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PREFACE

Fiber-Optic embedded sensors can serve as an effective nervous system for

smart skins. The sensor type used in this investigation is the United Technology

Photonic's Fiber Bragg Grating (FBG) sensor. A great advantage of these

sensors is that they can be wavelength multiplexed along a single fiber. The

problem is to determine the reflected wavelength from the sensors in a fast way

with a compact and rugged system, but with high accuracy. An Acousto-Optic

Tunable Filter (AOTF) system was investigated to determine its suitability to

interrogate the FBG sensors in a fast and accurate manner. One of the

advantages of the AOTF is its ability to simultaneously filter multiple channels.

Having multiple channels in an AOTF requires the presence of multiple RF

frequencies to establish the complex grating. Since the crystal used in the AOTF

(TeO2) is a non-linear acoustic material, the multiple frequencies will create

undesirable harmonics which will degrade the performance of the device. To

separate the channels, the RF signals are AM modulated. This creates additional

harmonics. The objective of this thesis was to determine if the harmonics present

in a multiple channel AOTF presents a problem in determining the reflected Bragg

wavelength. Also, the speed of the system was determined. A comparison was

made using a commercially available spectrometer.

For the two RF carrier signals in the AOTF, the errors due to second

harmonics were not detectable with the current instruments. This indicates that

the value of the acoustic non-linear parameter is small. The Lock-In Amplifier

(LIA) bandpass characteristics limited the minimum separation between the

modulating frequencies at 0.13 times the highest modulating frequency. The AM

signals had to be chosen so that their strongest harmonics didn't overlap with the

signals. The amplitude of the sidelobes determines how close two channels can

be from each other. The RF sweeper imposed another = _-+.02nm error (3-4

x



KHz) in the signal. A limiting factor in the AO'F's scanning speed turned out to

be its resonance behavior. This limited the amplitude modulation to 300 Hz and

a maximum switching speed of 3.33 ms. Improvements need to be made to the

design of the AOTF to increase its cut off frequency ard the efficiency per

channel. The current AOTF could, at most, have two channels with a diffraction

efficiency of = 28%.

xi
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1. INTRODUCTION

The purpose of the research presented in this thesis was to determine the

limitations of an AM modulated Acousto-Optical Tunable Filter (AOTF) when used

as a spectrum analyzer with multiple channels. Also, to make a comparison

between the AOTF and a commercial spectrum analyzer in speed and

accurateness. The spectrum analysis is to be used in determining the reflected

wavelength from the Fiber Bragg Grating sensors. Up to this point the behavior

of a multiple channel AM modulated AOTF has not been investigated. The AM

modulation in the channels will have the advantage of making them electronically

separable.

Optical fibers are being widely used for communications because of their long

distance transmission capability and immunity to electromagnetic interference.

During the past 15 years optical-fiber sensors have been under development.

Optical fiber sensors are electrically passive and light weight. In a fiber sensor,

a beam of light is sent through the fiber(s) where it is modified, due to an external

force, and this modification is detected. The applications of these sensors1l range

from stress and temperature monitoring to process control of flow, pressure, and

liquid level in industrial systems. One application is in usmart structures' for

distributed strain and temperature sensing of aircraft. In the smart structures

concept, the fibers are embedded in the structure to be monitored. Up to

recently, the strain measurements were done using phase interference
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techniques['1 . There is no residual memory in such techniques, and they detect

the strain along the total length of the fiber. These techniques detect the change

in strain if the system is running. Any strain developed while the system is off will

not be detected. Therefore, the cumulative stress on the structures lifetime

cannot be measured (unless the system is always on). Also, two fibers of equal

length are needed, one being the sensing fiber and the other the reference fiber.

Fiber Bragg Grating sensors promise to solve these problems. With this type

of sensor, strain and temperature can be monitored in a localized region of the

optical fiber. In addition, the cumulative strain and temperature change that

occurs while the system is off can be determined. The monitoring system

analyzed in this research is based on an Acousto-Optic Tunable Filter (AOTF).

The AOTF is used as a spectrum analyzer. Using the AOTF has the benefits that

it is compact and rugged. In addition, it can operate multiple channels

simultaneously and independently.
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2. LITERATURE REVIEW

In 1978, Hill and coworkers discovered that narrow bandwidth Bragg gratings

could be created within the Ge-doped core of certain optical fibers using green

light from an argon ion laserP2]. This photosensitivity has been observed to be

even stronger when ultraviolet light is used to irradiate the optical fibert3-4 5. The

formation of these Bragg gratings results from a periodic perturbation of between

1 Os and 10-4 in the refraction index along the fiber core. These intra core gratings

are written by sideways exposure of the core to ultraviolet light in the form of an

interference pattern12l. These gratings form the basis of an important new class

of optical sensors. The lack of a compact and rugged system that can rapidly

determine this bragg wavelength has severely limited the use of the intracore

Bragg gratings as practical sensors.

The principle of acousto-optic diffraction is similar to that of a transmission

diffraction gratinge1'. As such, it is possible to use an acousto-optic Bragg cell as

the dispersive element in an optical spectrometer. In a diffraction grating a

repetitive array of elements, see Figure 2.1, has the effects of producing periodic

alteration in the phase, amplitude, or both on an emergent wave. The diffraction

grating acts similar to a prism diffracting light of different wavelengths at different

angles. The distance between the elements in a diffraction grating is known as

the grating constant, parameter a in Figure 2 .1 rl. In the acousto-optic grating, the

grating constant is equal to the acoustic wavelength. One obvious advantage of
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Figure 2.1. Section of a reflection grating.

an acousto-optic grating spectrometer is that the grating constant can be changed

electronically, thus providing a capability of rapidly scanning the spectral region

at an observation point. As for a single detector diffraction grating spectrometer

the diffraction grating has to be physically rotated to scan a spectral region

through an observation point. To minimize the mechanical movement a linear

array of detector elements could be used, therefore having a fast scan of a

particular region, but to change regions the grating needs to be rotated. One

drawback of the diffraction grating spectrum analyzer is the size and precise

alignment it needs. In a diffraction grating the angular positions of the non-zero

orders, Om values, are determined by a, X, and 0j, and is given by the following

equation:[7
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Figure 2.2. Schematic diagram of an optical spectrum analyzer, from reference [8).

a(sin em- sin 6) = mX (2.1)

where em and ei are measured from the normal of the grating plane and not with

the individual groove surfaces.

In a typical single detector diffraction grating spectrum analyzerl81 , light is

collimated onto a holographic or ruled grating by a curved mirror, see Figure 2.2.

A reflection grating with grove spacing, a, will disperse the incident light into a

series of angles, em, according to Equation 2.1.

The angle of incidence, ei, is determined by the geometrical arrangement of

elements in the spectrometer and does not affect the resolution or accuracy. For

maximum precision, grating rotation is achieved by a computer-controlled stepper
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motor. In this manner em and 0, can be determined to high accuracy, thereby

allowing the wavelength X to be computed.

The Acousto-Optic tunable filter (AOTF) is based on acoustic diffractions of

light in an anisotropic medium19'"°. The device consists of a piezoelectric

transducer bonded to a birefringent crystal. When the transducer is excited by an

applied RF signal, acoustic waves are generated in the medium. The propagating

acoustic wave produces a periodic modulation of the index of refraction. This

provides a moving phase grating, which establishes an anisotropic Bragg

diffraction mechanism' 91, that, under proper conditionst1 °1 , will diffract portions of

an incident light beam. This anisotropic diffraction necessarily involves rotation

of the polarization plane of the diffracted wave. For a fixed acoustic frequency,

nnly a limited band of optical frequencies can satisfy the phase-matching condition

and be cumulative diffracted. As the RF frequency is changed, the center of

optical passband is changed accordingly so that the phase-matching condition is

maintained. An advantage of the AOTF is the fact that multiple RF frequencies

can be used to establish a complex grating pattern within the crystal"11 . This will

diffract multiple bands of light corresponding to the multiple RF frequencies.

Another advantage of the AOTF is its compactness.

Being an anisotropic acoustic (as well as optical) material there will be

harmonics created which might diffract additional bands and create noise. Since

the filtering of light from an RF input signal is not a linear process, there will be

additional harmonics created when the signal is amplitude modulated. These AM
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modulation related harmonics will also create noise which will affect the

determination of the peak wavelength.



3. THEORY

3.1 Fiber Optic Bragg Gratings

Recently there has been a new development in fiber optic sensors. United

Technologies Photonics has developed a way to bleach Bragg grating sensors,

called Fiber-optic Bragg Gratings (FBG), into optical fibers 3 '41. The gratings are

formed by exposing the side of a germania doped fiber core to a high intensity (4

- 20 mW average power) interference pattern of UV, close to 244 nm, light, Figure

3.1(49. This interference pattern impresses a permanent index modulation in the

MERCURY "V'

1 mNOTERFEROMETER
REFL

CYL E;;
LENSfl-

*s %

LENS REFL

71 m MONOCHNROMATOR

Figure 3.1. Setup for making Bragg gratings on optical fibers, from reference [5]
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fiber core by bleaching the oxygen vacancy defect absorption band in germano-

silicate glass. This index modulation, Bragg grating, acts as an optical band

rejection filter for those wavelengths that meet the Bragg condition:

xob= 2ned (3.1)

where Xob is the wavelength (in vacuum) of the center peak notch, d is the grating

period and ne is the effective index of refraction of the fiber mode. Mode

coupling theory can be of use in a periodic wave guide to model the grating

filter012'131. The reflectance as a function of wavelength and filter length is given

byV12.131

2

R- Q sinh(SL) (3.2)
(.ýF+j A) sinh(SL)+ S cosh(SL)

where

S = _ (Ap-j2)2

7c= An i(V)
x, (3.3)

IM - 1-1 V>9.4

A =P I
d

L is the filter length, J3 is the longitudinal propagation factor of the optical beam,

ca is the attenuation coefficient of the waveguide, V is the normalized frequency

of the waveguide, and An is the magnitude of the index perturbation.
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Top view of the set-up'5 used to fabricate the Bragg gratings through the side

of the optical fibers, is shown in Figure 3.1. Under this set-up the Bragg

wavelength is given by

A.b= Xi ne (3.4)
sin e

where ne is the effective index of refraction of the fiber mode, ^ý the UV

wavelength used to generate the grating and 0 the half angle of the intersecting

UV beams. As can be seen, the reflected Bragg wavelength can be determined

by adjusting 0 or (up to a certain degree) ^,.

