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Abstract 

A heterodyne polarimetric sensqr with an all-fiber optic 

frequency shifter is described. A surface acoustic wave 

couples one fiber optic polarization mode to the other 

orthogonal mode, with a frequency shitt. The inte~ference of 

these two modes :creates a heterodyne signal whose phase is 

equal to the total path birefringence. By measuring this 

phase before and after the s·ensor, common mode phase errors 

are eliminated. 

ThS SAW device and optical system are analyzed with respect 

to alignment errors and optical/electronic noise. The effect 

of this noise .on a zero .crossing phase discriminator is 

calculated. Optical phase noise, coherence length 

limitations, and laser frequency drift -are evaluated. Phase 

noise and frequency drift are reduced tp negligible levels 

by the diff~rential measurement. But the short coherence 

length of laser di.odes will degrade sensor performance for 

pol~rization preserving fiber longer than 20 meters, -due to 

the large optical path difference. 

Experiments with a SAW device, HeN~ laser source, and 

polarization preserving fiber are described. Heterodyning 

stress sensors using stress elements of silica and 
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polycarbonate show gciod linearity, demonstrating the concept 

of differential heterodyne measurements with an all-fiber 

acoustic frequency shifter. 

Introduction 

Even though fiber optic sensors· have matured to commercial 

applications, many ptoblems still limit their accuracy and 

utility. Two major problems are optical amplitude .and phase 

noise. To understand the effects of these noise sources we 

must consider· the design of a generic fiber optic sensor as 

shown in figure 1. An optical source, such a~ an LED or 

laser diode, is focused into a fiber optic, which transports 

light tb and from the sensor. Through the sensor, either the 

amplitude, phase, or polarization state of the light is 

controlled by the measurand. Pressure, temperature, 

acceleration, and rotation are some of the measurands which 

have been demonstrated (1). The receiver usually· contains an 

optical detector with appropriate optical devices to analyze 

the optical sensor signal. 
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Figure i. Fiber optic sensor 

Intensity sensors., where the measurand controls optical 

power, are corrupted by amplitude noise of the source and 

variations of ·fiber optic attenuation due to thermal and 

mechanical drift. These noise sources limit the accuracy to 

approximately 1% (2). 

Interferometric sensors, where the· measurand controls 

optical phase, may be affected by both amplitude and -phase 

noise. The optical phase differende between two optical 

paths, one coupled to the measurand and the other isolated 

from it, is converted to an amplitude change by optical 

mixing at either the sensor exit port or the receiver. 

These two optical paths are combined into a single path in a 

polarimetric sensor~ which senses the phase shift between 

two polari~ation modes in a fiber 6r bulk optic device. 

All of these homodyne sensors are sensitive to phase and 
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attenuation changes in the fiber optic, and to frequency 

drift and optical phase noise of the source. One method of 

reducing this noise is to introduce an optical frequency 

shift on one of the optical paths, heterodyning the sensor 

phase shift onto a high frequency carrier. This carrier 

phase is immune to fiber attenuation yariatio~s and 1/f 

noise~ And errors due to source frequency drift and phase 

noise are also reduce~ by measuring the phase before and 

after the sensor, using differential heterodyne. 

This thesis will investigate the pe.rformance of a 

differential heterodyne polarimetric sensor. The sensor 

consists of a surface acoustic wave optical frequency 

shifter, polarization preserving fiber optics, birefringent. 

stress sensor, and phase disc~i•inator. Theoretical analysis 

of the frequency shifter, fiber optics, and sensor will 

describe the effects of amplitude noise, phase noise, and 

component misalignment on measurement accuracy. Experiments 

will demonstrate stress measurement using an elastooptic (or 

photoelastic) sensor. 

Elastooptic Effect 

Both the acoustic coupling and sensor birefringence result 

from the elastooptic effect. Strain in a optical material 
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creates a deformation of the ·indicatrix, changing the 

refractive index for different light polarizations. The 

indicatrix {see for example Iizuka (3)) describes the 

refractive index of two orthogonal polarization directions 

as a function of propagation direction in an anisotropic 

material. The indicatrix is an ellipsoid of revolution 

described by equation 1. 

(1) 

The B coefficients are related to the strains and 
. . 

elastooptic coefficients by the matrix equation 2. 

1 
B11--2 

fl1 
pll P12 P13 p14 p15 p16 sxx 

1 
B22-- P21 P22 P23 P24 P2s p26 syy n; 

1 
P31 P32 P33 P34 P35 p36 szz (2) 

B33--
= 

n; P41 P42 P43 P44 P45 p46 syz 

B23 
Psi Ps2 P53 P54 Pss p56 sxz 

B31 
p61 p62 p63 p64 p65 p66 sxy 

B12 

sxx , SYY , and szz are principal strains; and syz , sxz , and sxy 

are shear strains. n1 , n2 , and n3 are the dimensions of the 

major axes of the index ellipsoid for zero strain; and Pij 

are the elastooptic or strain optic coefficients. The stress 

and stress optic coefficients ar~ r~lated to the strain and 
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strain optic coefficients~ respectively, by Young's modulus 

of the material. For an isotropic material with coordinate 
.... 

system chosen along the principal axes of the strain tensor, 

we obtain: 

S. = 0 xy 

Then equation 2 teduces to equation set 4: 

(3) 

( 4) 

And for light propagating along the z direction, the index 

ellipsoid is described by equation set 5. 

(5) 

Then the optical phase shift,¢, betw~en polarizations in 

the X and Y directions, over a ~ropagation distance z, is 

described by equation 6. 
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(6) 

The optical phase shift, due to strain induced 

birefringenqe, is proportional to the propagation distance, 

the difference between the principal strains, and the 

difference between the strain optic coefficientsj The goal 

of this thesis is to measure this phase shift by 

heterodyning the optical phase onto an electronic carrier. 

Differential Heterodyne 

The birefringent phase shift is interrogated by optical 

interferen~e of the two polarizations. If these two 

polarizations are at different optical frequencies, the 

optical fields are given by 

Ex=AxCOS (.wxt+4>x) 
Ey=AyCOS ( wyt+ct,y) 

The interference of these two fields produces an optical 

intensity proportional to the square of the sum of the 

fields. 

Since the optical detector does not respond to optical 

7 
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I• (E +E ) 2 
X y 

=A!COS2 (wxt+~x)+A:COS2 (wyt+4>y) (8) 

+A~YCOS[ (wx-wy) t+~x-~y] +A~YCOS[ (wx+wy) t+<J,x+4>y] 

frequencies, the detector current is proportional to the 

time average of the intensity. 

