDy observed on a spectrum analyzer indicat-
ing an instrument limited measurement of the spectral width of the beat be-

tween the two Brillouin lasers E; and E, for Ag = 11 operation

5.3.3 shows the spectrum of the down-mixed output of PDy measured by an FFT spectrum
analyzer, indicating a 41 Hz signal frequency with a spectral width of 2 Hz, due to slow
drifts in the frequencies of E; and E, .

The narrow spectral width of the beatnote between E: and E, indicates that there
is no mode competition behavior between the two Brillouin lasers. Thus, the SBS process

is a suitable gain medium for a fiber RLG.

5.3.2. Measurement of Rotation by the BRLG

In the previous section we demonstrated stable SBS lasing along the clockwise and counter-
clockwise directions of our fiber cavity. In this section, we will demonstrate the operation
of a Brillouin fiberoptic RLG by measuring the frequency difference between E} and E;
when a rotation rate is applied to the fiber ring resonator.

In this case, we allow both E; and E, to use the same longitudinal mode of the fiber

cavity (i.e. Ag = 0), by setting the frequency of E} equal to that of E;. Figure 5.3.4a

156



0 o ac % 40 S,

Figure 5.3.3. Observation of the beat between E;' and E; measured by a
digital FFT spectrum analyzer

shows the output of PD as a function of time, when a rotation rate of approximately 4
deg/sec is applied to the fiber cavity, indicating a 3 kHz beatnote between E; and E; .
The frequency of this beatnote is consistent with the Sagnac scale factor of approximately
750 Hz per deg/sec, already measured when the fiber cavity was used as a passive resonator
gyroscope in section 4.1.2.

Similarly, figure 5.3.4b shows the output of PD; as a function of time when the
rotation rate is reduced to 2.3 deg/sec, indicating a 1.7 kHz frequency difference between
E,'f and E,; , which is also consistent with the Sagnac scale factor of approximately 750 Hz
per deg/sec. -

Thus, we have demonstrated the basic operation of the BRLG. In the next sections,

we now examine some of the problems which interfere with the operation of this gyroscope.
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(b)

Figure 5.3.4. The beat between E; and E; for Agq = 0 operation when (a)
a rotation rate of 4 deg/sec is applied indicating a 3 kHz beat-frequency (b) a
rotation rate of 2.3 deg/sec is applied indicating a 1.7 kHz beat-frequency
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5.3.3. Lockin Behavior in the BRLG

In this section, the lockin behavior in a BRLG is demonstrated, which is similar to that
observed for closed loop passive gyroscope in section 3.3. The Brillouin lockin behavior
corresponds to a frequency locking of the two Brillouin lasers, E,‘,F and E, , when the
magnitude of the applied rotation is smaller than a threshold value, Qr. As described in
section 3.3, the lockin threshold is determined by the backscattering coefficients of the ring
resonator.

We observe the lockin behavior when we study the frequency of the beatnote between
E;} and E; , labeled Afs, as a function of the angular velocity applied to the fiber cavity.
As previously described in section 4.1.2, the cavity is mounted on a rotatable platform
and rocked sinusoidally around the axis perpendicular to the plane of the fiber cavity.
The rotation angle of this platform, 8,, is shown in figure 5.3.5a. 6, has a peak to peak
amplitude of £5° and a period of 11.5 sec. The applied angular velocity is equal to 06, /0t,
which in our case also varies sinusoidally with time, but is 90° out of phase with respect
to 6,, and has a peak amplitude of 2.7 deg/sec.

We now measure A f, the frequency of the beatnote between Et and E~, by feeding
the output of PDy to a digital frequency counter. Figure 5.3.5b shows A f} as a function of
time for the applied rotation, 6, shown in figure 5.3.5a. The variation of A fy as a function
of time resembles a rectified sinewave, because the frequency counter cannot distinguish
between frequencies due to positive and negative rotation rates. The peak value of Af,
measured by the counter in figure 5.3.5b is approximately 2 kHz, and occurs when 6, =0
(2 =2.7 deg/sec), which is consistent with our Sagrac scale factor of 750 Hz per deg/sec.
The lockin behavior is apparent in figure 5.3.5b, as for example in the region labeled A.
The lockin region of figure 5.3.5b corresponds to a lockin threshold (27) of approximately
0.33 deg/sec.