If the FBG is subjected to a temperature change this will produce a change

in the Bragg's wavelength due to thermal expansion and to a change in the index

of refraction. The wavelength change due to temperature change is given by the

following formula:[S

X= (a+ t)AT (3.5)
Xb

where a is the thermal expansion coefficient for the fiber (equals 0.55 x 10"6/OC

for silica) and 4 represents the thermo-optic coefficient (it is approximately equal

to 8.3 x 106/0C for the germania doped silica core), and AT is in 0C. The Bragg's

wavelength change due to index change is far greater than the change due to
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thermal expansion. This is true when the fiber is subjected to temperature

changes only. The calculated results using this Equation are smaller than the

actual results obtained from a fiber~51 . It is speculated that the difference is due

to inaccurate thermo-optic coefficient and/or possible strain relief of the fiber core

when the fiber is heated.

When the FBG is subjected to strain, the center frequency of the reflected

wavelength changes due to a change in the grating spacing and in the index of

refraction. The change in the index of refraction is due to the photo-elastic effect

on the fiber. The center wavelength change due to longitudinal strain e is given

by: 15]

A•b / ?1b = ( 1 - pe) (3.6)

where p, is:

Pe = (n 2/2)[P 12-v(P1 + P1 2)] (3.7)

and is the effective photo-elastic constant (and is _=0.22 for germanosilicate glass),

P12 and p., are components of the contracted orthotropic strain-optic tensor (the

subscripts refer to the coordinate axis of the optical fiber, 1 is the direction along

the fiber), n is the index of the core, and v the Poisson's ratio. The calculated

change in the Bragg wavelength is greater than the actual changet S]. It is

speculated that the difference is due to uncertainties in the photo-elastic constant

caused by a high concentration of germanium doping in the core of the fiber.
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3.2 Acousto-Optics

Acousto-Optics deals with the interaction of light with sound waves in a

medium. A sound wave consists of sinusoidal perturbations of strain or density

of the medium. These perturbations create an index modulation in the medium,

due to the photo-elastic effect, which generates a moving phase grating that may

diffract light in one or more directions. The diffraction will depend whether or not

the light is incident at a critical angle a.. The direction of diffraction will be

determined by the grating constant (which is equal to the acoustic wavelength) of

this acoustically generated grating. This electronically generated grating can be

used as the dispersive element on a spectrometer.

Particle physics, conservation of momentum, and conservation of energy will

be used to understand how the acoustic waves diffract lightl'4 ]. Let us consider

a light beam with a wave vector k. and frequency a, incident on a crystal at an

angle %. as shown on Figure 3.2, the refraction effects are not shown on the

figure. Also lets have a sinusoidal acoustic wave of wave vector K. and acoustic

frequency oa traveling along the width of the crystal, the acoustic wave fronts are

moving away from the light beam and it is assumed that these are planar waves.

Inside the crystal an incident photon with momentum ýK. (where 't = fi/2n, h is

Planck's constant) collides with a phonon with momentum ),Ka. Both of these are

annihilated in the process, creating a diffracted photon with momentum t•kd, i.e.,

1*k+ Ka = hkd (3.8)
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L

7-

Transducer

Figure 3.2. Acousto-optic up-shdt diffraction of light.

In energy terms this particular situation is described by:

tO,. + ha = td (3.9)

From Equations (3.8) and (3.9), it can be seen that the new photon created has

shifted up in frequency by o0, as well as increased the wave vector by Kd. This

is called the upshift diffraction process and the diffracted beam is called the +1

order.

Now if the direction of propagation of the sound waves is reversed, the path

of the light beams wil, remain the same, a little different process takes place. The
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collision of the two particles (the phonon and the photon) will produce two

phonons (each one with the same energy and direction as the initial phonon) and

a photon. This photon will be diffracted towards a different direction than the

initial photon. The diffracted photon will have less momentum than the incident

photon. As it can be seen in the following Equation:

"hki + ?hKa = aKa + WKa + tkd (3.10)

Rewriting the formula for the wave vector:

kd = ki - Ka (3.11)

going through the same steps but using the conservation of energy equation the

following frequency relationship can be obtain:

COd = (A. - CO- (3.12)

For this situation the frequency of the diffracted beam of light is down shifted by

wa- This is called downshift diffraction process accordingly and the diffracted

beam the -1 order. Figure 3.3 illustrates the upshift and the downshift diffraction

in vector diagrams~l5 ].

Since a, >> coa Equations (3.8), (3.9), (3.11) and (3.12) are reduced to1141:
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K ~K.

(a) (b)

Figure 3.3. Vector diagram for acousto-optic diftraction.(a) Downshift diffraction, (b) Upshift
diffraction.

a. = (d (3.13)ki -- kd

From Figure 3.3 and Equation (3.13) one can easily obtain the relationship

between the angle and the wavelength to be:

T = 2 sina (3.14)

Where X is the wavelength in the acoustic medium, and A. is the acoustic

wavelength in the crystal (which is equal to the grating constant).

Note that all these calculations were done under the assumption of having

purely planar acoustic waves. In reality for this to occur L-+c (Figure 3.2), or a

large interaction length needs to be present. Decreasing the interaction length will

make the acoustic waves depart from an ideal case, i.e., non-planar waves Figure

3.4. These non-ideal waves can be model as adding additional plane waves

moving in different directions. The effect of these additional waves is that nrw
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Figure 3.4. Non4deal acousto-optic diffraction.

both the +1 & -1 diffraction orders are now present. If the interaction length is

reduce further additional orders will become present. These diffracted beams of

light will have a frequency and a wave vector corresponding to:

(Odm = ( + Mr(Oa (3.15)
Kdm = ki+m Ka

where m = +1, +2, ±3, ...-±n is the diffraction order. If there is multiple diffraction

it is said that the device is working in the Raman-Nath regime while if the opposite

condition is true it is said to be operating in the Bragg regime. The parameter Q

is used to determine the regime that the device will be operating at. This

parameter is defined by:

Q =AK2L = 2_XL (3.16)k A 2

If Q>>1 the device is said to be working in the Bragg region, otherwise it will be

working in the Raman-Nath regime.
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The angular aperture of an isotropic Acousto-Optic diffraction spectrometer is

proportional to the optical bandwidth and is exceedingly small"'01. This can be

viewed with the help of the K-vector diagram shown in Figure 3.5. It can be

observed in this diagram that if the incident angle of the optical beam is changed

there will be a resulting momentum mismatch Ak. This momentum mismatch

will decrease the diffraction efficiency on the isotropic medium thus the angular

aperture on an isotropic medium is quite small.

It is indicated in reference [10] that Dixon first investigated acousto-optic

diffraction in an anisotropic medium in which the index of refraction is dependent

: ~ ~kd d k

Figure 3.5. K-Vector diagram for an acousto-optic interaction on an isotropic medium (from
reference [10]).
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on the direction of propagation and polarization of the optical beam. Utilizing

anisotropic crystals it has been possible to increase considerably the angular

aperture of the acoustic devices"'1°. Two special schemes are shown in Figure 3.6

in which the angular aperture for acousto-optical filtering is increased in an

anisotropic. In Figure 3.6(a) a collinear interaction in anisotropic medium is

illustrated in K-vector space. In this type of interaction both the optical and

acoustic waves are collinear and propagating perpendicular to the optic axis. In

the collinear interaction the incident light is linearly polarized. Once the beam

ky

(a) (b)

Figure 3.6. Two possible K-Vector diagrams for acousto-optic interaction in an anisotropic
medium. (a) collinear interaction and (b) non-collinear interaction (from reference [10]).
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enters the crystal it interacts with the acoustic waves and changes the polarization

of the waves that matches the following formula

•. = Va n(3.17)

fa

The separation of the incident light and the diffracted light is done using a

polarizer. In Figure 3.6(b) a non-collinear interaction is illustrated. In the non-

collinear interaction the diffracted beam's wavevector has a different angle than

that of the incident beam. But, the tangents to the incident and diffracted

wavevector loci are parallel by properly choosing the acoustic wavevector. This

is a generalization of the collinear scheme. In both of these schemes you can

observe that a first degree change in the incident angles will produce a negligible

momentum mismatch. This holds as long as the tangents to the loci of the light

wave vectors are parallel.

It is indicated in reference [6] that Harris and Wallace further investigated

anisotropic collinear beams interaction. They pointed out that the diffraction light

into its orthogonal polarization state occurs only to a small band of optical

frequencies along the center wavelength given by Equation (3.17). Thus by

changing the acoustic frequency the band-pass region is tuned over a large range

of frequencies. They demonstrated this in an series of experiments that they

conducted. This forms the principle of collinear Acousto-Optic Tunable Filters

(AOTF). From here on the term AOTF will be applied to optical spectrum band-

pass filters based on anisotropic acousto-optic interactions. The realization of
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non-collinear AOTF with large angular aperture has been realized by Changd16 .