< I ( t) > = ~ f OT I ( t) d t 

= ~ (A!+A;) +A~yCOS [ (wx-wy) t+cl>x-cl>yl 

wx-wy < < 2
; < < wx+wy 

( 9) 

The detector current consists of a constant component and 

the hetero¢iyne interference term, at the difference 

frequency, which carries the optical phase information. This 

difference frequency may be chosen in the Mhz region to 

avoid 1/f system noise and allow measurement of high 

bandwidth measura·nds. 

The differential heterodyne measurement is illustrated in 

figure ·2. The source excites one mode in a 2 mode fiber 

optic. These modes are either polarization eigenmodes or 

spatial mod~s of the fiber. Figure 2 shows these modes as 

two electric field components, Ex and Ey. A frequency 

.shifting device transfers power between the modes with an 

accompanying frequency shift. For the case of polarization 

mode~, the two modes propagate down polarization preserving 
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Differential heterodyne polarimetric sensor 

fiber optic to the sensor. The sensor may be an optical 

element, a planar waveguide, or optical fiber. In each case 

the measurand creates birefringence in the sensor, which 

must be m~asured in the presence of birefringence drift of 

the fiber and amplitude/phase noise in the laser source. To 

reduce these error sources, the heterodyne pha~e is measured 

directly before and after the sensor; ·the phase difference 

is then primarily due to the birefringent phase shift of the 
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sensor. For a polarimetric measurement, these two heterodyne 

signals are produced by polarizers with axes at 45 degre~s 

to the eigenmodes of the fiber. Each polarizer coherently 

combines the eigenmodes to produce an interference function, 

as described previously in equation 8. Intensities 1 and 2 

are ou~puts of polarizers before and after the sensor, 

respectively. 

< I 1 ( t) > = ! (Aix+Aiy) + A1~ 1yC0S [ ( W 1x-c..> 1y) t +cj, 1x -cj, 1y] 

. 1 2 2 . . . . 

<I2 ( t)- > = 2 (A2x+A2y) +A2~ 2yC0S[ (w 2x-w 2y) t+cj) 2x-4> 2y] 
(10) 

These int~rferenc~ signals are transferred to detectors via 

two multimode fiber optics. The detector curr~nts pass 

through. electrical bandpass filters which are centered on 

the heterodyne frequency, with sufficient bandwidth to 

accommodate the measurand. The differential phase of these 

filtered signals is equal to the birefringence of the 

sensor. Since laser phase noise and stress induced 

birefringence drift, in the polarization preserving fiber· 

optics, are present in intensities 1 and 2, they are 

rejected as common mode in the differential measurement. 

(11) 

The differential phase is measured. by a phase discriminator 

consisting of two comparators, a flip-flop or multiplier, 
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and a low pass filter with banqpass equal to the bandwidth 

of the measurand. Details of this discriminator are found in 

appendix A. 

The complete fiber optic sensor system is configured with 

the laser sQurce, frequency shifter, detectors, f·ilters, and 

discriminator in one electronic module. This module connects 

to the sensor and polarizers through one polarization 

preserving (high birefringence single mode) fiber optic and 

two multimode fibers. 

Frequency Shifting Devices 

The many needs for optical frequency shifting has created 

many different approaches. Coherent communications ( 4 ). , 

heterodyning gyros (5,6), Doppler velocimeters (7), 

heterodyne interferometers (8,9}, and frequency domain 

reflectometers (10,11) all require small shifts of optical 

carrier frequency. Most frequency shifters belong to one of 

three types: direct laser modulation, serrodyne, or 

refractive index perturbing. Typically refractive index 

types employ the Doppler shift from a travelling refractive 

index wave. Serrodyne techniques· involve a linear time ramp 

of optical phase. 
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Conventional Bragg cells are most common of the refractive 

index types. A travelling index wave is created, through the 

elastooptic effect, by a bulk acoustic wave in an optical 

material. This index wave acts as a travelling Bragg 

diffraction grating, producing diffracted orders which are 

Doppler shifted from the zero order (undiffracted light). 

See Yariv (12) for a detailed theoretical de~cription. This 

technology is commercially available and capable of high 

diffraction efficiency. However, interfacing optics are 

required for coupling to fiber optics. 

The easiest method is direct current modulation of a laser 

diode (13, 14 , 15). Diode temperature and carrier density 

change with diode current. The carrier density changes the 

cavity refractive index and ohmic heating changes both the 

refractive index and laser cavity length, shifting the 

cavity resonant frequency. Thermal effects account for a 

shift of approximately 7 Ghz/mA. However, due to thermal 

inertia of the laser chip, the total shift reduces to only 

the carrier induced component (0.1 Ghz/mA) at modulation 

frequencies above 10 Mhz. This technique shows promise for 

non-polarimetric differential heterodyne interferometers 

using ramped frequency scanning and fr~nge counting; and it 

should be considered for future work. 

The serrodyne method consists of an electrooptic phase 
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shifter, in either bulk optic or waveguide configuration. 

The electrode voltage is ramped with a .sawtooth function, 

creating a ramped phase function with a constant frequency 

shift. Due to the large voltage slew rate required, the ramp 

must be broken into a sawtooth function. This method has two 

deficiencies, discontinuities in the fr~quency shift and 

optical interfacing required to separate the two 

polarizations, shift one of them, and recombine into a 

single fiber. Also the flyback of the sawtooth and 

nonlinearities of the ramp create unwanted frequency 

components. 

The need for interfacing optics is eliminated by generating 

the frequency shifted component in the fiber. 

Acoustic perturbation of polarizatidn preserving fiber optic 

creates frequency shifting by coupling polarization modes 

of the fiber. For example, Nosu et al (17) used cylindrical 

PZT resonators, spaced by the 3/4 of a beat length of the 

fiber. By driving altern~te resonators 90 deg~ees out of 

phase, a frequency shifted component will be coupled between 

polarization modes. 3% conversion efficiency was 

demonstrated at 4.675 Mhz. 

Another in-fiber method capable of higher conversion 

efficiency was demonstrated by Risk et al (18,19,20,21). 