Let us now examine the Brillouin beatnote, when the rotation rate is near the lockin

threshold in figure 5.3.5b. Figure 5.3.6a shows the output of PD, as a function of time
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Figure 5.3.5. Variation in Af, as a function of time when a rotation rate is
applied to the setup (a) the angle of the rotation platform, 6,, as a function of

time (b) the corresponding A f indicating the lockin zone A ~

when the applied rotation rate is approximately 0.8 deg/sec. The beatnote between E;
and E; is not a pure sinewave, but is distorted due to the coupling of the two Brillouin
lasers. This distortion is similar to that predicted for the passive resonator lockin shown in
figure 3.3.2. The separation between the successive peaks of the beatnote in figure 5.3.6a
is 1.8 ms, indicating an average frequency of approximately 550 Hz, which is consistent

with the prediction of section 3.3, i.e. Af = (44/nA.P)\/Q? - Q"‘T. Figure 5.3.6b shows

the beatnote when the rotation is 0.53 deg/sec, further demonstrating the distortion in
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the beatnote as 2 approaches the lockin threshold. The separation between the peaks of
the beatnote is 3 ms, indicating an average frequency of 330 Hz, which is again consistent
with the predictions section 3.3.

In order to observe the lockin zone better, we apply a 5 kHz bias to A f by setting the
drive frequency of AO* to be 5 kHz larger than that of AO~. Since E; travels through
AO~ and E; travels through AO™, a difference between the drive frequencies of AO?* and
AO~ appears as an additional shift between the frequencies of E; and E; at detector
PD;. Figure 5.3.7b shows the Brillouin beat-frequency, A f;, measured by a frequency
counter as a function time, with a 5 kHz bias, for an applied rotation 6,, shown in figure
5.3.7a. In this case, we can clearly see the sinusoidal-like variation in A f as a function of
time, which is 90° out of phase with respect to ,, and has a peak to peak amplitude of +2
kHz. The lockin zone is very clearly demonstrated in figure 5.3.7b in region A. Also seen
in figure 5.3.7b, the maxima of A f, in region B are 2.1 kHz above zero (lockin), where as
the minima in region C are only 2 kHz below zero, thus indicating a gyroscope offset of
approximately 50 Hz. A more accurate measurement of the offset requires the elimination
of the lockin behavior.

We will now examine whether a drift in the offset of the primary loop results in
a gyroscope offset. In this case, we apply a 5 kHz frequency bias to Af, via the AO
modulators as described previously. Figure 5.3.8a shows A f; as a function of time for the
applied sinusoidal rotation angle, 8,, shown in figure 5.3.8b. As shown in the figure, Af,
varies sinusoidally as a function of time with a peak to peak amplitude of +2 kHz. We can
also see the lockin behavior in this figure as previously described. Figure 5.3.8c shows the
output of PSD~, i.e. V7, as a function of time, which represents the bias of the primary
loop. In the section labeled A, we applied 2 +2 kHz bias to the primary loop using the
potentiometer R; shown in figure 3.1.3, which shifts the frequencies of both E;" and E}
with respect to a cavity resonance. As shown in figure 5.3.8a, the application of this bias
does not affect Afy, and therefore the operation of a Brillouin RLG does not require a
high precision feedback loop, and can be achieved using a simpler and less accurate loop.

The precise evaluation of the offset errors in our ring laser gyroscope involves the

removal of the lockin zone by mechanical or optical dithering, and is left for future work.
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(a)

Figure 5.3.6. The beatnote between E;” and E; observed when (a) a ro-
tation rate of 0.8 deg/sec indicating a distorted beatnote with an average fre-
quency of 550 Hz (b) a rotation rate of 0.53 deg/sec is applied indicating a
more severly distorted beat note as I' approaches the lockin threshold
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Figure 5.3.7. Observation of lockin in Brillouin RLG (a) Af, as a function
of time with a 5 kHz bias indicating the lockin zone A(b) 6, as a function of

time

5.3.4. Multi-Mode Lasing in the BRLG

Although both Brillouin lasers in our setup are single-frequency most of the time, occasion-
ally we observe simultaneous lasing in two adjacent longitudinal modes of the cavity!34:3%],
which disrupts the operation of the gyroscope.

In order to demonstrate this occasional multi-mode behavior we use the setup in
figure 5.3.9, which represents a modified version of the original BRLG setup. Initially we

have two counterpropagating Brillouin lasers at the same longitudinal mode of the cavity,
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Figure 5.3.8. Independence of Af; from variations in the offset of the pri-
mary loop (a) Af, as a function of time {(b) 8, as a function of time (c) V; as
a function of time indicating the offset of the primary loop, where in region 4
we perturbed this offset by approximately +1 kHz.
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E} and E; . The beatiote between these two beams indicates the rotation rate, and is
monitored by the low frequency detector, PD1. The output of PD_ is fed into a frequency
counter, which measures Af,. This output is also given to an AC voltmeter, ACV M,
which measures the amplitude of this beatnote. In the presence of an additional Brillouin
oscillation in an adjacent cavity, mode we will observe a beatnote due to the interference
between this field and the original laser fields E}t and E; . This beatnote is approximately
7.70 MHz, which corresponds to 1 FSR of the fiber cavity, and is monitored by the high
frequency detector, PDy. To detect this high frequency beatnote, we mix the output of
PDy with a reference oscillator at 7.69 MHz to produce a signal at 10 kHz, and then feed
this signal into a second AC voltmeter ACV M,.