This type of AOTF is based on the compensation on momentum mismatch due

to the change of angle of the incident light by the angular change of birefringence.

Figure 3.6(b) illustrates the operation of the non-collinear AOTF in vector space.

3.3 Acousto-Optic Tunable Filter

3.3.1 AOTF Characteristics for Single Frequency.

In the previous section, the theory behind acoustic interaction up to the

development of the AOTF was discussed. In this section the theory of the AOTF

will be discussed more in depth. To simplify calculations, Chang's 1 7 approach of

fourier transforms to specify the AOTF's working characteristics will be used. In

this approach the acoustically driven spatial modulation along the optical wave

propagation direction is decomposed into a spectrum of spatial frequencies. The

optical frequencies being filtered by the AOTF can then be determined using the

phase matching condition (Equation (3.11)). Where for the birefringent medium

the magnitudes of the vectors are given by:

ki =-2rn.n, kd = 27rnd K = =21f (3.18)

0o 7o Va

where ni and nd are the refractive indices of the incident and diffracted light. X.,

is the optical wavelength in the vacuum, fa and V, are the acoustic frequency and

velocity respectively. Utilizing Equation (3.18) and the assumption that the
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acoustic wavelength is much larger than the optical wavelength, Equation (3.11)

can be rewritten as [11.

ni - ndn = n s (3.19)

Xo

where s is the frequency of the longitudinal spatial modulation along the light

propagation direction, which will be denoted as the Z-axis to simplify calculations.

The acoustic spatial modulation in the crystal can be expressed as:

i(2X fzcos4VJ (3.20)
m(z) = w(z) e z(

where w(z) is the slowly varying amplitude function of the spatial modulation.

is the angle between the acoustic wave and the Z-axis. Parseval's Theorem can

be used to associate the power in the signal with the power contained in each

discrete frequency component. The energy spectrum density of Equation (3.20)

is thus given by:

H(s) = If -m (z) e -!xsz dzl2

= IW(s- f# cos4()12
Va

where W(s) is the Fourier transform of w(z) (s is used to denote spacial frequency

and not to be confused with temporal frequency). Equation (3.21) yields the

bandpass response of the AOTF. By making the following substitution.

H (Xo) = IW (As) 12 (3.22)
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therefore

As = (ni-n) cos (3.23)
X0o Va

where As is the deviation of spatial frequency from the exact phase matching

condition. The coordinate system will now be changed, the optical axis of the

crystal will now be the Z-axis. If 0 is the polar angle (the angle between the

optical, Z, axis and the vector) and * the azimuth angle, Equation (3.23) can be

rewritten as:

As = (n - nd)- f (cosei cosO,+sin6i sinfl, cos((,- (a)) (3.24)

Let's consider the specific case of an extraordinary (e) polarized light incident

on a uniaxial crystal. For most of the crystals the fractional birefringence is small

so the following can be written 117]

ni = no+An sin2Oi (3.25)

where An = In0- nol is the birefringence. Equation (3.24) can be written as

As(An sin 2 9.) f ~

As = ,n -- (coseicosea+sineisineacos(•- pa)) (3.26)
?0 Va

For proper filter operation over a large angular aperture, it is required that the 1st-

order derivative of As with respect to 8, be zero. If 4, = •a the following is

obtained"181



23

= Va,•An sin 20, (3.27)
fa sin (@a -Gd

at the center of the filter bandpass, As = 0; therefore

= Va An sin2G, (3.28)
fa Cos (a - 6)

From Equations (3.27) and (3.28) it can be shown that

tanG, tan (Oa- 8,) = 2 (3.29)

this defines the relation between the propagation directions of optical and acoustic

waves to ensure that the momentum mismatch of the non-collinear is, to first

order, independent of the angular divergence of the incident light,'81. Utilizing

Equation (3.29) Ga can be eliminated from Equations (3.27) and (3.28) to obtain

the relation between the center wavelength of the filter bandpass and the driving

acoustic frequency for a given light incidence angler181:

Xo = V2.n (sin4 9i + sin2 20i)" (3.30)
fa

When e,= 900 Equation (3.30) reduces to the simple expression for collinear

interaction AOTF (Equation (3.17)).

When Equation (3.29) is satisfied the Taylor series expansion of the incident

angular and wavelength deviation ( AGe, A$,, and AX.) of Equation (3.26) reduces

to[
171
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AS(AX1, A1, A~) b sin 2 +A [ F9 (AG1 )2 + F, ((sinG1) A•$) 2] (3.31)

where b is the dispersive constant given by

=2n(&n XAn (3.32)

and

F 0 =2 COS 2 i - sin2 i, F, = 2cos 2G+ sin 2Gi (3.33)

The dispersive constant b may be obtained by differentiating the Sellmeier

dispersion formula. Equation (3.31) shows the filter bandpass behavior as a

deviation from the calculated parameters is made.

For the special case1171 of an acoustic column of uniform amplitude and

interaction length L, Equation (3.22) gives us the normalized diffracted light

intensity:

H(Xo) = 1. sinc 2AsL (3.34)

where 1o is the peak transmission and sinc(x) = sin( Qx)/(xx) . The half peak

transmission, for this situation, occurs when As 0.4 5 1'. The Full Width at Half

Maximum (FWHM) of the AOTF bandpass is then given by
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FWHM = (3.35)
bLsin2 9(i

Notice that Equation (3.35) shows that an increase in the interaction length, L, will

decrease the FWHM of the AOTF. In the limit when L approaches infinity the

AOTF will only pass the specific wavelength that exactly satisfies the phase

matching condition.

The peak (normalized) transmission on Equation (3.34) can be approximated

by the value11 9 .201

=sin 2 M2 L" L (3.36)I° si2 ;Q h h

where M2 is the acousto-optic Figure of merit1 1 91 which relates the diffraction

efficiency to the acoustic power for a given device geometry, h is the acoustic

transducer height, P, is the total acoustic power. A more exact expression for

the intensity of the filtered light can be obtained from the coupled mode theory.

The expression is[19201

H(k.) = x2 L2 T2 sinc2 [(i 2I+As 2 ) L] (3.37)

where

X j!2MP2L (3.38)

The plane wave analysis described above can now be applied to an AOTF for

an angular distribution of incident light. For a normalized light distribution I(A8,
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AO), the transmission through the AOTF is obtained by integrating the plane wave

response over the solid angular aperture117"

T(?.o) = f H(X01• 0,j) I(e,,o,) sine, d(8,) d(,) (3.39)

where 0 is the solid angle.

3.3.2 AOTF Characteristics for Multiple Frequencies.

One of the most important characteristics of the AOTF is its multi-wavelength

filtering capability. This is accomplished by having multiple RF frequencies going

into the AOTF, each of these RF frequencies will filter the particular wavelength

established by Equation (3.30). The number of simultaneous wavelengths that

is possible to filter depends on the AOTF's RF drive power limitations and the

power needed to filter each wavelength, given by Equation (3.36). But having

multiple wavelengths in the AOTF will generate noise that might interfere with the

measurements.

The presence of multiple frequencies in a Bragg cell will generate spurious

intermodulation products (IMPs, combinations of signal frequencies) from the

nonlinear response, which will result in signal degradation, for a more in depth

analysis see reference [21]. The nonlinear response comes form multiple linear

acousto-optic diffractions, acoustic and elasto-optic non-linearities1 211. For example

with N acoustic waves of frequency fi (where i = 1 ,...,N) the total frequencies

present will be
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N

F, =E mifi (3.40)
k=• i=1

where Fk would be the modes at the combination frequencies present in the

medium, and m,, are the weights of the particular frequencies (the weights may

take any positive or negative integer number). The most important IMPs for two

simultaneous signals (f, and f2) are the two-tone, third-order IMPs that occur at

the combination frequencies of 2f1- f2 and 2f2- f1[21I. The IMPs due to sum or

difference of the frequencies would lie outside the range of the AOTF. Under the

assumption that multiple diffractions are possible, the magnitude of the two tone

third order IMPs due to acousto-optic diffraction is given by[2 1]:

where 11 and 12 are the fractional diffracted light intensities of the optical signals

(Equation (3.34)). But in an AOTF multiple diffraction is not possible. The reason

for this being that a second diffraction will not satisfy the phase matching

conditions (Equation (3.30)), therefore it will not take place. The other source of

non-linearity is the two-tone third-order IMPs due to acoustic and elasto-optic

non-linearities whose magnitude is given by 211:
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where J3, and 032 are the lowest order acoustic non-linear parameters, 't is the

optical aperture in unit time, p is the mass density of the medium, V is the

acoustic velocity, and f = 2f,- f2 or f = 2f2- f, depending on which intermodulation

product you desire to study. 02 being a higher order is negligible except when I3,

vanishes (this occurs for shear modes propagating along principal axes[211).

Equation (3.42) was obtained by making the assumption that a uniform optical

beam was used.