Polarization preserving fiber is pressed against a surface 

13 



acoustic wave to acoustically couple one mode to the other 

with a Doppler frequency shift. This method was first 

demonstrated with an edge PZT transducer on a silica 

substrate. To obtain sufficient coupling efficiency, this 

small edge transducer was driven in pulsed mode at 32 watts 

peak, with 26% conversion efficiency. Continuous operation 

\!/OUld overheat the device. A la.ter version was demonstrated 

by Greenhalgh, et al, (22) using an interdigitated .finger 

pattern on a piezoeleGtric substrate. 4.1 % conver~ion 

efficiency was demonstrated with 1.9 watts continuous. This 

surface acoustic wave (SAW) device was chosen as the most 

promising candidate for the demonstration of a dif·ferential 

heterodyne sensor. 

surface Acoustic Wave Frequency Shifter 

The SAW frequency shifter is based upon acoustically induced 

mode coupling in polarization preserving fiber optic. Mode 

coupling due to periodic stress was first demonstrated by 

Youngquist et al (23). Polarization preserving f·iber optic, 

sometimes called HiBi fiber, exhibits very small coupling of 

polarization aigenmodes during propagation along the fiber. 

This is accomplished by creating a very high birefringence 

in the fiber core, through core shape asymmetry or stress. 

The beat length of the fiber is the distance over which the 
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birefringent phase shift equals 2ff·. It is related to the 

fiber core birefringence ~n by: 

Ao 
L =-

8 an (12) 

Only environmental perturbations, such as external pressure 

or bending, with sp~tial wavelengths near the beat length 

will couple these eigenmodes of the fiber. So typical 

fibers, with beat lengths below 2 nun, are very resistant to 

polarization mode coupling from environmental stresses. 

Additional birefringence~~ may be created by pressing the 

fiber between two flat plates. 

(13) 

Where SP is the force per unit length of fiber, C
0 

is the 

differential stress optic coefficient (.see equation 68), d 

is ·the fiber diamete:r;-, and n is the core refractive index. 

For silica core fiber optic, C0 = 5xl:o-13 cm2/dyne and n = 

1~46. If this stress is at 45 degrees with respect to the 

principal fiber axes, the principal polarization axes of the 

fiber are rotated by an angle~ (see Youngquist et al 

{23)) given by equation 14. 

If the fiber is periodically compressed, a fraction sin2 {28r) 
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(14) 

of polarization power in one axis will be boupled to the 

other polarization after each compression. By spacing these 

compressions at intervals of the beat length, the coupling 

will accumulate due to phase matching of the polarizations 

at the compression points. One might expect to see a Doppler 

optical frequency shift in the coupled polarization if the 

periodic stress field moves along the fiber at a constant 

velocity. A surface acoustic wave creates a periodic stress 

field, moving at the acoustic velocity of the SAW substrate. 

The frequency shift and coupling efficiency of this 

interaction are easily evaluated through the coupled mode 

equations. 

The coupled mod~ equations (Yariv (24)) describe the 

evolution· of E fields of two coupled modes. The modes may be 

spatial or polarization modes. In the case of polarization 

modes, the ~oupling of the x and y polarizatioh axes is 

dependent upon the propagation constants., ~x and ~Y' and the 

coupling coefficient a(z). Assuming that th~ stress creates 

negligible change in the propagation constants, the coupled 

mode equations are described by equation set 15. 

16 



\ 

(15) 

As shown by equations 13 and 14, the E field coupling 

coefficient is proportional to Or, ~l\,, and SP, for small ~l\,· 

So the E field coupling coefficient is proportional to the 

stress, which is proportional to the amplitude of the 

surface acoustic wave, as shown in equation 16. 

a (z) = Ae-i(w4 t-k.zl 

A= K~0 

(16) 

Ao, w1 , and k1 
are the amplitude, angular frequency and 

propagation constant, respectively, of the surface acoustic 

wave. And~- is the fiber/acoustic coupling constant which 

depends upon contact pressure, fiber design, and fiber 

orientation. The analogy between eqtiation 15 and Yariv's 

generalized form for the coupled mode equations, allows use 

of his solution for these coupled differential equations. 

For the case where all of the optical power is in they 

polarization mode at z=O, the optical electric field for the 

x polarization as a function of distance along the fiber, z, 

. 
1S 
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and the corresponding y polarization is described by 

The. optical power coupling efficiency from they 

polarization to the x polarization is 

11 = 
E; (z) 

t; ( 0) 

(18) 

(19) 

Where dk is the phase ~ismatch between the fiber 

birefringence and the propagation constant of the acoustic 

wave. 

dk = A _A ~k 
t'x t'y a (20) 

The power· coupling efficiency is maximized at the phase 

match condition dk = O. Conservation of energy allows two 

solutions for the· accompanying freqtiency shift, whose sign 
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depends on the propagation direction of the surface acoustic 

wave. Assuming they polarization to be the fast axis of the 

fiber, the following equations hold. 

copropagating 
counter-propagating 

Cua = wx-wy 
Cua = wy-wx 

(21) 

Jhe sign of the frequency shift is determined by the 

direction of the coupling, from fast to slow axis, or the 

direction of the SAW wave relative to the optical 

propagation direction. In this work the direction of the 

frequency shift is not important, because shifts in either 

direction will produce identical heterodyne signals~ 

Figure 3 shows th~ x and y polarization power vs. a 

propagation distance parameter Az/rr, for the ·case where ~k = 

2A. Without phase matching, 100% coupling never occurs. Only 

part of the total optical power is transferred back and 

forth between the two polarization modes as they propagate 

down the fiber. The eff~ct of phase mismatch is most easily 

understood by converting equation 19 into equation 22. 

(22) 
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(upper) vs. distance parameter Az/n for ~k=2A 

The peak power coupling efficiency is reduced to 12 and peak 

coupling points occur at z = (N + 1/2)1n/A, where N is an 

integer ( ;N = O, 1, 2 , ... ) . 

The ~k dependence is better demonstrated by ~nether form of 

equation 19. 

(23) 
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where SINC{X) = SIN(X)/X. The zeros of the coupling 

efficiency occur at 

(24) 

where-mis an integer. The phase matching condition places 

constraints on the acoustic wave geometry and frequency as 

shown in th~ next section on SAW devices. 

surface Acoustic Waves 

The surface acoustic wave, qr Rayleigh wave, consists of 

surface wave motions, in they and z directions, which are 

90 degrees out of phase. Here z is the propagation direction 

and y is perpendicular to the substrate surface. The 

displacemen~ of the solid only occurs within a few acoustic 

wavelengths of the suiface. Surface acoustic waves are 

generated by either edge or interdigitated t~ansducer (IDT). 

Due to its superior bulk wave suppression and higher 

efficiency, only the IDT will be considered in this work. 