We now apply a sinusoidal rotation 6, with a peak to peak angle of £5° and a period
of 11.5 sec to the setup as described in section 5.3.2, and shown in figure 5.3.10b. Figure
5.3.10a shows Af, as a function of time, measured by the frequency counter indicating
a sinusoidal variation as described previously in section 5.3.2. Figure 5.3.10d shows the
output of ACV M, indicating the amplitude of the beat between E;” and E; as a function
of time. Figure 5.3.10c shows the output of ACVM,;, which indicates the occasional
presence of a third laser oscillation 7.7 MHz away from E; and E; at points such as the
ones marked A and B in the figure. This multi-mode behavior clearly interferes with the
operation of the gyroscope as indicated in the figure 5.3.10a. This multi-mode behavior
in the Brillouin laser may be attributed to spontaneous mode lockin already observed by
others(*%l.

This behavior can be avoided by using a cavity with a larger free spectral range, so
that the adjacent cavity modes will not be able to lase. For example, a cavity with a total
length of 4m has a FSR of 30 MHz. Thus, in our case, the adjacent modes of the cavity
will be separated by the width of the Brillouin gain medium and will not have sufficient

gain to lase.



frequenc: o
counter y PDL ACVM,
|
ACVMl /- - PDH
7.69 MHz
LASER
m,_
HTR
SERVO
PSD -
m
5.3.10

Figure 5.3.9. The schematic setup used in observing the multi-mode Bril-
louin lasing in BRLG

5.4. Evaluation of a Method for Eliminating the Lockin
Behavior in the BRLG

As demonstrated in section 5.3.3, the BRLG exhibits lockin behavior similar to that ob-

served in bulkoptic RLG. Although, the lockin behavior in an RLG can be eliminated
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Figure 5.3.10. Observation of multi-mode lasing (a) & fb as a function of
time (b) 6, as a function of time (c) output of ACV M, as a function of time

indicating a 7.7 MHz beatnote between E; and E;” (b) output of ACVM, asa
function of time indicating the amplitude of the beatnute between Ef and E; .

167



by a dithering technique, which is commonly used in bulkoptic RLG, an alternative way
of eliminating the lockin behavior is to force the clockwise ring laser to use a different
cavity longitudinal mode than that used by the counterclockwise ring laser, i.e. to have
Ag # 0. We do this by separating the frequencies of the clockwise and counterclockwise
pump beams by an integer multiple of the cavity FSR, as, for example, demonstrated in
section 5.3.1. In this section we will demonstrate the removal of lockin behavior in Ag # 0

operation, and evaluate the sources of frequency drift in this configuration.

5.4.1. Elimination of Lockin Behavior in the BRLG

In this section we will demonstrate the elimination of lockin behavior by forcing the
clockwise Brillouin laser to use a cavity mode 11 free spectral ranges away from that used
by the clockwise laser, i.e. Aq = 11, by setting a 84.7 MHz frequency difference between
the two pump beams E; and E; via the two AO modulators AO* and AO~. The beatnote
between the Brillouin laser outputs, E;}t and E, ", is monitored by PDy, and the frequency
of this beatnote, labeled A f,, is measured by a digital frequency counter.

Figure 5.4.1a shows the output of the digital frequency counter, indicating the varia-
tion of Afy as a function of time, recorded simultaneously with the rotation angle of the
platform, 0,, shown in figure 5.4.1b. The figure shows the elimination of the lockin behav-
ior ob;xed previously in figure 5.3.7 for Ag = 0 The figure also shows the expected 90°
phase shift between the variations of Af; and 6,.

Figures 5.4.2 shows A f, for a period of 3 minutes when the platform is at rest. The
time scale of the figure is 2 sec/mm. As shown in the figure, A f; drifts by approximately
300 Hz Auring this run. Although we have demonstrated the elimination of the lockin
behavior, we have also observed drifts in Af, as shown in figure 5.4.2, which would po-

tentially make this configuration useless as a precision sensor. In the next two sections we

will discuss some of the sources for the drift in A f, for this configuration.
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Figure 5.4.1.

as a function of time

5.4.2. Frequency Errors due to External Double Backscattering

The double backscattering errors in a Brillouin RLG are similar to those observed for the
fber PRG in section 4.2.4. As in the case of the PRG, these errors are due to backscattering
from an external splice s* or s~, and another scatterer. Thus, in order to observe these

errors in a Brillouin RLG, we use PZT* and PZT™ to stress fiber segments between the

splices, st and s~, and the coupler C.