3.3.3 Acousto-Optic Modulation.

The acousto-optic interactions can be used to modulate the signal going

through the AOTF. In the AOTF, the maximum intensity of the filtered light is

given by Equation (3.36). If the acoustic drive signal is amplitude-modulated, the

intensity of the filtered optical signal will modulate. The peak optical intensity

modulation will follow the formula:

Ho = sin M2 P.(1+CmCOS(omt))2 L (3.43)
x h

Where cm is the modulasion index and (o, is the modulating frequency. Only in

cases when the acoustic power is small will the modulation in the optical signal

follow the modulation in the acoustic signal. Otherwise the harmonics present in

the modulation of the optical signal will be noticeable. Notice that the most

important harmonics present are the second and third harmonics (i.e., 2 ,om and
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Figure 3.7. Acousto-optic modulation.

3 1)m) •

The maximum modulation frequency of an acousto-optic Bragg device is

inversely proportional to the amount of time that the acoustic wave takes to pass

through the diameter of the finite optical beam, this is referred to as the transit

time (or optical aperture in unit time) and is given by:

r = D/V (3.4)

where D is the diameter of the optical beam, and V is the acoustic velocity.

Notice that the maximum modulation frequency is also inversely proportional to

the diameter of the optical beam122). Therefore to increase the maximum

modulation frequency the optical beam needs to be decreased by using a

focusing lens. But this in turn causes an angular spread of the incident angle, 86i

(see Figure 3.7). This angular spread must satisfy the law of conservation of

momentum in all the directions, meaning that 80i must be within the angular

aperture of the AOTF1231. If 80, is larger that the optical aperture of the AOTF then



30

.. .. .. .. .. .. I

! .. .................... .. ... ...I..... Ii ..... .. ....... ..

....-1 ......

. ...........

Figure 3.8. Modulation frequency response for
analog acousto-optic modulation.

efficient Bragg diffraction will not take place for all the incident rays.

An acousto-optic Bragg cell in an amplitude modulation configuration will act

as a low pass filter. Assuming a Gaussian input beaml"1, the frequency response

in dB is given by:

~2f 2,2
= 10 log(exp(-_fR' ' )) (3.45)

8

Figure 3.8 illustrates Equation (3.45), note that at ft = 1 the modulation amplitude

has been reduced considerably. Using Equation (3.44) the relationship between

the beam width and the modulation frequency can be obtained&".

3.4 Acousto-Optic Tunable Filter - Fiber-optic Brag Grating system

In this section a theoretical analysis of the Acousto-Optic Tunable Filter -

Fiber-optic Brag Grating (AOTF-FBG) system will be made, later Chapter 4 will

describe the actual setup and results. The system under consideration will utilize
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an AOTF as a high speed spectrum analyzer. Figure 3.9 illustrates the AOTF-

FBG system configuration The light coming out of the FBG sensor embedded

fiber will enter the AOTF, where it will be analyzed. As it was shown in the last

chapter, the center wavelength of the optical passband is determined by the

acoustic RF frequency. The RF frequency can be swept so that the center

wavelength of the passband sweeps within the range of the FBG sensor.

Depending on the mode of operation of the sensor (reflection or transmission), the

Bragg wavelength can then be determined by determining the RF frequency

where a maximum or minimum occurred. Using the unique ability of the AOTF

A= , B.s.

BROADBAND
LIGTH LR

IAOF

AMPATUDE AMUDE i:

FrDETECTOR

RF RF
GENERATOR GENERATOR

FEEDBACK LOOP

Figure 3.9. AOTF-FBG system configuration for a two-channel sensor fiber.
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to simultaneously filter multiple wavelengths, multiple sensors can be interrogated

,imultaneously. This capability will prove useful in increasing the system speed.

Another capability is utilizing a single detector to monitor all the channels, this is

what it is going to be done in this system. Each channel will be amplitude

modulated and then electronically filtered to separate the signals coming from

them. This process will definitely produce noise. In this section the noise due to

the acousto-optics interactions will be analyzed.

3.4.1 Analysis of Multiple Frequencies Present on an AOTF.

When more than one frequency is present in the AOTF, inter-channel

crosstalk due to the sidelobes of the bandpass becomes present. The

amplitudes of the bandpass sidelobes for a single channel with an efficiency of

95% (M = 1.07323*1013 s3/Kg, P = 500 mW) are illustrated on Figure 3.10, where

the amplitude cc is given in dB and the FWHM for this filter is 0.74 nm. The

attenuation between the main lobe and the side lobes is dependent on the

maximum efficiency of the bandpass and is approximately given by:

I (3.46)Imam _(2 n +1) sin(n LTI)j

where n = 1, 2, ... is the sidelobe order, absolute value. The minimum separation

for the Bragg sensors is 5 nm, this is assuming a tuning range of 4 nm and a 1

nm spacing between channels. Due to the bandwidth and power limitations of

solid state optical sources, the channels need to be placed as close as possible.
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Figure 3.10. Single channel bandpa.s levels for an
ideal AOTF centered at 833 nm using a TeO2
crystal.
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Figure 3.10. Muingle channels bandpass levels for a
anideal AOTFcnee at 833an83 nm using a "Teo2
crystal.
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Figure 3.11. Multiple channels bandpass levels for
an ideal AOTF, at 833 and 838 nm using a T60 2
crystal.

With this in mind, the separations between channels will be 5 nm. One way to

reduce crosstalk is to make the center wavelengths of the AOTF be separated by

the channel distance, 5 nm, at all times, i.e., the channel sweep will be done in

a synchronized fashion. Figure 3.11 shows the sidelobes intensity levels for a two

channel AOTF, this separation should be maintained at all times for minimal

interference. If in addition to that, each signal is amplitude modulated and then

electronically filtered using a Lock-In-Amplifier (LIA), the inter-channel crosstalk
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Figure 3.12. Frequency characternstics of Equation
(3.43) with 0m, = 2K * 300 Hz, amplitude is in dB.

would be greatly reduced (most of the reduction would come from amplitude

modulation). Amplitude modulation is not free from harmonics. Figure 3.12

shows the AM frequency domain characteristics for an ideal TeO2 AOTF with M2=

4.65597.10's s3/Kg, L = 19 mm, Pa= 200 mW, and X. = 833 nm (the bandpass

has a 28% efficiency with the maximum sidelobes being 13 dB below the main

lobe). As mentioned in Section 3.2.3, second and third harmonics are present,

but the LIA in bandpass mode could be selective enough to attenuate these

harmonics. The problem would be on how close, in the frequency domain, the

two AM signals can be placed before interfering with each other, this should be

very close since the LiA also locks in phase. Even with a 100% separation

between channels, in the worst case scenario, there would be a signal-to-noise

ratio (SNR) of about 10 dB, depending on the efficiency of the ACTE (Equation

(3.46) with n = 1, first order). This would take place when the Bragg wavelength

of the sensor of the adjacent channel is at its maximum (minimum) value and that

of the present channel at its minimum (maximum) value. An alternative would be
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F~u 3,3.Frequency chratns-teicsl of Equation
(3.42) with f1= 300 Hz and f2= 200.

to use sidelobes suppression techniques as described on reference [24]. One

problem with these techniques is the broadening of the FWHM of the passband.

Another possibility is to reduce the bandwidth of the AOTF's bandpass.

Other sources of noise are the intermodulation products (Section 3.3.2) whose

intensities are given by Equation (3.42). The AM frequency domain of Equation

(3.42) is given in Figure 3.13, the second term of the equation is being neglected.

The same parameters from Figure 3.12 were used plus X• = 838 nm, 'r = 21 l±S,

V = 914 m/s, and •13 = 1. The actual value of •1, will play an important role in

determining the amount of noise coming from the IMPs. Amplitude modulation,

along with electronic filtering, can reduce considerably the amount of crosstalk

between channels, but it will not guard against the noise coming from the same

channel.
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3.4.2 Sweep Analysis

The sweeping action of the AOTF's bandpass, along with the detector, creates

a convolution process between the sensor signal and the bandpass. Figure 3.14

illustrates the reflection of a FBG (1.0 would be 100 % efficiency) with a FWHM

of 0.1 nm. Since the reflection has a much smaller bandwidth (about a factor of

7.4 smaller) than the AOTF's bandpass, using the same parameters for the AOTF

that were used for Figure 3.12, their convolution will give us almost the same

function as that of the AOTF's. Let's take two adjacent Bragg sensor channels,

each with a tuning range of 4 nm and a 1 nm separation, and have center

frequencies of 833 and 838 nm. If the Bragg wavelength of one channel is at 835

nm (maximum) and the other at 836 nm (minimum) then there will be a deviation

of 0.05 nm from the real value, this can be seen on Figure 3.15. The reason for

this deviation is that the first sidelobe of the bandpass is able to reach the

minimum values of the adjacent channel. This interference will create the shift in

wavelength of the convolution of the signal at the maximum values. If the

S.................. ................. I ................. .......................................................

St *.

... .. ... .. ....... .. . . . .... .. . . .... . . . .. . . . .. . . . . .. . . . .

Figure 3.14. Ideal reflection of a FBG, Equation
(3.2), with a FWHM of .1 nm.
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Figure 3.15. Convolution between the FBG function
(Equation (3.2)) and the ideal A0TF function.

separation between channels is increased to 1.6 nm the deviation reduces to

0.0165, this one is due to interference coming from the first and second sidelobes.

If precision greater than this is necessary it is suggested that the bandpass of the

AOTF be decreased as much as possible, without sacrificing efficiency. Another

alternative is to implement sidelobe suppression(241 along with bandpass reduction.

. .. .. . .. . .. . . .. . . .. . . .. .I... . . .
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4. EXPERIMENTATION

4.1 Experiment set-up

This section outlines the experimental setup, the equipment and the procedure

of the experiment. Figure 4.1 shows the schematic diagram of the experimental

setup. Note the difference between Figure 4.1 and Figure 3.9, Figure 4.1 is the

actual experimental setup after the substitution of the broadband light source with

the two lasers. The broadband light source didn't have the sufficient power nor

did the detector have the sensitivity enough to overcome the losses of the system.