Figure 4 shows the IDT surface acoustic wave device with 

both transmitting and ·receiving transducers. The 

transmitting IDT produces a surface. acou~tic wave with 
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p 

acoustic aperture W, surface amplitude A in th~ y direction, 

acoustic wavelength-~, acoustic frequency f,and velocity v1 • 

To provide phase matching, the polarization preserving fiber 

optic contacts the surface at an angle 8 with respect to the 

propagation direction z. For this configuration the phase 

matching condition is described by equation 25. 
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flk = 21t(_1:_- t case) 
LB Va 

(25) 

The acoustic frequency of the IDT is limited to· a small 

range by a resonant effect which is determined by the 

interdigitated finger number and spacing ·(see equation 30). 

So fibers with various beat lengths are phase m~tched by 

adjusting 8. Equation 23 may be rewritten in terms of the 

acoustic wave/fiber interaction length Land a which is the 

ratio of A to the value of A required for 100% coupling with 

~k = o. 

(26) 

Figure 5 shows the coupling efficiency vs. 8 for a= 1 at 
' 

the optimum acoustic frequency. Other parameters assumed are 

beat length of 1.61 mm and a surface acoustic velocity o.f 

2111 M/s for a PZT-4 piezoelectric substrate. 

The half power angular range of 2.5 degrees (FWHM) indicates 

the need for accurate angular alignment. The frequency 

dependence at optimum 8 ("figure 6) shows a half power 

bandwidth of 94 Khz {FWHM). 

A complete analysis of mode coupling efficiency must include 
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Mode coupling efficiency vs. fiber angle 8 

the frequency dependence of A
0

, the SAW amplitude. The 

electrical to acoustic frequency response of the SAW device. 

is determined by the periodicity of the IDT structure. One 

of the si~ple~t models of an IDT is the delta funttion model 

(see Datta (25), Campbell {26), and Matthe~s (27)) which 

approximates the actual voltage distribution on the 

piezoelectric substrate by a set of delta functions as shown 

in figure 7 .. 
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Mode coupling efficiency vs. acoustic frequency 

at optimum fiber angle 8 

The amplitude Ao of the acoustic wave is 

.(27) 

where Vis the voltage across the IDT, CY is the ratio of 

surface displacement to electrode voltage, ahd u is the 

response function describing the array of voltage delta 

functions, ~hich represent the array of interdigjtated 

fingers. 
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device 

Delta function model for an interdigitated SAW 

(28) 

u is imaginary because the amplitude of the wave in they 

direction is 90 degrees out of phase with the z direction. 
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The 0.8 factor corrects for the finger width, which equals 

the interfinger spacing in this case; and K is tne 

piezoelect~ic coupling constant. The factor before the 

exponential describes the finger voltages which alternate 

between +V/2 and -V/2. R~placing k1 by 2wf/v1 
and defining 

the resonant (requency f 0 = v./az, u(f) becomes 

(29) 

where NP is the nu~ber of positive fingers. Combining 

equations 27 and 29, we obtain the acoustic wave ~mplitude. 

( 3 0) 

The SAW amplitude is proportional to the number of fingers. 

But the SAW transducer bandwidth is proportional to 1/NP. 

The total coupling effic·iency,~, includes the effects of 

electronic to acoustic and acoustic to fiber mode phase 

matching. These two effects are combined in equation 26 by 

redefining a to include the frequency dependence of the 

acoustic amplitude Ao· 

ex= : SINC[NP1t(f-f0 )/f0 ] 

m 

(31) 

Where Vm is the transducer voltage required for 100% mode 
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Mode coupling efficiency vs. acoustic frequency, 

including SAW frequency response at ~k=O 

coupling with phase matching (~k = O). The experimental case 

considered here- uses an IDT with 19 fingers (NP= (N-1)/2 = 

9) and an acoustic wavelength of 1.08 mm. The SAW transducer 

bandwidth is 200 Khz. The coupling efficiency. vs. SAW 

frequency is· shown in figure 8 for this case when V = Vm. 

Notice (comparing figures 6 and 8) that the effect of 

electronic t6 acoustic phase matching only cause~ reduction 

of the secondary lobes, because the .bandwidth of the SAW is 

approximately twice that of the fiber/acoustic coupling. 
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Equivalent circuit for the interdigitated SAW 

Evaluation of the IDT in terms of acoustic power, instead of 

voltage, offers better insight into the- optimal dimensions 

for the SAW device. -Figure 9 shows the equivalent circuit 

for the electrical voltage source V and the IDT. 

The IDT is essentially a capacitor Ct plus an acoustic 

admittance G1 (f) + iB1 (f) where G1 (f) is the radiation 

conductance and B1 (f) is the radiation susceptance, which is 

the Hilbert transform of G1 (s~e Datta (25)). Power 

transfer, from the source to the SAW device, is optimized by 

use of an impedance matching reactance B0 • 
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(32) 

Since 1/G. is usually much greater than the source impedance 

~ (500), the electrical power coupled into the acoustic 

wave is 

(33) 

where~. is a function of the piezoelectric coupling 

constant K, the equivalent dielectric constant c,, and W the 

acdustic aperture of the acoustic wave (see reference 25). 

( 34) 

Then combining equatiorts 27 and 34, the acoustid wave 

amplitude Ao is related to the power and acoustic aperture. 

A; = C:K2 J..ap 
21tC8 vaW 

And for the phas~ matched case, dk = O and AL< 0.1 the 

coupling efficiency is approximately 

Defining Lin terms of the fiber interaction length Lz 

along the z direction (see figure 4) 

30 
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(37) 

the coupling efficiency becomes 

(38) 

As indicated by equation 38, power efficiency is maximized 

by choosing a substrate material with a large piezoelectric 

coupling constant K. PZT-4 (lead zirconate-titanate) has a 

very high K, K = 71% (reference 28). The coupling efficiency 

also increases as the square 9f the interaction length 4; 

but due to acoustic diffraction, the acoustic amplitude 

diminishes beyond lengths L2 
> W2/A •. The coupling efficiency 

also increases as the acoustic aperture Wand 8 approach 

zero. So the fiber/acoustic interaction region should be 

long and narrow, but within the constraints of acoustic 

diffract.ion and localized power dissipation· in the 

substrate. A wider acoustic aperture was utilized ih this 

work to accommodate a ·Wide range of fiber optic beat lengths 

and fiber angles, while s~ill maintaining moderate 

efficien~y over the entire range. 