In order to observe the frequency error due to double backscattering associated with
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Figure 5.4.2. Afj as a function of time indicating a 300 Hz drift

s~, we apply 200 V p-p 0.2 Hz voltage applied to PZT~ as shown in figure 4.5.3¢c, and
observe the corresponding variation in Af,. Figure 5.4.3a shows a 150 Hz variation in
Af, as a function of the voltage applied to PZT ™. this error varies sinusoidally with the
applied PZT voltage, similar to the double backscattering error in a fiber PRG. We adjust
the amplitude of the saw-tooth voltage on PZT™ so the variation of Af} corresponds to a
complete sinusoidal cycle. We then increase the frequency of the saw-tooth voltage to 100
Hz, thereby averaging this error.

Similarly, we can observe the error due to double backscattering between PZT* and
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Afy -

Figure 5.4.3. Demonstration of the variations in the SBS beat-frequency in
Ag = 12 operation due to external optical feedback (a) the SBS beat-frequency

as a function of time (b) Voltage applied to PZT* as a function of time (c)
voltage applied to PZT™ as a function of time.
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the other scatterers by applying a 400 V p-p 0.1 Hz saw-tooth voltage to PZT+ as shown
in figure 5.4.3b. We now observe a 120 Hz p-p variation in A f; which is also removed by
increasing the frequency of the saw-tooth voltage to 50 Hz and thus averaging this error.
Figure 5.4.4. shows the drift in A f; as a function of time when these double backscattering
errors have been eliminated, indicating a 406 Hz drift over 7 minutes. In the next section

we will consider another source of drift which is responsible for this variation.

Afe

100 Hz

Figure 5.4.4. Drift of Af, as a function of time when the external double
backscattering errors have been removed

5.4.3. Errors due to Brillouin Dispersion Pulls

In our setup, even though the external scattering effects have been washed out as described

in section 5.4.2, Af, varies as we select different longitudinal modes of the cavity. To
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illustrate this variation, A f; is observed for Ag = 11 operation, while the frequency of E;
is locked to the center of several successive longitudinal modes of the cavity. Figure 5.4.5
shows A f, as a function of selecting different longitudinal modes of the cavity, indicating
a 400 Hz variation in Afy. In a similar way, figure 5.4.6 shows A f for Ag = 2 operation,
as a function of selecting different longitudinal modes of the cavity, indicating a 2 kHz

fluctuation in Af;.

100 Hz

Figure 5.4.5. Demonstration of a 400 Hz variation of A f; for Ag = 11 oper-
ation, as the frequency of E is locked to successive longitudinal modes of the
cavity.

These fluctuations are consistent with the errors due to phase dispersion of the Bril-
louin gain medium. In order to illustrate the Brillouin dispersion pull, let us consider

figure 5.4.7a, which shows the frequency domain representation of the counterclockwise
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Figure 5.4.6. Demonstration of a 2 kHz variations of Afj for Ag = 2 oper-
ation, as the frequency of E is locked to successive longitudinal modes of the

cavity.
pump beam E;' which generates the clockwise Brillouin gain B~, together with the clock-
wise pump beam E; which generates the counte:cisckwise Brillouin gain medium Bt.
The figure, also indicates the clockwise Brillouin laser E;, and the counterclockwise Bril-
louin laser E;. Ideally B* and B~ do not affect each other. However, in the presence
of backscattering a fraction a; of the intensity of E;' will spill along the direction of E,
as shown in figure 5.4.7b. This backscattered beam will generate another Brillouin gain
medium B;, which perturbs the frequency of E;. Similarly a fraction a; of intensity of
E scatters along E;" , as shown in figure 5.4.7c, which will ultimately pulls the frequency
of E, .

Let us now calculate the perturbation in the frequency of E;” due to the Brillouin gain

medium B[, which is caused by the backscattering of E;. The backscattered intensity
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Figure 5.4.7. Illustration of the effect due to SBS dispersion pull (a) op-
tical frequency spectrum of the pump and Brillouin beams along clockwise
and counterclockwise directions (b) The additional counterclockwise Brillouin

gain medium B;' due to the intensity of the scattered counterclockwise pump
beam E7. (c) The two additional Brillouin gain media B; and B due to the
backscattering of the pump beams E} and E .
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responsible for B is equal to o

I;,, where I, is the intracavity intensity along the
clockwise direction.

We can calculate the perturbation in the index of refraction from the expressions for
x(3) given in section 5.1.2. By using equations 5.1.19, 5.1.22, and 5.1.23 we arrive at:

+ AonAvyp I, Af

An~ = 4.
SN T Afi 4 (Av)2)? (5.4.1)
As described in section 5.2.2, when the Brillouin laser is active, we have

27

where P is the perimeter of the resonator and F is the finesse of the resonator. Therefore

the expression for An~ can be further reduced to:

AonAv Af
— o
An =0l oFP AFZ+ (Bv/2) (543)

The frequency of E; is perturbed by an amount Afs given by:

An
Afy = —fo'n—
ey Af (5.4.4)
" 2FP Af? + (Av/2)?