;L, B.S. SMF MIRROR
LD Q

MODULTOR1 DETECTOR

RF RFGENERATOR GENERATOR

FAe
Figure 4.1. Schematic set-up of experiment.
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The two reflected signals from the sensors can be simulated by using a pair of

lasers. The laser's output is very similar to the FBG output. The difference is in

the amount of optical energy available. The Laser diodes (LD), the single mode

fiber (SMF), the AOTF and the detector were mounted on an optical rail system

for ease of alignment and to secure the setting once the alignment is done.

The lasers used were both semiconductor lasers, Spectra Diode Labs 100

mW GaAIAs laser diode model SDL-2410 and the other was a Sharp model

LTO1 5MD, both lasers were temperature controlled. A beam splitter was used

to combine both beams in the same direction. To couple the light into the fiber

a Newport single mode fiber positioner F-916 series was used. Once the light

goes out of the fiber it is collimated with a lens and fed into the AOTF, the

AOTF's specifications measured and given by the manufacturer, Aurora

Table 4.1. Specifications of the AOTF

Spectra Bandwidth @ 633 nm 0.31 nm

Wavelength range 0.7 - 1.5 jLm

Optical aperture 1 mm

Deflection angle > 30

Efficiency - 75%

RF input frequency 50 - 200 MHz

Random Access time 1 p.second

Input impedance 50 Q

VSWR 2:1
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Associates are given on table 4.1. The AOTF will filter the corresponding

wavelengths into the detector. The AOTF is placed after the fiber to assure that

the entrance angles of both lasers are the same.

The two LIA will separate the signals and display their intensities. A computer

will be attached to the LIAs and the RF generators to record the data. The LIAs

are Princeton Applied Research LIA model 124A and have preamplifier modules

118 and 185. The RF generation is being done by two RF generatofs, one for

each channel. One of the generators is a sweep generator form HP model 8350B

with a HP83525A plug-in, the second generator is alternated between a CW

generator (not a sweeper) HP8640B and a sweep generator HP8620C with a

HP86222B plug-in. The second generator is alternated because the HP8640B

has an almost negligible drift in frequency (along with digital readouts) while the

HP8620C has a very noticeable drift, this one was only used to scan both

channels simultaneously. The amplitude modulators are normal signal generators

used in the laboratories (e.g., Wavetec model 142).

The experiment will consist of first making an optical spectrum analysis of the

laser diodes and the AOTF's bandpass. This will be done with a SPEX model

1269 1.26m monochromator with a readout accuracy of < 0.05 nm and Spex DM-

3000 controlling software. Then an RF spectrum analysis of the RF signals going

into the AOTF will be made. Once these measurements are done and the

components are installed and aligned, a series of experiments will be made in

which one of the AOTF's bandpass will scan the region where just the wavelength
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of one of the lasers is located, simulating thus a channel sweep ot a sensor.

While the other AOTF's bandpass will remain fixed at the second laser's

wavelength. At first the modulating frequencies of the RF signals will be 100 Hz

and 300 Hz. In successive tests the 100 Hz moduiation will be increased to see

the effects on the signal acquisition. Finally the two bandpasses will be made to

scan their respective lasers.
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4.2 Recorded Data and Observations

A Super Radiant Diode was used for the broadband source. The power

available for the silicon detector after coupling to the SMF (Single Mode Fiber)

and filtering was too small to prevent its detection. Also, the output of the two

lasers is very similar to tne output of the FBG, but with higher power. The result

of the experiment won't be affected by this change. For this reason the Bragg

gratings were substituted for two laser beams at slightly different frequencies.

Early during the experiments it was noted an amplitude frequency relation that

didn't follow Equation (3.45). To study the exact relation, a single RF frequency

with a square wave amplitude modulation was applied to the AOTF. Figure 4.2

illustrates a photograph taken to the oscilloscope trace. From the curve it was

i o .T l a d 1 .... d..

.: ... ........................... . .. . . .. . ..... ............................... .. ......

• .. . .. ....... . .. ... . . . .....•....•• .- . . . . ... .....

S....................................:. .. .

Figure 4.2. AOTF's filter response of a sx•jare wave amplitude
modulation. The scales are 200 pV/div and 1 r'•s/div.
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speculated that the AOTF used in the experiment was of a resonating type[, and

thus would behave as a low pass filter for amplitude and frequency modulation.
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Figure 4.3. Spectra Diode Labs Laser model SDL-2410.

Figure 4.3 shows the spectrum of the Spectra Diode Labs laser. This laser

has a FWHM of approximately 0.35 nm with the peak wavelength being at 827.9

nm. The data was taken at 0. 1 nm intervals. The laser were set to a temperature

of 19.60C, current was set to 273 mA, and the power was at 55 mW. In order to

measure the light of the laser diode it had to be attenuated because of saturation

problems in the detector. These measurements took approximately 3.5 minutes

to obtain with a 1-second integration time.
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Figure 4.4. Optical spectrum of Sharp's laser diode model LTO15MD.

The Sharp's spectrum is illustrated on Figure 4.4. This spectrum was taken

after the scanning experiment were made (a few months later). It is thought that

the Laser diode degraded. Some of its parameters will have to be inferred from

the experimental data. The Laser was driven at 60.1 mA and the thermocouple

had and ohmic resistance of 10.59 (about 24.2 °C). Previous measurements

places the center wavelength around 825 - 826 nm.
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Figure 4.5. Bandpass of the AOTF.

Figure 4.5 shows the optical bandpass of the AOTF used in the experiment.

All the experimental measurements were done with this device. This bandpass

meets the output specifications of the manufacturer. The only difference would

be higher crosstalk due to the sidelobes when the two optical signals are close

wavelength. The frequency used was 153.102 MHz. The RF signals were set

to =400 mW. The sampling interval was 0.1 nm. For this measurement the

Broadband optical source was a SMF pig tailed super luminescent diode from

Laser Diode, Inc., model SRD-8300. The FWHM for this plot was approximately

2.3 nm ar J the center wavelength was 813.3 nm.



47

120.00

100.00

80.O0

6D0000

40.00

20.00

0.00

7g0.00 800.00 810.00 820.00 830.00 840.00 850.00

Wavelength in rn

Figure 4.6. Bandpass of the AOTF with two RF frequencies.

Figure 4.6 shows the optical bandpass of two simultaneous RF frequencies

be.,ig fed to the AOTF. The frequencies used were 153.102 MHz, for the lower

wavelength, and 149.538 MHz, for the upper wavelength. Both RF signals were

set to = 180 mW of power. The sampling interval was 0.5 nm. For this

measurement the Broadband optical source was the SRD-8300.
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Figure 4.7. SRD-8300 spectrum when passing through the FBG.

Figure 4.7 shows the spectrum of the SRD-8300 as it comes out of the FBG

sensor embedded fiber. Notice the notch is very small in width and amplitude.

This is due to the fact that spectral scanning is a convolution between the

bandpass and the signal. For us to observe a small but wide notch is an

indication that the bandpass is larger than the optical signal. The measurements

were taken every 0.5 nm apart. This might be one of the causes. Notice that the

AOTF's bandpass amplitudes on Figure 4.6 follows the shape of this plot.
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Figure 4.8. RF spectrum of two oscillators. A fix osciglator was set to 149.157 MHz and 300 Hz
AM and a sweep oscillator was set to a fixed frequency of 149.410 MHz and 100 Hz AM.
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Figure 4.9. RIF spectrum of two oscillators. One fix oscillator was set to 149.157 MHz and 300
Hz AM and a second fix oscillator was set to a frequency of 149.4025 MHz and 100 Hz AM.
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Figure 4.10. RF spectrum of two oscillators. One fix oscillator was set to 149.157 MHz and a
second fix oscillator was set to a frequency of 149.4025 MHz. No modulation was used.

The three previous figures show the RF spectrum of the frequency generators

after a two signal mixing. Figure 4.8 shows two mixed signals and their

respective harmonics. One of the RF generators was a fixed (CW, not capable

of frequency scanning, HP8640B) and the other was the frequency sweeper

(HP8620C). Both of these signals were amplitude modulated. Note that the

continuous wave signal has a smaller bandwidth than the sweeper signal.

Having a broader RF bandwidth could increase the bandwidth of the AOTF's

optical bandpass for the scanning signal. Figure 4.9 is similar to Figure 4.8

except that both signal generators are fixed (i.e., CW). Figure 4.10 has the same

configuration as Figure 4.9 except that the signals are not being amplitude

modulated.