31 



.! ,,, 

Polarization Analysis 

Figure 10 shows polarization states at different points in 
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Figure 10. Polarization axis orientations at various points 

in the optical system 

the sensor system. The x and y axes are the principal 

polarization axes of the unstressed polarization preserving 

fiber optic~ Ideally, the polarization at the fiber entrance 
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and the sensor principal stress axes are parallel to either 

x or y; 80 
and 81 are the errors in these alignments, 

respectively.~ is the angle of the final polarizer. 

The electric field vector tran~fer function of the fiber/SAW 

interaction consists of three Jones matrices: two 

polarization rotations and mode coupling. Once the fiber/SAW 

angle 8 is aligned mechanically, any residual phase mismatch 

is eliminated by fine tuning the acoustic frequency within 

the bandwidth of the IDT. So typically phase matching is 

easity obtained. Assuming ~k = O, equations 17 and 18 become 

Ex ( z) = iEy ( 0) sin.(Az) e-iPxz .... iEY ( 0) /Tl e-i~. 

E y ( z) = E y (0 ) cos ( A z) e -1 ~ yZ .... E y ( 0 ) y' 1l -1 · ( 3 g ) 

4>a = (Px-Py) Z 

where ¢1 is the fiber birefringent phase shift in the region 

of the SAW/fiber interaction. The Jones matrix form of 

equation 39 is (also see Rashleigh (29) and Risk (30)) 

M(fl,<J>,w) = 
..;-1-11· 

Contact between the fiber and SAW is maintained by a 

compressive force which causes rotation of the fiber 

33 
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principal axes as described by equation 14. The axes rotate 

by an angle 0
1 

in the compressed region and rotate back to 

the unstressed axes after the SAW interaction. The Jones 

matrix for axes rotation is 

R (0) = 
COS (8) SIN(0) 

-SIN(6) COS (0) 
( 41) 

Further coupling between the fiber polarization modes occurs 

in the portion of the fiber between the SAW and the sensor. 

Mechanical perturbations whose spatial frequencies match the 

fiber beat length. will couple these modes. Essentially this 

interaction is describe~ by the Jones matrix M(~r,¢r,O)~ 

where subscript f designates values for the statically 

stressed fiber, with no frequency shift. So the total 

fiber/SAW interaction and fiber link to the sensor is 

described by the Jones matrix equation (see figure 10) 

(42) 

where 

(43) 

-+ COS(00 ) 

Ea = SIN(6o) ~ol 
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Assuming small~ and ~,and neglecting all terms of order 02 

and smaller, the electric field amplitudes for x and y 

polarizations at the entrance to the sensor are (listing the 

most significant term first) 

E
1
x = COS2 (6a) C0S(00

) { [ (l-T1t) (l-11a)] 1 l 2 e-i(+r++.)· (44) 

+ [ 11 a ( 1 -11 t) ] 1 / 2 [ TAN ( 6 0 ) - TAN ( 6 
4 

) ] i e -l ( - "'• t ++ • •+ t) 

-(1'1t1'1a) 1/2e-i(c.,.t+•r) _ [11a (l-11t) 1/2TAN(0a) ie-i(<a>.t++r)} ~oJei«.>t 

afid they electric field component 

E1y = COS2 (6a) COS(6 0
) { [Tia (1-11t)] ~/ 2 ie-i<a>.t 

+ [T)f (·1-T)a)] 1/2 ie-i••+ [ (1-T)f) (1.,...·11al] 1/2 TAN(6a) e-i~. (45) 

+ [ ( 1 -11 f) ( 1 -11 a ) ] 1 
/ 

2 [ TAN ( 6 0 ) - TAN ( 6 a ) ] } ~ al e 1.., t 

To account for angular misalignment between the principal 

axes of the fiber and the principal stress axes of the 

sensor, both rotation~ and birefringent phase shift ¢
1

, d~e 

to the measurand, are included in the sensor Jones matrix. 

where 2s indicates vector components along the sensor 

principal axes and S(~) is the birefringent phase shift 

matrix· 
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Instead of rotatirtg back to the fiber axes, the intensity 

after the polarizer is more easily calculated in the sensor 

coordinate system, as shown in figure 11. 

y 

/j\ 

ys 

f1be, axis -. -. -------------------------------------.-. -> X 

a.\: . 
/S - XS 

Figure 11. 

polarizer 

Electric field vector diagram at sensor exit 

The light iritensity passed· by the polarizer, with 

polarization axis at angle ~,is then 

(48) 

where the electric field vector after the sensor, in the 

sensor coordinate system is 
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(49) 

Then the intensity after the polarizer in terms of E1x and E1Y 

is given by equation 50. 

I3 = fEof 2 C0S2 (68) I (Elx + TAN(6.) Ely) SIN(6p - 68) 

+e- 1
•• ( .,.TAN(68

) E1x + E1y) C0S(6P - 8
8

) 1
2 

( 50) 

of these terms will create unwanted signal components at 2w1 

and components without sensor phase dependence. These 

components can cause phase measurement errors in the 

differential heterodyne measurement. The major source of the 

2w1 
term is nonzero value of~- When both fiber polarizat.ion 

modes are excited, the resulting positive and negative 

frequency shifts are combined by the polarizer to produce 

2w
1 

terms. To first order, the ratio of 2w1 
and w1 

terms is 

equal to 

(51) 

The 2w1 t~rm was reduced to negligible levels in these 
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~xperiments by accurate adjustment of~ to zero·. 

~r is theoretically equal to the h parameter of the 

polarization preserving fiber optic~ Even though the 

measured fiber extinction ratio (1.6x10~) was greater than 

that predicted· by the specified h value (10-5 /meter over 3 

meters of fiber),~, is still sufficiently small to be 

neglected. And since the polarization axis rotation,~' 

calculated using equation 14, is only 2.2 milliradians for 

the experimental system,~ may also be neglected. If the 

error sources,~,, 80 , .and 81 , are negligible, I 3 becomes 

I3 = IEo l2 COS2 (68) (1 - Tit) [ (1 - Tia) Tia] 112 

{ COS [ 2 ( 6 e + 6 
8

) ] SIN ( w a t + 4> t + 4> a + <I> 
8

) ( 5 2 ) 

- SIN(6
8

) SIN[2 (6 8 
+ 68

) J SIN(wat + 4> 1 + <l>a)} 

where~ is the polarizer angular error fro~ the nominal 4·5 

degree orientation. The unwanted w1 component, without 

sensor phase ¢
8

, is easily eliminated by careful alignment 

of the sensor principal axes and the polarizer (8
8 

= O and (Jc 

= 0) • 
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Noise and optical coherence 

The phase measurement precision is limited by amplitude and 

phase noise. Phase measurement noise immunity depends upon 

the demodulation scheme: product demodulation, zero crossing 

measurements, or phase-locked loop. Due to the simplicity of 

flip/flop ECL circuitry, zero crossing measurements were 

demonstrated in this work. However, product demodulatiqn 

should offer greater signal to noise due to the larger 

statistical sampling of the signal waveform. 