In our case for Af = 84.7 MHz, corresponding to Ag = 11 operation, we obtain Afy =

at x7.0 kHz.

~
~

In section 4.2.3, it was mentioned that the intensity backscattering coefficient in our
ring resonator fluctuated from zero to maximum of approximately 5%. Based on these
numbers, the largest fluctuation on Af; results when the backscattering coefficient, for
both E} and E, are 5%. This means that for Aq = 11 we predict a maximum shift of 350
Hz for the frequency of E; and similarly a maximum shift of 350 Hz for the frequency of
E[f . This results results in a total of 700 Hz change in A f;, which is a factor of 2 larger
than the variations we observed in figure 5.4.5. Thus, this effect explains the mode to
mode variation in the gyroscope offset.

As we have demonstrated, Ag # 0 operation exhibits large drifts in Afj, and thus
cannot be used as a precision rotation sensor. In order to implement a precision sensor,

we must use Ag = 0 and remove the lockin zone by a dithering technique.
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5.5. The Optical Kerr Effect in BRLG

In section 4.4, we derived and demonstrated the optical Kerr effect in a PRG. As described
in section 4.4.1, the optical Kerr effect creates a separation between the clockwise and
counterclockwise resonance frequencies of the cavity when the intensities of E¥ and E~

are not equal. In this section we will demonstrate the Kerr effect in a BRLG.

5.5.1. Derivation of the Optical Kerr Effect in BRLG

Unlike the PRG, in which we had only two intracavity beams, in a BRLG, we have four
beams inside the ring cavity, two pump beams E';,F and E;, and two Brillouin beams E;'
and E, . Thus, we would like to determine the changes in the index of refraction of the
cavity experienced by the Brillouin beams due to the intensity of all four beams.

We now calculate the perturbation in the index experienced by E;f ,and E, ,ie. An*
and An~ respectively. Following a derivation similar to that presented in section 4.4.2, we

obtain expressions for An* and An~ given by:

Ant = B(If + 2(If + I7 + I}))
(5.5.1)
An~ = B.(I; +2(IF + I + I}}))

We can see that the contributions to the index change due to the pump beams are

identical for clockwise and counterclockwise directions. Thus the pump intensities will not

affect the frequency separation, Af., given by:

Afe=Aff —Afy
(5.5.2)
= 'Yk(W: - Wb—)

Af, and A ff are the frequency shifts in E;” and E} respectively, due to optical Kerr

effect, W,” and Wb'" are the power levels associated with E;” and E;" respectively, and 4

is the optical Kerr scale factor evaluated in section 4.4.2 to be approximately 7 Hz/uW.
Thus, the Kerr effect is independent of the intensity of the pump beams and only

depends on the difference between the intensities of the two Brillouin lasers.
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5.5.2. Measurement of the Optical Kerr Effect in BRLG

Figure 5.5.1 shows the setup used in demonstrating the optical Kerr effect in a BRLG. In
this demonstration, we chose Ag = 11 in order to avoid the lockin behavior, and placed
a neutral density filter NDF at points A;, A2, A; in the setup. Placing the NDF at
A, attenuates E; thus reducing the intensity associated with E,'," . Placing the NDF at
A, attenuates E;' thus reducing the intensity associated with E; . Finally by placing the
NDF at point A; we can simultaneously attenuate both E;," and E; thus reducing the
intensities of both E; and E; .

Because the pump and Brillouin beams are in general mixed together, we calibrated
the drop in the intensity of E; while E;," was blocked. We placed the NDF at point A,
and measured a 5 uW drop in the power of E;'. Similarly, while blocking E_, we inserted
the NDF at the point A; and measured a 5 uW drop in the power of E,”. Finally we
inserted the NDF at the point A3 and measured a drop of 54W in both E; and E;.

Figure 5.5.2b shows Af, as a function of time, measured by the frequency counter,
recorded simultaneously with the amplitude of the Brillouin beatnote beatnote shown in
figure 5.5.2a. In section A of figure 5.5.2b, the NDF is inserted at point A; attenuating
E_, thereby reducing W',;" by 5 uW. As shown figure 5.5.2b, this drop results in a 35 Hz
increase in the frequency of the beatnote. Similarly we inserted the NDF at the point A,,
reducing W,” by 5 uW. We now observed a 35 Hz decrease in Af,. Finally, we inserted
the NDF at the point A3 and observed that although both Bril!.oui;n beams are attenuated,
we see no change in the beat-frequency. The 7 Hz/uW Kerr scale factor is consistent with
that observed for the passive case in section 3.4.1.