51

150100000 3000

150000000

149900002500

N 149900000
c~ 149800000 ________

U - ~~Frequency 150'c 149700000 -- 10

U 149600000- 0
V ------ 300 Hz AM 1000 z

IL149500000-

14940000050

149300000 0
0 500 1000 1500 2000 2500

Data Point

Figure 4.11. Data taken with sinusoidal amplitudle moduilation. Intensity scale is 1 mV/4095.
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Figure 4.12. Data taken with a square wave amplitudle modulation. Intensity scale is 1 mV/4095.
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Figure 4.13. Data taken with a square wave amplitude modulation on only one channel. Intensity
scale is 1 mV/4095.
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Figure 4.14. Amplification of the frequency plot in Figure 4.11.
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On Figures 4.11 - 4.13 the data tagged 'Frequency" correspond to the output

of the RF frequency sweeper, it is sweeping a frequency region, and its amplitude

is read on the frequency axis. The amplitude of the modulated signals are tagged

with their corresponding AM frequency, these conventions will be maintained

throughout the rest of the data plots. Figures 4.11 and 4.12 are experimental data

taken using 100 Hz and 300 Hz amplitude modulation. In Figure 4.13 only one

of the signals was amplitude modulated, but both RF signals were present (The

LIA was not adjusted to follow the 0 Hz signal). The LIAs were set at the 1 mV

scale and a Q of 10 (see appendix A). The output of each RF signal generator

was set to 100 mW. The Spectra Diode Labs (SDL) laser was monitored by the

fixed RF generator which had an AM signal of 300 Hz and an RF signal of

149.168 MHz. The Sharp's diode was monitored by the sweep generator, 100 and

00 Hz. In these plots the frequency data are not used to label the X-axis because

it has an oscillating period consisting of two or more low frequencies with a peak

to peak width of 20 KHz for Figures 4.11 and 4.12 and 5 KHz for Figure 4.13.

Figure 4.14 Illustrates the oscillating motion of the frequency plot. It was

determined that the RF sweep generator was generating the oscillations, the CW

RF generator wasn't contributing any oscillation. Each data point was taken at

an interval of approximately 0.045 sec. Notice that there is an increase in the

oscillation amplitude of both signals in Figure 4.11, and even more in Figure 4.12,

as the intensity of the swept signal increases.
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Figure 4.15. Sweep plot with sinusoidal amplitude modulation. Intensity scale is 1 mV/4095 for
the 300 Hz and 2 mV/4095 for the 260 Hz signal.

Figure 4.15 shows a plot of experimental data taken with the amplitude

modulation of both signals being separated by just 40 Hz. The RF sweeper is

used for the 260 Hz AM signal while the fixed RF generator is being used for the

300 Hz AM signal. The p-p amplitude of the frequencys oscillation is

approximately 13-15 KHz. Notice that the p-p amplitude of the signal's oscillation,

when both signals are at maximum, is greater for this reduced separation. In this

experiment the LIAs were set at Q = 10 and the RF signal generators were set

at 100 mW output and the fixed (CW) generator was set to 149.249 MHz.
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Figure 4.16.. Data showing a wavelength transition in the Sharp's diode. Sinusoidal amplitude
modulation and the intensity scale is 2 mV/4095 for the 257 Hz and 1 mV/4095 for the 300 Hz
signal.

The parameters in Figure 4.16 are the same as in Figure 4.15. Figure 4.16

shows a wavelength transition of the Sharp's laser diode (i.e., changing the

wavelength of the output energy). Note that only the 257 Hz signal is changing

meaning that it's a change in the laser diode and not in the AOTF. The SDL laser

changes also the wavelength of its peak output but at longer time intervals. This

demonstrates the instability of the lasers and also the ability of the AOTF to detect

the change in wavelength.
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Figure 4.17. Wavelength scan on the Sharp's laser diode with a sinusoidal AM. LIA was set at 0
= 100, the intensity scale is 1 mV/4095 for the 303 Hz and 2 mV/4095 for the 262 Hz signal.
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Figure 4.18. Wavelength scan on the Sharp's laser diode with a sinusoidal AM. LIA was set at Q
= 100, the intensity scale is 1 mV/4095 for the 303 Hz and 2 mV/4095 for the 284 Hz signal.
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Figure 4.19. Wavelength scan on the Sharp's laser diode with a square wave AM. LIA was set at
0 = 100, the intensity scale is 1 rnV/4095 for both signals.

The plots on Figures 4.17, 4.18, and 4.19 were made with the LIAs set at 0

= 100. The RF sweeper is used for the 262, 284, and 283 Hz AM signals while

the fixed generator is being used for the 303 Hz AM signal. Notice that the

amplitude of the oscillations (noise) have been greatly reduced. Even the 20 Hz

separation between the signal of Figure 4.18, with a square wave modulation, has

less noise than the plot on Figure 4.15, 40 Hz separation and sinusoidal AM. The

CW generators on Figures 4.17, 4.18, and 4.19 had a frequency of 149.249,

149.242, and 149.216 MHz, respectively, and their individual power output was

set to 100 mW.
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Figure 4.20. Wavelength scan on both laser diodes with a sinusoidal AM. LIA was set at Q =

100, the intensity scale is 1 mV/4095 for both signals.

The plots in Figure 4.20 were obtained using two sweep generators. The data

tagged Freq. 1 and Freq. 2 corresponds to the output of the RF sweep

generators. The Freq. 1 plot corresponds to the 303 Hz signal and the Freq. 2

plot to the 282 Hz signal. Both of the generators were set to 100 mW of output

power. The HP8620C (Freq. 1 plot) is an older model which has less accuracy

than the HP8350B, as can be seen on the plot. Also the sweep range and speed

can not be obtained as easily and precisely as the newer model. The peak power

output of each laser can be easily distinguished in the plots. The SDL (previously

the fixed signal) is the 282 Hz signal while the 303 signal, now the Sharp's laser

diode, is the 303 Hz signal. Note that whenever one of the signals is at it's peak

the noise increases in the other signal.
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Figures 4.21 and 4.22 show the signals coming out of the detector. In Figure

4.21 only one signal is present, the 100 Hz AM. Note the irregular shape of the

sinusoid, this is caused by the nonlinearities of Equation (3.43), see also Figure

3.12. As the frequency is increased the nonlinearity is reduced. Figure 4.21

shows the superposition of both signals, 100 Hz and 300 Hz, as seen by the

detector.
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5. RESULTS AND EVALUATION

This Chapter discuses the results obtained in the experiment as well as an

evaluation of the system that is being analyzed. Figure 4.2 resembles the

charging of a capacitor with a resistance in series, i.e., a low pass filter. The

equation of a charging capacitor is of the form

V=a - (5.1)

where a is the amplitude and 'c is the rise time. From Figure 4.2 an estimate of

a and T can be made. Figure 5.1 shows the approximate mathematical function

of Figure 4.2, using the estimates. This estimated function is given by:

V.

Q

.5i2 s i- 3

Figure 5.1. Theoretical response of the #OIFF to a
square wave modulation ( Equation 5.2).
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V = 1.3 3 (1 -(e

where t is time and t = 6.7 * 10 +. Recalling that the frequency response of a low

pass filter is given by:

1 (5.3)

where S = jco then the modulating frequency response for this resonant structure

is given by Figure 5.2. Using Figure 5.2, it can be seen that this AOTF can only

be amplitude modulated up to a few hundred Hertz. From these data the

modulation frequencies of the two signals were set one at 100 Hz and the other

at 300 Hz.

The plot on Figure 4.5 has a FWHM about 7 times larger than what the

manufacturer stated ir the oata sheet (3.1 A). The broadening might have been

caused in part by positioning the AOTF in the reverse direction changing the

-z ........ :...................... ..........•i :--•-•--$

S............... ..•...$ ......... . ............

................................ .

-6 . ............. . ..... . .. ........... ... ....... ,+ ,..
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Figure 5.2. Modulating frequency response of the
AOTF's resonant cavity.
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incident angle for optimal performance (the faces of the crystal where the light

enters and exits are not parallel to each other). But knowing the FWHM of one

of the laser beams, SDL Figure 4.3, the FWHM of the AOTF's bandpass can be

calculated. Using the Mathcad program on appendix B1, "Center Frequency

Determination", and the plot for 282 Hz on Figure 4.20, the lower half maximum

is obtained at =149.163 MHz (±1 KHz, 828.293 ±-0.005 nm) and the upper half

maximum is obtained at =149.298 MHz (±1 KHz, 827.621 _+0.005 nm). Which

gives a FWHM of 0.672 nm. Recalling that in a convolution the width of the result

is equal to the sum of the widths of the input functions, a FWHM for the AOTF's

bandpass of 0.322 nm (0.672 - 0.35, from Figure 4.3) is obtained. Which is very

close to the FWHM stated in the data sheet (3.1 nm). According to the Center

Frequency Determination program a 1 KHz change in the RF frequency is

equivalent to = 0.005 nm change in the bandwidth, at these frequencies.

The lower half of the FWHM of the 282 Hz signal, on Figure 4.20,

corresponds very close to the other frequency that the SDL will change to

Table 5.1. FWHM calculation of the AOTF

RF ±1 KHz Optical wavelength

Peak 149.242 MHz 827.900 nm

Lower Half 149.163 MHz 828.293 nm

Upper Half 149.298 MHz 827.621 nm

Difference - 00.135 MHz 0.672 nm

Laser's FWHM 0.35 nm

AOTF's FWHM 0.322 nm
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Figure 5.3. Zoom of the peak portion of the data on
Figure 4.17.

sporadically. The wavelength change that the SDL incurs is about 0.4 nm (79

KHz) which was easily detected by the AOTF (using the CW RF generator). To

determine the frequencies corresponding to the Sharp's LD peak output was more

difficult due to the noise present in the sweeping generator, see Figure 5.3. In

order to estimate the frequencies, the data were filtered using a Fast Fourier

Transform (FFT) low pass filter program on Mathcad, see appendix B2. Once the

data were filtered it was much easier to estimate the frequencies, Figure 5.4. As

you can see the p-p amplitude of the noise from the RF signal, Figure 5.3, was
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Figure 5.4. The data on Figure 5.3 after filtering.
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approximately 13 KHz and after filtering the noise was almost gone. Using the

data on Figures 4.17 and 4.18, after filtering, it was estimated that the RF

frequencies where the maximum, for the Sharp's LD plot, occurs were

approximately 149.937 and 149.660 MHz (±3 - 4 KHz on both due to

measurement errors), respectively. These frequencies correspond to (calculated

with the "Center Frequency Determination" program) 824.457 and 825.825 nm

(±-0.015 - 0.02 nm), respectively. The frequency counter was set to a resolution

of 1 KHz (0.005 nm) and has an accuracy, at this resolution, of ±1 KHz (±-0.005

nm).