The signals from detectors 1 and 2 (see figure 2) pass 

through two narrow :band filters, whose pass bands are 

centered at the acoustic frequency, with bandwidth 

sufficient for the measurand. Two comparators hard limit 

these sinusoids producing two square waves separated by the 

time delay of the sensor birefringent phase shift. This time 

delay is measured by product demodulation, flip/flop phase 

discriminator, or precision counter. A flip/flop 

discriminator (see appendix A), which showed 0.1 milliradian 

phase stability at 2 Mhz, was constructed. But a high 

frequency counter was shown to be more reliable for 

experiments. Since the counter and flip/flop discriminator 

both measure zero crossing delay, the noise analysis is 

identical for both cases. 
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Laser amplitude and phase noise~ detector noise, ~nd voltage 

offsets are the major contributors to system errors. The 

effects of the laser noise are included by changing equation 

7 to the following form 

nx-1 X) J 
Ca 

nrl r) ] 
Ca 

(53) 

where nx and lx are the refractive index and physical path 

length for the x polarization, and likewise for y. A(t) is 

the amplitude. of the laser diode and 6w(t) is the phase or 

frequency variation. The intensity measured by each 

detector, j~l or 2 (see figure 2), is then 

where the phase Q(t) of the heterodyne term is 

<,.) yilyjl yj 

Ca 

and where the intensities consist of a zero frequency 

component I 0 and amplitude noise I0n. 
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The signal voltage after passing through a narrowband filter 

with center ·frequency w1 is 

where~ is the product of detector responsivity and gain, 

raj arid Vaj are the laser amplitude noise and detector output 

noise, respectively, which are passed by the narrowband 

filter. V~ is the difference between the signal voltage 

offset and the comparator threshold level. Since this 

threshold is usually near zero, COS(Q(t)) may be 

approximated by Q(t) - ff/2. Then the time when the signal 

crosses the comparator threshold, at zero volts, is 

vj ( t 1 ) = 0 

t. 2-(~cl>. + 
1t RJinJ + vnj ( t) + VoJ) (58) 

= -
J (&) : J 2 Ri{Ixjiyj a 

where the birefringent phase in the channel j (sensor or 

reference detector) is 

Then the time del~y between zero crossings of the two 

signals is 
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4 t = tl - t2 

4t = _!_ (4 4> - 4 4> - _V_n2_(_t_)_-_V_n_1 _( _t _) _+_V_O 2_-_V_O_l ) 

<.,.) 1 2 f) rr-r--
a ~~~~Y 

(60) 

where we assume that the channel gains are adjusted to 

equalize the amplitudes of the heterodyne signals and 

therefore cancel the noise contributions due to the 

correlated laser amplitude noise components in each channel. 

(61) 

Assuming V01 and Vn2 to be uncorrelated gaussian random 

processes, the standard deviation of the delay time for~ 

successive measurements of ~t becomes 

[ <V 2(t)> + <V 2(t)>J1/2 
nl n2 (62) 

with static phase error due to voltage offsets 

(63) 

The mean of the squared noise voltage depends upon the power 

spectral density of the noise,P0 (w), and the transfer 

function of the natrowband filter,Hc(w). 
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(64) 

Since the noise power spectral density is flat across the 

filter bandwidth, ~Wr, we may approximate therms noise by 

P ( w1 ) ~w.. The number of measurements, Nt, equals w1 
Tm / 21T, 

where Tm is the total measurement time. Substituting these 

terms and the mode coupling efficiency,~' into equation 64 

we obtain 

0 dc = 
1 ( 21t [ Pnl ( W a) + Pn2 ( Wa) ] ~ W t)112 

R W a 3 / 2 Tm 11 ( 1 - 11 ) ( Ix + I y) 
(65) 

The time delay standard deviation may be reduced by 

decreasing the noise and filter bandwidth or by increasing 

the measurement time and acoustic frequency. However, w1 
is 

limited by the speed of the phase discriminator electronics. 

In addition to the amplitude noise, equation 55 indicates a 

source phase noise term given by equation 66 

(66) 

The phase noise in signals 1 and 2 is proportional to the 

birefringence in paths 1 and 2. For polarizatibn preserving 
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fiber, the birefringent phase accumulates at 2" per beat 

length. The resulting phase noise is negligible for most gas 

lasers due to the enormous Q of the laser cavity. But as 

demonstrated by Dandridge, et al {31) the phase noise of 

laser diodes is typically much larger thah for gas lasers. 

The wavelength noise of a Hitachi 1400 CSP laser (A= 83-0 

nm) is listed below at various frequehcies: 

Frequency (Hz) 

50 

100 

2000 

oA (nm) /VHz 

1.6 X 10-7 

1.0 X 10-7 

1.0 X 10-8 

of (KHz/VHz) 

70 

43 
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For example, at 50 Hz the phase noise equals 0.6 µrad/YHz 

per meter of optical fiber, with ·2 mm beat length. Since the 

noise level increases as 1/Vf, this noise may become 

significant at low frequencies. But the differential phase 

measurement eliminates the noise due to fiber optical path 

difference, leaving only the noise due sensor birefringence 

which is negligible. 

Another source of phase noise is temperature drift of the 

laser diode wavelength (approximately 0.23 nm/°C). This 

drift causes an enormous phase drift of 0.85 rad/°C per 

meter of fiber (2 mm beat length). The differential 

heterodyne measurement eliminates tp.e common mode phase 

drift due to the fiber optic optical path difference, 

resulting in a residual phase error of 0.028 %/°C of the 

measured sensor phase shift. Even fbr short lengths of 
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polarization pres~rving fiber, this measurement would not be 

possible without differential heterodyne. The differential 

phase measurement eli•inates the need for laser diode 

temperature control. 

One other related consideration is laser diode coherence 

length. The polarization preserving fiber accumulates 

optical path difference (OPD) between the polarization modes 

as described by 

(67) 

where lr and nr are the· total length and core refractive 

index of the fiber. ·For a 2 mm beat length, OPD accumulates 

at 0.28 mm per meter of fiber, at A= 830 nm. The analysis 

so far has assumed an interference visibility of 1.0, 

requiring a coherence length much longer than the OPD. Even 

sma·11 amounts of backreflected light, due to Fresnel 

reflections and sc~ttering, will significantly shorten the 

laser diode coherence length. Miles, et al, (32) measured 

the optical bandwidth of an 830 nm laser diode with varibus 

amounts of optical feedback. The approximate bandwidth and 

coherence length, which are related by le= c/~f, are listed 

below. 