Thus the Kerr effect is a significant error source in a BRLG, and must be eliminated
by making sure the intensities of the two Brillouin beams are equal. We can use a feedback
loop to set these two intensities equal to each other. Further work on this topic is left for

future investigation.
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Figure 5.5.2. Demonstration of the optical Kerr effect in BRLG (a) the am-
plitude of the beatnote observed by PDy (b) A f, when the neutral density
filter (NDF) is inserted the point A, (section A) corresponding to an attenu-

ation of the counter clockwise Brillouin beam power Wb"’ , at point A, (section
B) corresponding tc an attenuation of the clockwise Brillouin beam power W;~,
and at point A3 (section C) corresponding to an attenuation of both W and

Wy
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CHAPTER 6
Summary and Suggestions for Future Work

The objective of this thesis was to study the behavior and error sources of ring resonator
gyroscopes. We studied a bulkoptic passive ring resonator gyroscope (PRG), a fiberoptic
PRG and a fiberoptic ring laser gyroscope using stimulated Brillouin scattering as the gain
mediurn.

First, we studied the bulkoptic resonator and demonstrated that the dominant error
source was due to coherent backscattering. We also observed an abrupt offset change
of 20 deg/hr, when the frequencies of the two input beams were swept past each other.
The size of this jump did not depend on either the size of the coherent backscattering,
or the input beam intensities. Both the backscattering effects and the offset jump were
eliminated by phase modulating one of the beams with the carrier suppressed. We also
demonstrated the lockin behavior for closed loop operation of this gyroscope, related this
effect to the coherent backscattering, and eliminated it by the same carrier suppressed
phase modulation mentioned above.

We evaluated the rms noise of the bulkoptic gyroscope as a function of integration
time, . For 7 = 10 ms, the rms noise was approximately 0.17 deg/hr, which was very
close to the shot noise limit, (for 2uW on the detectors) but for longer values of 7, the
noise became larger than the shot noise. For example, for 7 = 1 sec the rms noise was 0.35
deg/hr which was twice the predicted shot noise limit, and for 7 = 100 sec, the rms noise
was 0.01 deg/hr, i.e., 7 times larger than the shot noise limit.

In order to explain the increase in the rms gyro noise relative to shot noise for long
averaging times, we evaluated three possible sources of drift. The first source was the
influence of a change in the plane of polarization of the input beams. This resulted in
a bias variation of 0.01 deg/hr for every degree of variation in the plane of polarization
of the input beam. In our setup, the plane of polarization of the input beams could

be maintained to within 0.1°, which corresponded to a total output drift of less than
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0.001 deg/hr. Therefore, the variation in the input polarization does not explain the
observed drifts. The second source was the effect of the drift in the spatial alignment
of the inp\:lt beams, which resulted in less than 0.05 deg/hr for every 2 arc minutes of
spatial misalignment. In our setup, the beam alignments were maintained to within 2
arc seconds, which corresponded to an offset error of less than 0.001 deg/hr. Again, this
could not explain the observed drifts. The third source was the effect of the rate of change
in the relative phase between the two input beams, which generates an input frequency
difference. We measured this phase variation to be less than 7 /2 radians during 300 sec,
and this corresponded to a gyroscope output drift of less than 0.0008 deg/hr in our case.
Thus, the input phase variation in our setup does not explain the observed drifts. Other
sources of drift that should be investigated include: the fluctuation in the discriminant
slope due to backscattering; the incomplete suppression of the 20 deg/hr offset jump; and
the errors due to Fresnel drag in the gas filled optical resonator.

In our fiberoptic ring resonator gyroscope, although we had the advantage of a sin-
gle transverse mode resonator, we also had a severely asymmetric resonance and a 6 kHz
p-p coherent backscattering error, 30 times larger than that observed for the bulkoptic
case. To eliminate the backscattering, we again used a carrier-suppressed phase modula-
tion technique similar to the bulkoptic case. However, due to the observed distortions in
the coherert backscattering, we had to use multiple carrier-suppressed phase modulations
to totally eliminate the coherent backscattering errors. In addition to coherent backscat-
tering, we also experienced intensity backscattering errors as large as 200 Hz, which we
eliminated by using different modulation frequencies to generate the clockwise and the
counterclockwise discriminants. [These intensity backscattering errors were insignificant
in the bulkoptic case]. Finally, we observed an external double backscattering error due
to the interference between the backreflection from the splices on the resonator arms and
the backscattering from the intracavity scatterers, which was as large as 180 Hz p-p. We
eliminated this error by carrier-suppressed phase modulation of the input arms, and ob-

served a gyro bias variation from 0 to 10 Hz. In addition to this, by selecting different
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longitudinal modes of the fiber cavity, we observed a variation of approximately +20 Hz
(corresponding to +100 deg/hr). In order to investigate the backscattering-dependence of
this variation, we devised a special technique to determine the gyro offset in the absence
of coherent and intensity backscattering. Using this technique, we measured a gyro offset
of less than +2.5 Hz (+12.5 deg/hr), demonstrating that the previously observed +20 Hz
variation is due to backscattering effects. One explanation of this variation is the influence
of internal backscattering in the case where separate modulation frequencies are used in
the presence of an asymmetric cavity resonance, and this should be studied further.