The closest that the two signals were from each other was 418 KHz

(approximately 2.08 nm). Due to the bandpass waveshape this separation is not

enough to neglect the errors due to the sideband's crosstalk, see Section 3.3.1.

The width of the first half of the 282 Hz data on Figure 4.20 is --424 KHz. This is

the minimum distance (equal to the lower half of the AOTF's bandpass plus the

Table 5.2. Measurement Errors

RF frequency Wavelength

RF counter accuracy + 1 KHz ± 0.005 nm

RF sweeper noise _ 3-4 KHz ± 0.015-0.02 nm

sidelobe crosstalk > ± 0.05 nm
(minimum distance)
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upper half of the SDL's optical signal) before both optical beams are within the

main lobe, assuming that the large sidelobe is part of the main lobe. This will

create an error in determining the peak wavelength in the lower wavelength diode

(Sharp's diode) greater than ±0.05 nm, at this minimum separation. This would

not be the case for the upper wavelength diode (SDL's diode) because there is

no large sidelobe in the lower wavelength side of the AOTF's bandpass. Only

when one of the laser diodes is on or when measuring the SDL's diode alone can

the wavelength be calculated with little or no concern on the sidelobe interference.

When the Sharp's diode is at the lower wavelength, as in the case of Figure 4.20

which is at a 695 KHz separation form the SDL's peak wavelength, the crosstalk

error will produce at most a ±0.02 nm error in its peak wavelength determination,

assuming the same efficiency as in Figure 4.2 Section 3.3.1.

The finite bandwidth of the LIA will create an additional crosstalk between the

two AM channels. When the two AM signals are close to each other the UA

won't be able to completely separate the two channels. This crosstalk would

create an error in the amplitude of the channel's signal. This can be noted on

Figures 4.11, 4.12, and 4.17 - 4.19. But especially on Figures 4.12, 4.15, 4.16,

and 4.18. These figures clearly illustrate the crosstalk between the channels.

Because of the crosstalk, the oscillating noise, along with the signal, in the RF

sweeper channel is coupled to the non-sweeper channel producing the observed

noise. The amplitude of this crosstalk noise is dependent on how close the two

signals are to each other and the relative amplitude between the signals. This is



67

also true for the AM harmonics created in each channel, see Figure 3.12.

Another factor influencing the noise is the wave shape. As noted on Figures 4.11

and 4.12, a sinusoidal modulating wave will produce less crosstalk than a square

modulating wave. Another type of noise that needs to be taken into account is

thermal variations on the AOTF's crystal (TeO2 for this case). Thermal variations

will create slight variations in the index of refraction of the crystal, thus giving

different bandpass peaks for the same frequency (but at different temperatures).

For example, it was estimated[11 I that for a LiNbO 3 integrated AOTF11"I a

temperature controller with a 0.010C stability is needed to obtain precisely

repeatable drive frequencies. Otherwise a slight variation in the center frequency

will be noted.

On Figure 4.6 it was impossible to measure 0, (Equation (3.42)). You can

also notice that the RF mixing by itself is non-linear and also produces two tone

third order signals (2 f, - f2) thus increasing the noise at these harmonics, see

Figures 4.8 and 4.9. At worst the SNR due to the two, RF and acoustic signals,

two tone third order is 8.5 dB.

The maximum channel sweep speed will now be determine. If the filtered

data is used, Figure 5.4, the smallest feature size is then 28 data points. In AM,

the carrier frequency needs to be greater than the modulation frequency to be

able to retrieve the modulated information. For this analysis two wavelengths will

be chosen to describe the minimum features. On Figure 4.17 the scanning rate

(Af/As) was approximately 6 KHz/s (- 600 KHz/100 s). Each sample was taken
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at approximately 0.045 s (100 s/2273 samples). This would make the scanning

rate (Af/Asample) be 270 Hz/sample. A 28 sample step would cover a frequency

change of approximately 7.56 KHz. In order to accommodate at least two AM

carrier wavelengths in this span it should take 2T, where T is the period of the

carrier wavelength. Therefore the maximum scanning rate of the sweep generator

is 7.56 KHz/2T. A FBG has a channel width of 4 nm, which is approximately 800

KHz width. With this the total time it will take to read a single channel can be

calculated. For example, for a 100 Hz AM carrier (T = 0.01 s) the maximum

scanning rate is 378 KHz/s. The total time it would take to scan the FBG channel

width would be 2.12 s. If the frequency is increased to 250 Hz the time is

reduced to 0.85 s. But the frequency cannot be increased forever because of the

resonance, see beginning of this chapter.

........ ...... ..... . ....- 
1

Figure 5.5. Mathematical model of the AOTF output at 105
Hz AM frequency.
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.. .. . .. .. .... . ..... .... ..

Figure 5.6. Mathematical model of the AOTF output with
two signal input, 105 and 298 Hz AM frequency.

Using Equations (3.7), (3.38), and (5.2) a Mathcad program, appendix B3, was

created to simulate the output of the AOTF. Figures 5.5 and 5.6 illustrates the

results. The results were very similar to Figures 4.21 and 4.22. Thus showing

that indeed the AOTF acts as a low pass filter that limits the maximum scanning

speed.

Figure 5.7 illustrates the calculated bandpass of the LIA and Appendix A

shows the manufacturer's data. This bandpass determines how well the LIA

. .. .. . ..

0~I I IC

Figure 5.7. Calculated bandpass of the LIA,
amplitude is in dB.
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attenuates signals different than the center frequency. The orosstalk between AM

frequencies, as discused earlier, limits how close the two can be and their

position in wavelength. In addition to the LIA, the crosstalk depends also on the

relative itensities between them. For this system, with the intensities

approximately equal and the high frequency set at 300 Hz, a 0.13 fo (40 Hz, fo is

the bandpass center frequency) sinusoidal modulation would be the minimum

separation between channels. This separation will induce a 14.5 dB attenuation

to the unwanted AM channel, see Figure 5.7.

The shape of the AOTF's bandpass deviated from the theory. This wave

shape deviation will cause crosstalk errors greater that what was stated in Section

3.2 The magnitude of these errors depends on the relative amplitude between

the optical signals. The minimum separation between the optical signals before

there is crosstalk interference, due to the main lobe and tie large lobes, with

each other is illustrated in the shaded portion shown on Figure 5.8. On our

C optical Bandpass optical
S signal s-pal

Figure 5.8. Minimum distance between optical
signals.
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Figure 5.9. Zoom and filtering of the data on Figure
4.15.

14567000000 2M2.00

27M.00

1""500.00272.D0

2745.00
149M Og2D.00557

1496S2005.20

149645=3000 264530
1170 1190 1210 1230 1250 1270 1250

Figure 5.10. Zoom and filtering of the data on Figure
4.18.

experiment, this minimum distance was met only when the peak wavelength of

both laser diodes were at their maximum separation (= 775 KHz, = 3.875 nm).

An illustration on the error in determining the wavelength peak of the optical

signals is shown on Figures 5.9 and 5.10. Even when the minimum separation

between the optical signals is met there is always error in determining the peak

because of the sidelobe crosstalk.
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6. CONCLUSION

Through this thesis, the effects of the harmonics on the output signal of the

AOTF have been established. Also the ability of the AOTF to scan Multiple (two)

AM modulated channels have been demonstrated and the limitation of the current

design have been exposed. Its accuracy, at least theoretically, is similar to a

quarter meter commercial spectrometer (IntraSpec Ill). In speed, for one and two

channels, the AOTF and the IntraSpec II are comparable. Only the IntraSpec III

is capable of more than two channels, with enough detail. The current AOTF

design is capable of two with approximately 20 - 25% efficiency in each channel,

after polarization. In compactness and ruggedness the AOTF is superior to the

spectrum analyzer.

One of the limiting factors in using the AOTF to filtered multiple wavelengths

is the power budget limitation. For this experiment the AOTF had 60% diffraction

efficiency for polarized light, e- or o-polarized, at 500 mW, the maximum power

input. In order to squeeze two channels into the AOTF the power output per RF

generator had to be reduced to 200 mW. If -100% of that energy went to the

fundamental frequency it would have a diffraction efficiency for polarized light of

=28%. With this efficiency the optical power needed, at the optical bandpass,

would have to be large, the detector very sensitive or both. The super radiant

diode didn't have the sufficient power nor did the detector have the sensitivity to
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overcome all the losses of the system. To be able to accommodate a greater

number of channels, a more efficient (0/a/mW) AOTF design is needed.

For this experiment the error in determining the peak wavelength came from

the superposition of the AOTF's sidelobe, the sweeper noise, the temperature

variations across the TeO2 crystal (not measured because of equipment

limitations) and the two-tone third-order harmonics. As stated in the previous

paragraph (and in Table 5.2), the large sidelobe contributes to a great portion of

the peak wavelength determination error. With an AOTF of the same design as

used in this experiment (but with no large sidelobe, as the original AOTF) the

crosstalk error due to the sidelobes would be at least ± 0.02 nm (assuming the

same parameters as in Figure 3.12). In order to improve the precision, a more

precise sweeper (or a fast stepper frequency synthesizer) with an accuracy of +

1 KHz should be used, with a lower oscillating noise. The temperature variations

along the AOTF can be controlled with a TE cooler added to the AOQF design.