45 



Feedback(%) 

0.2 

0.3 

1.0 

10.0 

Linewidth (Ghz) 

1 

6.0 

6.4 

11.4 

le (mm) 

300 

50 
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For 10 meters· of polarization preserving fiber, the OPD will 

be approximately 2. 5 mm, resulting in O·. 5 heterodyne 

visibiJity with 10% feedback. So for longer fiber lengths, 

either optical isolation or angled fiber ends with 

antireflection coatings are required to reduce the feedback. 

Experimental system design 

The basic concept of differential heterodyne was 

demonstrated using a HeNe gas laser with coherence length 

greater than 100 mm. This choice was supported by the 

availability of waveplates, polarizers, beamslitters, and 

polarization preserving fiber optic at the 632.8 nm 

wavelength of HeNe. The experimental optical system (see 

figure 12) consists of a 3 mW HeNe laser source, 3 meters of 

polarization preserving fiber optic (beat ·1ength - 1.61 mm), 

2 polarizers, and a thin film cube beamslitter. 
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Figure 12. Experimental system 

The fiber was chosen to have very low beat length 

temperature dependence (0.02%/oC), so as to maintain phase 

matching in the frequency shifter in spite of the 25 °C 

change in SAW substrate temperature during warmup. 
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The fiber was 3M type FS-HB-3611, with 3.3 micron mode field 

diameter, 80 micron cladding diameter, and a 1.61 mm beat 
• 

length at the 633 nm wavelength. 

After passipg through a half-wave plate, the HeNe laser beam 

is focused by a 50X microscope objective into the fiber 

optic. The fiber is supported by micrometer mounts with the 

submicron stability required to maintain alignment into the 

3 micron fiber core. Coupling efficiency into the fiber was 

34%. The polarization orientation at the fiber is adjusted 

by rotating the half wave plate while measuring the 

polarization. extinction at the fiber exit. The extinction is 

most easily maximized with a spinning pqlarizer, by 

adjusting for the largest modulation. Maximum extinction was 

1. 65x10-3 • 

The fiber is suspended, by two low stress fiber chucks, 

across the SAW device at an angle to optimize phase 

matching. The fiber buffer was stripped with methylene 

chloride to provide direct glass to ceramic contact on the 

SAW device. The output of the fiber is collimated by a lOX 

microscope objective and is split into two beams by a thin 

film beamsplitter. The thin film cube beamsplitter preserves 

the relative amplitudes of the two polarizations, adding 

only a small constant phase shift. 
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One beam passes through a polarizer to a silicon 

photodetector (UDT 455HS) to create the reference heterodyne 

signal. And the second beam passes through the optical 

stress sensor, which is stressed by a steel cylinder under 

pressure from a tank of nitrogen. This pressure was 

monitored by an electronic pressure sensor. 

Each of these two heterodyne signals pass through a positive 

f~edback active narrowband filter as described in the 

appendix B. These filters were centered at ·1. 97 Mhz, with a 

Q of 15 (133 Khz FWHM) and a gain of 60. The signals are 

monitored by an analog scope and a 100 MHz counter which is 

capable of· 0.1 nsec delay measurements with a 15 second 

integration time. 

The SAW device was created by photolithography on a PZT-4 

substrate of dimensions 50nun wide, 78mm long, and 10mm 

thick. The large thickness reduces reflections of bulk 

acoustic waves from the bottom of the substrate. The top 

surface was chemically polished to submicron roughness and 

sputtered with a 1 micron thick layer of aluminum. After 

coating with photoresist, the substrate was exposed through 

the photomask shown, in figure 13, and then etched to leave 

interdigitated finger patterns- for both the SAW transmitter 

and receiver. 
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Figure 13. 

pattern 

Photomask of the SAW interdigitated finger 

The finger pattern contains 19 fingers in the transmitter 

and 5 fingers in the receiver, a·11 with width and spacing of 

0.27 mm. The resulting 1.08 nun acoustic wavelength and 20 nun 

acoustic aperttire provides phase matching over the range of 

common beat lengths, from 1.1 mm to 2.0 nun, by adjusting the 

fiber angle. For the 1.61 beat length here, the an_gle 

between the fiber and the acoustic propagation direction is 

47.9 degrees. The fiber is supported on art optical table, 

and the SAW device is mounted on a rotating stage. The stage 

is roughly adjusted to the optimum angle (within 0.5°) and 

then any residual phase mismatch is eliminateg by tuning of 

the acoustic frequency. Acoustic ibsorbing material, 

plasticine, was placed on the ends of the substrate to 
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reduce acoustic reflections. 
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Figure 14. Structure for maintaining contact between the 

fiber optic and SAW substrate 

Due to the small surface acoustic wave amplitude, good 

contact between the fiber and SAW substrate is crucial. Also 

the fiber principal polarization axes must be oriented near 

45 ° with respect ·to the SAW plane for optimum mode 

coupling. These requirements were satisfied by the 

configuration shown in figure 14. A sheet of 50µ thick latex 

{condom) is stretthed ov~r a glass flat. The latex provides 

even pressure over the entire fiber. A 200 gm mass 

compresses the active fiber and a second short piece of 
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fiber between the glass flat and the substrate. The angle of 

the fiber principal axes is adjusted by pushing the glass 

flat with a glass rod, attached to a micrometer stage, 

thereby rolling the fibers on the substrate. With this 

system, complete tuning is accomplished in seconds. 
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Electric field mode coupling efficiency vs. SAW 

The mode coupling efficiency, was measured as a function of 

the acoustic wave amplitude as indicated by the SAW 

receiver. Figure 15 shows the coupling efficiency,~' vs. 

peak to peak SAW receiver voltage amplitude. At these low 

52 



efficiencies, the coupling efficiency is proportional to the 

acoustic amplitude, in agreement witb theory. Even though 

the coupling efficiency is only 1%, the narrowband filter 

provides excellent signal to noise because all of the 

measurand signal is in a very narrow frequency band centered 

on the acoustic frequency. 

Differential Phase Experiments 

The primary goal of this work is to demonstrate a 

differential ·heterodyne sensor using a surface acoustic wave 

mode coupler. Pressure sensing was demonstrated with two 

optical materials, fused silica and Lexan (polycarbonate). 