In addition to studying the backscattering-induced drifts, we also examined several
other sources of gyro drift in the fiber PRG. First, we examined the dependence of the gyro
offset on the state of polarization of the input beams. We observed approximately 5 Hz
of offset change (25 deg/hr) for every degree of rotation of a A/4 plate in one of the input
beams. We attributed this primarily to a variation in the asymmetry of our resonance due
to a change in the statc of polarization of the input. We also observed 7 Hz (35 deg/hr)
of offset variation for every micro-Watt of power difference between the clockwise and the
counterclockwise beams, which was attributed to the optical Kerr effect.

To reduce the polarization-induced drift, we can use a single polarization fiber cavity,
and to reduce the asymmetry of the resonance lineshape, we can use a fiber cavity in
“transmission”. Finally, to eliminate the drifts due to the optical Kerr effect, a feedback
loop is required to keep the intensities of the two beams equal at all times.

In chapter 5, we demonstrated the first implementation of a fiberoptic ring laser
gyroscope using stimulated Brillouin scattering as the gain medium. With this device,
we demonstrated the measurement of rotation by applying a rotation rate of 4 deg/sec,
and observing a pure beatnote of 3 kHz corresponding to a scale factor of 750 Hz per
degree/sec. We also observed the lockin behavior which is due to coherent backscattering,

as in the case of the passive resonator gyroscope, which can be eliminated using either a

mechanical or an optical dither.
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We also demonstrated another method of eliminating the lockin effect in the Brillouin
ring laser gyroscope by forcing the two Brillouin lasers to use different longitudinal modes
of the cavity. However, by doing so, we introduced large drifts of approximately 400 Hz
(for Aq = 11) caused by the dispersion of the Brillouin gain medium associated with
backscattering. Thus, this method of eliminating the lockin behavior is not too suitable
for a precision gyroscope.

Finally, we measured the optical Kerr effect in the Brillouin ring laser gyro which was
7 Hz (35 deg/hr) of output variation for every micro-Watt. of power difference between the
clockwise and the counterclockwise Brillouin lasers, consistent with our measurements in
the passive case. Therefore, as in the passive case, a feedback loop is required to maintain
equal intensities between the two Brillouin lasers. Although, the precise measurement of
gyroscope offset and drift requires the comp.ete elimination of the lockin behavior, never-
theless we were able to estimate this bias to be less than +25 Hz for Ag = 0. Therefore,

the Brillouin fiber ring laser gyroscope is worth further investigation.
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APPENDIX A. Calculation of Resonance Asymmetry

In order to describe our asymmetric resonance lineshape, let us consider the case of a
simple Fabry-Perot resonator, whick is made of 2 identical mirrors M; and M. separated
by a distance d, as shown in figure A.1. Light outside of the resonator is reflected from M,
with a coefficient r, and transmitted through it with a coefficient ¢. Similarly, light inside
the resonator is reflected from M; with a coefficient r' and transmitted through M; with

a coefficient t'. The transmission and reflection coefficients of M, are identical to those of

M,.

Figure A.1 Illustration of an simple resonator in reflection

Let us now have an input field of E; = E,e’*! incident on the mirror M,;. w is the

optical angular frequency of E, and is given by 27 f where f is the optical frequency of E,.
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If the mirrors M; and M; are lossless, the reflected field E, is given byl36l:

E.=E Jwt E Jwt 1 tt’ej6
XS D S g T (A1)
= Eri + Ec
where:
§=2"d= Y _or S (A.2)

c FSR FSR
where FSR is the free spectral range of the resonator and is equal to the quantity c/(2nd).
The field E,; is referred to as the primary reflection of E; and the field E, is the cavity
output. For lossless mirrors, we have r = —r' and tt' = 1 — r'? which results in:

(1—r'")ess

Er = Boer (-1 4+ g

) (A.3)

Figure A.2a and A.2b show the amplitude and phase of E. as a function of é§ for
r'? = (.99, indicating a symmetric cavity resonance. Figure A.2c shows the amplitude
of E, as a function of §, also indicating a perfectly symmetric resonance lineshape. The
reason behind the symmetry of E, is that Since symmetric points of E., such as the ones
labeled A and A’ in figure A.2a, have an equal and opposite phase with respect to %,;,
so that when we add E,; and E. these points will give exactly equal amplituces, thus
resulting in a symmetric E,.