No two-tone third-order harmonics were detected.

A comparison will now be made between the AOTF and a commercial

spectrometer, IntraSpec III quarter meter system. In a spectrometer the light

coming from the signal falls into a grating where it is diffracted. The diffracted

light will fall in a detector, or array of detectors, which is placed at a particular

location. The wavelength scan is made by physically rotating the grating. In the

IntraSpec III system a 1024 cooled diode array detects the light diffracted by the

gratinig and depending on which diode you are looking will be the wavelength.
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The array has a resolution of 0.062 nm, each diode is separated in wavelength

by this amount, for a total window of 63.6 nm. Each element (pixel) of the array

can be read at a maximum rate of 110 KHz. In order to read the signals the array

needs a minimum exposure time of 1 s. With this system 10 FBG channels could

be scanned simultaneously, assuming that the channels have a width of 5 nm.

This system has been used to scan a FBG using a xenon lamp acting as a broad

band optical source. In order to compare this system with the AOTF, it will be

assumed that a sensitive detector is used (e.g., PMT) and that incremental steps

of 12 KHz are taken. The total number of steps would be 67 (800/12, see Chapter

5). The slowest frequency to be used would be 250 Hz for the dual channel

scanning. At each step the waiting period will be 2 T (T is the period, 0.008 s).

The speed at which the whole channel(s) can be read is 0.536 s. Since it is

reading two channels simultaneously it could read approximately 4 channels per

second. Speed wise this AOTF would be slower than the mentioned spectrometer

for a given window. In order to change windows, the operator would have to

physically rotate the spectrometer's grating.

In summary the AOTF system offers little or no advantage over the

commercially available IntraSpec III system. Further design improvements are

needed to increase the AOTF speed. The speed would increase if the resonance

effect is eliminated or its cutoff frequency, see Chapter 5, is increased. The

temperature variations could be controlled by incorporating a TE cooler to the

design.
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7. FUTURE WORK

To improve the performance of the AOTF, a new design has to be made in

which there is no resonance, or that the cutoff frequency, due to the resonance,

is higher (preferably in the 10s of KHz). This new design should also be more

efficient power wise (% diffraction per mW of RF power), so that multiple channels

can be used. Using amplitude modulation will make it difficult to implement

multiple channel. This is due to the fact that the signal and harmonics of one

channel should be kept at a minimum distance ( =0.13 fo, where f, is the AM

frequency of the other channel) from the other AM channels to reduce crosstalk.

A possible alternative to use AM modulation would be to investigate the

possibility of using optical heterodining, as pointed by Equation (3.12), to separate

the sensor channels. In this approach some problems might arise, like for

example the coherence length, and it should be investigated further. Another

alternative would be using frequency modulation instead of amplitude modulation.

This should minimize some of the problems as well a provide some of its own.

A totally different alternative would be to develop a fast scanning laser that would

scan all the sensors (5-10) in a short amount of time. But this would require a

tuning range of at least 30 nm.
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APPENDIX A: LIA BandPass Characteristics.

The Lock-In-Amplifier model 124A from Princeton Applied Reaserch Co.

accurately measures the rms amplitude and phase of weak signals buried in

noise. Signals in the range of picovolts up to 500 millivolts at frequencies from

0.2 Hz to 210 kHz can be measured quickly and precisely. These measurements

are with reference to a synchronizing signal supplied to, or supplied by, the Model

124A. The following figures illustrate the phase and frequency characteristics of

the Model 124A in bandpass mode.

1.-

0.2 -- 0=1-- 1-
RESONANCE OUTPUT

0. --- AMPLITUDE

FREQUENCY

Relt .5 
VS

Voltage
Gain .o Z 010

.0': Z - V I-

.005 - - - -- -- - -

. 0 0 2- N o r imma lize d F re q u

.0- .02 .05 0. 0.2 0.5 1.0 f 5 o0 20 5O 100

Figure A.1. Frequency bandpass characteristics of the LIA Model 124A, as stated by the
manufacturer.
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+4900°

Q:= 1alO Q:.IW

+30 --

Phase 00 P

-300--

-Go- Normalized Frequiency-
--90o

.01 .02 .05 O.1 Q2 0.54 .0 2 5 40 20 50 400

Figure A.2. Phase bandpass characteristics of the LIA Model 124A, as stated by the manufacturer.
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APPENDIX B1: Center Frequency Determination Program

c := 2.998 108 Velocity of light in a vacum

j:= 1.60210-19

X:= 827.9" 16- Wavelength in vacum

L := 19-103 Interaction length between the acoustic and the optical beam

V a:= 914.056 Acoustic velocity

f a:= 149.242106 Acoustic frequency

31.015 -x Incident optical angle, with the optical axis
180

8a:= atan( 2cot(OG)) + (h Acoustic angle, with the optical axis

Calculation of the refraction indices for TeO//2

For the wavelength region 400 - 1000 nm at 20 deg. C

E 4.13&"10 -1"j-2.998'10
1.60-. 10-9.I

S2206 25.55 + 241.0 34.20no:=J924_E"i÷1ne:=" +1
0 9.242 4.702 -E 2  e 9.242-E2 4.712_E 2

no = 2.2228126 n e = 2.3693857

Dnz := n e - n 0 Dnz = 0.1465730883

180Be- = 104.2837755506

IV a.Dnzl 1 1).2

[41= [ 27.8998 (sin(+48 sin( e.2)

x41o 9C =8127.89981148
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APPENDIX B2: Data Filtering Progam

M := READPRN( crmix23) Input from fMle crmix23.fit

VO:= V1 := VO is the RF frequency and V1 the amplitude of the signal

z:ast( Vl) i:= 0.. z

I I •II -

/ \
2000

vi

1000 -

0 1 000 1500 2000 2500

1.502 108

1.5*108

vo.

1.498110 8

1.496 * 108

0 500 1000 1500 2000 2500
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FxO := CFFT(VO) FxO and Fx are the FFT of VO and VI respectively

Fx:=CFFT(VI) Fx O if(I FxO 5 ~10000, IFxOI .10000)

100

80

60

IFxl

40

20

0
I I ,I I I !I I

0 50 100 150 200 250 300 350 400 450 500

1*104

SOWO

6000

Fx Oi

4000

2000

0 50 1000 1500 2000 25OO
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cutofl := 90 cutof := 110 The smallest period that is pased would bc
2568/cutof*

W (i) := if (i<-cutof 1, 1 if(iz - cutof, 1 ,0)) W(i) and W1 (i) are the bandpass functions

W2(i) := if(i<-cuto, 1 ,if(i>--z - cutof, 1,0))

Fx1 := W( i). Fxi Fx and FxO are being filtered

FxOi := W2(i).FxOi

X:= ICFFT( Fx) X and XO are the inverse FFT of Fx and FxO. These two are the fittere I

XO= ICFFT( FxO) functions of V1 and VO, respectively.

2850

! Aj 1!

2800 .,I I I I

x " ! A
ii,• ' " "

xi • .i1'J"

2750 / 2

I , \l-/t ,i

'I

2700
1430 1440 1450 1460 1470 1480 1490 1500 1510 1520
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1.5 108

1.40 10"

1.499 10

v .
1.499'108 jl 1

1.499 10

1.499 10"
1350 1400 1450 1500 1550

i

Procedure to store the filtered functions. The insignificant complex error is truncated.

XO:: Re(XO) X:= Re(X)

oulmatrix :=augment(XOX)

PRNPRECISION:= 11

PRNCOLWIDTH:= 11

WRITEPRN( filtered) a= outmatrix a output to file th23.fit
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APPENDIX B3: AOTF Simulation Program

M 2 := 4.6559739 10-14 Acousto-Optic figure of merit relating acoustic power with diffraction
efficiency

L:= 19-16 C 3  Interaction length between light and sound.

H:= 4-10-3  Transducer (acoustic beam) height

P := 200- 103 RF electrical (acoustic) power

X 0 := 833- 10-9 Wavelength 1

)L 2o := 838- 169 Wavelength 2

i2: 0.. 6000

il:= 0.. 4095

each increment in i ib 1/(4096) s increments
With this each division in frequency is 1 hz

12 Peak fractional

(1 + .8- sin (2.m-298. -'5 tasiso

Hii 1 := .n M 2 .L.P 2 for wavelength 1

2.-2

1 _ 20 12 Peak fractional1 + 80-sn 2-c-10- +transmission

H211 := 1sin K .- M 2 -L-P.- . "'sin"4095 180)) fo wavelength 2

L 2o 2-H

H31 :=Hi 1 -- H21  Superposition of both signals excluding harmonics.

t FFT(H3) Change to the frequency domain

N:= last(t)

f:= 1.. N

aC1 : 10-log (Itf) Amplitude of signals in dB
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fm := 1..70000

=21.10-6 Transit time ( optical aperture in unit time)

r2 2 1 Frequency responce of an
lWriiFm ex t .(tM)2. I 2 amplitude modulated Bragg cell

t tM 10log(MTFf M) Frequency response in dB
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H,1 AOTFs resonant cavity transfer
m 1 -t i- m. (0.67. 1o-3) function (in time domain)

a1 =10-0 Oo(Hf~

-3-

44

-7

110 100 1000 11

pass t ft* Hf* MTFf

pass2f:= lpassf

maximo max ( pass2)

maximo =0.1653601
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