Blocks of these materials, with polished ends, were prepared 

in 2.54 cm lengths. The block crossections were 0.56x0.63cm 

and 0.32x0.63cm for the polycarbonate and silica, 

respectively. In each case, the sample was compressed by a 

2.22cm diameter steel cylinder, driven by compresseq 

nitrogen. An electronic pressure transducer monitored the 

cylinder force while the differential phase delay was 

measured with a counter. Using the ratio of crossectional 

areas of the blocks and the st~el cylinder, the stress in 

the blocks was determined. The internal differential stress, 

s, is related to the principal strains, Sn ands~, by 

53 



Young's modulus (modulus of elasticity), x, and Poisson's 

ratio,a. 

(68) 

Poisson's ratios· for silica and polycarbonate are 0.17 and 

0.38, respectively. 

Then, using equation 6, the differential stress optic 

coefficient, co,is 

n3 
C =-· .(p -P) 

o 21 11 12 

The birefringent phase shift in the block is 

21t(l + o)C
0 

ZS 

1 

(.69) 

( 70) 

where Z is the optical propagation distance in the stressed 

block. 

The plots of differential delay, between the two heterodyne 

signals, vs. calculated stress are shown in figures 16 and 

17. The experimental data is plotted along with a least 

squares linear fit. Both data sets sho.w good linearity as 

expe·cted. 

54 



...... ·.· ...... ·.· ...... ·.···· ..... . '''''•'I'''',•, ..... • ·- . . . . . .... · ...... · . : ...... . 
. . . . . . . . . . . . . . . . .• . . . . . . . . . . . . . 

45. Iii 
. .. . . . . . . . . . . ... . . . . . . ... . . . . . . ... . . . . . . . ....... ; ...... . 

. . .· . . . . . . . . ................... , ...... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . . . . . . ... . . . . . . ... . . . . . . . . ................ - .............. . . .· . . . . . . . . . . . . . . . . 
" 

. . ·, . . . . . 
"' 35.lil ...... ·:· ...... ·:· .· ..... ·:· ...... . . . . 

• •••••• I • • •••• ~ •••• · ••• ·: •• , •••.•• :· ••••••• ' •• · ••••• 

C 
. . . . . . . . . . . . ..., . . . . . . . . . 

...... ·: ....... ·:.• ....... :· . . . . . . . . . . . .. : ....... ~ ....... ·: ........ :· ....... ~ ...... . 
. . . . . . . . 

~ 
. . . . . . . . . . . . . . . . . . . . . . . . 

(C 
. . . . . . . . . . . . . . . . . . . . . . . . . 

..J 25.lil • • •• , •• : • • •••••• : • • • • • • • • :. • • • • • • ; • • ••••• I • • • • • • • '\ • • • , •• • .: •. • • • • •· • • : •• • • • •. • • :, • • • ~ •• ~ 

w 
A . . . . . . . . . 

• • • • • • ... • • • • • • • •• • • • • • • • • •••••• - ••••••• ! ••••••• - ............................. - ••••••• . . . . . •, . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
e I O O I I I e e . . . . . . . . . 

15.a . • . • . . ·: . • . • .•• ·: • • • • ••• : . • • • • • • • !" . • • ~ ••• ~ • • • • . • . ~ . ; • . .... ·: . . • . • . • . • :· . • . •.•• ~ • . • • ••• . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
.•.••• ·:. • • • • ·: ••••••.• :· ••••••. !" •••.••• ! ....... ~ ....... ·: ........ :· ....... ~ ...... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

5 . 0lil . . . . . . . . . . • ........ •, ......... • ....... , ............... ' ....... • .......... • ....... " ...... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
0 6. 0 10.0 14.lil 18.lil 

Figure 16. Differential heterodyne phase delay vs. stress 

for silica sensor Slement 

The differential stress optic coefficient is related to the 

slope in figures 16 and 11· by 

C= .lilt 
( 1 + a) ZT0S 

(71) 

where T0 is the period of the heterodyne signal. The 

following table lists the slopes for both experiments and 

the corresponding stress optic coefficients. 
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Figure 17. Differential heterodyne phase delay vs. stress 

for polycarbonate sensor element 

Silica 

Lexan 

bt.t/S C
0
(exp) 

( 1 o-6 ns cm:/ dyne) ( 10-13 cm2 /dyne) ( 10-13 cm
2 
/dyne) 

3.34 

135 

1.33 

45.4 

3.30 

74 

C
0

(exp) is the differential stress optic coefficient 

calculated from experiment and C0 (lit) is the coefficient 

found in the literature, see references (33) for 
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polycarbbnate and (34) for silica. Due to optical 

inhomogeneities and property variation among manufacturers, 

the agreement between C0 (exp) and C0 (lit) for polycarbonate 

is acceptable. However, silica is very well characterized 

and better agreement would be expected. After the 

experiments, a small chip was mis~ing from the edge of the 

silica element, indicating a possible misalignment between 

the compression cylinder and the silica surfaces. Therefore, 

the str~ss field inside the element was probably not 

uniform, causing a decrease in the calculated stress optic 

coefficient. The nonuniform stress field still shows good 

linearity between heterodyne delay and stress, as expected. 

The pressure cell was replaced by a quarter wave plate 

(A=632.8 nm) to verify the absolute birefringent phase 

accuracy. The results are shown below. 

Quarter Wave Plate (0.25A) 

T0 (ns) ~t (ni) phase shift 

540 132 +-4 0.244 +- .007 

The measured delay of 132 ns,. instead of 135 ns for quarter 

wave, is within the specified accuracy of 0.01 A for the 

waveplate. 

Another experiment was performed to demonstrate that th~ 

heterodyne signal does not depend upon optical spatial 

coherence after the polarizers. The reference and sensor 
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beams were focussed into multimode fiber optics, which were 

each coupled to a silicon detector. Since the heterodyne 

signals were preserved through the multimode fiber optics, 

the complete configuration, including the loss of spatial 

coherence in the multimode fibers, was demonstrated. 

conclusion 

A differential heterodyne polarimetric sensor, using a 

surface acoustic wave frequency shifter and HeNe laser, was 

demonstrated~ Stress induced birefringence, in silica and 

polycarbonate, and a mica waVepl~te were measured to 

demonstrate the measurement of birefringent phase delay. 

Analysis of a diode laser based sensor predicts equivalent 

performance, without the need for laser diode temperature 

control. Also coherence length and laser phase noise should 

not be a problem in laser .diode systems, for fiber lengths 

less than 20 meters. 
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