Now consider a small loss for mirror M;. This loss will mean that there is a small
phase difference of 3 between r and —r' so that r = —r'e’¥. Thus equation A.3 is now

given by: .
(1-r")e

— Jwt te L JY
E, = E,e'r'(-e?¥ + T

(A.4)

Figure A.3a and A3.b skow the amplitude and phase of E, as a function of §, identical
to that shown in figures A.2a and A.2b. By comparison, figure A.3c shows the amplitude
of E, as a function of é indicating an asymmetric resonance. The reason behind this
asymmetry is quite simple. As can be seen in figure A.3 symmetric points of E. such as

the ones labeled A and A' no longer have an equal and opposite phase with respect to
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Figure A.2 Lossless mirrors: (a) Amplitude of E. as a function of § (b) phase
of E, as a function of é(c) amplitude of E, as a function of 6

E,; because of 1. Therefore, when we add E,; and E, these points yield different values
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Figure A.3 Lossy mirrors: (a) Amplitude of E. as a function of é (b) phase of
E. as a function of é(c) amplitude of E, as a function of é for ¢ = 0.1

resulting in an asymmetric E,.
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The shift in the resonance frequency associated with E, due to 1 is obtained by

calculating the solution to the equation:
0
%iE,F =0 (A.5)

6, is the solution to the equation A.9 and is given by:

2cos(¢p)—1- \/(2cos(¢) -1)2 + 4sin’(y)
2sin(y) (A.6)

sin(é6,) = —(1 — R)

~(1-R)}

where R = r”*. It should be noted that the results of equation A.6 are only valid for small
values of ¥. Thus form equation A.6., é, is given by:

b =2nqg+ (1 - R)Y

The resonance frequency of the cavity, fr, is obtained by using the definition of é from

equation A.2, to give:

fo = -1—5 FSR

—R ) FsR

'“2n ( o
gc 1 1-
2nd+2( - FSR)t/J

L g9 1
~ ona T 2Y

where T, is the FWHM of the cavity resonance and when 1 — R=~0,T.,~ FSR(1-R)/x.

The quantity gc/(2nd) is the resonance frequency of the cavity for the lossless case. The
perturbation in the resonance frequency of the cavity due to lossy mirrors is therefore
given by (I'./2)%. This asymmetry calculations is equally applicable in the case of our

fiber resonator.
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APPENDIX B. Calculation of Resonance Frequency
Pull due to the Interaction of two Rescnance Line-

shapes

In this appendix, we calculate the shift in a cavity resonance A,, due to the influence of a

second cavity resonance, A, separated by a frequency of fo as shown in figure B.1.

Figure B.1 Illustration of the intensities associated with the two resonance
lineshapes A; and A; as a function of frequency fL

A; and A, represent the ratio of the E field of the resonator output beam to the E field

of the input beam. The input beam has a frequency of fr. A; has a resonance frequency

190



of fi and A2 has a resonance frequency of f,. Although these cavity resonances are in

general Airey functions, we can approximate them by Lorenzian lineshapes, given by:

_ JT1/2
MU = =
a2 (B.1)
Ao(fr) = b—-3I2

(fo = f2) +T2/2
where f; is the frequency of the input light, I'; a1.d I'; represent the FWHM of the intensity
associated with A; and A; respectively. b is ratio of the peak field of A; to that of A,.

Using the substitution f = fL — f; we can represent A; and A, as:

_ /2
M= Fon 52)
Aolf) = b IT2L |
’ (f = fo) + iT2/2
We now add A; and A; and calculate the total intensity, I, given by:
I=[A(f)+A(f)?
= [A(F)P + |A2(f)I? + 2Real( Ay (f)A2(£)*)
__ T4 . T34 (B3)
CfP4Ti4 T (F-fo)P +T3/4
rry/4
2 Rea o g ST /2= Taja) 4 ToTa A —JTaF)

We now calculate the resonance frequency of A;(f) by finding the solution to 8I/8f =

0, which gives:

Q.._ﬂ b2 I _bir.?_..o
of = TF U 2f3 TInfe
which yields:
I2r? 4T
—p22201 _ 2
A=V i, (B4)

The first term on the right handside of equation B.3 is the contribution due to the addition

of the intensities of A; and A;. This term results in a resonance pull given by:

iy

f= T (B.5)
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which is proportional to % and varies with 1/f3. The second term on the right handside
of equation B.4 is due to the interference between A; and A;. This term results in a

resonance pull proportional to:
Iy T
4f,

Af = — (B.6)

which is proportional to b and varies with 1/ f,
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