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1.0 PROGRESS AND TECHNICAL REPORT SUMMARY

The objective of this program is to perform fundamental
studies on SAW resonators leading to: 1) improved bias stability
characteristics for acceleration sensors, and 2) a fabrication
method for hammer-~-head cantilever beams in quartz. The end goal
is to develop small, low-cost and moderately accurate
accelerometers for tactical guidance systems,

During the second year, progress has been made in several
areas which are discussed in this report. A computerized
measurement system was designed using an automatic frequency
counter, a programmable environmental chamber, and a scanner data ‘
acquisition system. Software was designed to control temperature
and read the frequency of oscillators simultaneously.

Methods of fabricating dual-resonator crystals with low
absolute and differential aging characteristics have been
developed. Also, hybrid oscillator circuitry has been studied
and preliminary results using dual-resonator sensing crystals
showed excellent stability, typically less than 1 x 10710 for 1
second average times, Tests have also been performed on
integrated noise levels for simulated guidance system mission
times of up to 20 minutes, Error rates less than 50 meters per
hour in position of accuracy have been achieved.l These data ; ),

indicate that SAW accelerometers are considerably better than
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existing moderately accurate sensors which commonly have error

rates of 1 nautical mile (equivalent to 1852 meters) per hour.
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2.0 TECHNICAL PROBLEM

There is a constant need for less costly accelerometers,
especially for applications such as cruise missiles and tactical
missiles, for which large numbers of accelerometers are required.
Many technological approaches have been proposed for meeting this
need. These include vibrating string,2 1aser,3 piezoresistive,4
piezoelectric,5 and acoustic accelerometers.6'7 All of these
approaches use a "proof mass"™ which is connected to the host
vehicle by means of a stress sensor. The stress sensor measures
the force applied to the proof mass, which is proportional to the
sensed acceleration of the host vehicle. These are "open loop”
sensors, because the force is not applied by a precision servo
loop, as in the case of the gyroscopic and pendulous
accelerometers.,

Planar cantilever devices show promise for meeting these
needs with an open-loop accelerometer without bearings or points
of wear, By using established planar fabrication techniques, it
is possible to make an integrated circuit containing strain-
sensitive elements on a substrate which acts as a clamped plate
or beam., Acceleration forces on this device will cause surface
strains that are sensed and processed by the electronic circuit.
This type of accelerometer can potentially be inexpensive, It
uses little power and can be made small and reliable.

Ideally, the acceleration sensor should be able to operate

over the full operational range of ambient temperatures without
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temperature control. Depending upon the systems application,
this temperature range can be as great as 179°C, for Class IV
avionics,® or as small as 109°C, for Class I avionics.
Conventional accelerometers are not likely to perform as well as
cantilever devices over such large temperature variations,
because their design depends upon different properties of
different materials, and these are difficult to maintain in the
proper relationship over large variations in temperature, For
example, floated devices depend upon the bouyancy and viscosity
of fluids, and it is unlikely that they can be adequately matched
over a large range of temperatures., Similarly, the designs of

electromagnetic and drag-cup devices depend upon the mechanical

e t—— s,

and magnetic properties of magnetic and non-magnetic materials,
and it is also unlikely that these properties can be adequately
matched over large temperature ranges. Also, the thermal
expansion of dissimilar materials causes stresses or strains that |
lead to mechanical instability in clamped assemblies with
repeated temperature cycling.
The surface acoustic wave (SAW) resonator is a strain-to-
frequency converter, It consists of an interdigital transducer
between reflective gratings on a piezoelectric (guartz)
. substrate., A signal applied to the transducer launches Rayleigh-
mode waves along the surface of the substrate, which are ,

. coherently reflected by the gratings. A feedback electronic

[STURPL I

circuit maintains the cavity in resonance. This uses a single dc
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voltage source for power, and generates an output signal at the
resonator frequency. An additional buffer amplifier may be
required for signal level shifting to compatible logic levels,

Longitudinal strain applied to the resonator cavity will
cause a proportional change in its resonant frequency.5'7 This
provides a bit rate frequency output which is proportional to
strain input., This relationship forms the basis of the simplest
SAW accelerometer. This accelerometer is a simple cantilever-
beam configuration., Acceleration applied at the clamped end is
transmitted to the proof mass at the free end through bending
stress. The resulting surface strain along the SAW resonator
causes a frequency shift which is proportional to the applied
acceleration,

The objective of this program is to perform fundamental
studies on SAW resonator processing methods that yield stability
characteristics which successfully meet the bias stability
requirements of inertial navigation accelerometers. The
technical problems involved are SAW resonator fabrication
methodology, absolute and differential aging measurements, design
and characterization of high frequency sensor circuitry which is
hybridized in a single package and common mode noise rejection

including temperature effects.
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3.0 TECHNICAL RESULTS

During the second year of this program, the specific
technical tasks were:

l, To design and construct hybrid rf circuitry for
prototype SAW accelerometers. The circuitry must be low in cost
and power, and provide long-term stability. The technical
problem was to operate two oscillators from a single crystal in a
single package without experiencing lock-up of the oscillators to
a common frequency.

2. To develop a chemical etch for etching single crystal
quartz into arbitrary shaped cantilever beams. This was needed
for etching the hammer-head cantilever beam.

3. To determine the inertial errors of prototype SAW dual
acceleration sensors in terms of the integrated velocity and
displacement errors. Tests were performed on integrated noise
levels for simulated guidance system mission times of up to 20
minutes. Error rates less than 50 meters/hour in position
accuracy were achieved.,!] These data indicated that SAW
accelerometers were considerably better than existing moderately
accurate sensors which commonly had error rates of 1 nautical

mile (equivalent to 1852 meters) per hour.

3.1 Temperature Tracking of Dual SAW Resonators
Studies of the temperature tracking of dual SAW resonator

crystals were made and showed that the cycling of temperature

‘l‘ Rockwell International
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over a suitable range was required while simultaneously
monitoring bias stability or the difference frequency of SAW
sensors.,

A computerized measurement system was designed using an
automatic frequency counter, a programmable environmental
chamber, and a scanner data acquisition system., Software was
designed to control temperature and read the frequency of
oscillators smultaneously. Shown in Fig. 1 were test results for
two SAW oscillators configured around a sensor crystal. The
’ results were plotted during data acquisition as histograms. The
¢ top two traces showed oscillator frequency and the bottom trace
showed temperature in the environmental chamber. The chamber was
programmed to increase temperature 2 degrees per minute until
80°C is reached. The temperature was held for 15 minutes and
then reduced at -2 degrees per minute until 25°C was reached.
The cycle was then repeated if desired.

After the test had been run and the data collected, new

plots were made showing frequency versus temperature, given in
Fig. 2, as well as frequency difference (bias stability) versus
temperature as shown in Fig. 3. The technical goal was to show
little or no bias stability shift vs., temperature. The results
of Fig., 3 indicated a difference in turning point which in turn
caused a non-zero bias instability with temperature. Numerous
tests of this kind have been made. As a result of our extensive

studies, the major source of bias instability with temperature
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was due to non-uniform metalization thickness in the resonator
electrodes.
Tighter control in the metal deposition in the later

experiments showed an improved bias stability with temperature.

3.2 ZIemperature Compensation

Methods of temperature compensating SAW oscillator-sensors
were investigated., Design studies indicated temperature
compensation circuitry configqured as shown in Fig. 4 could
maintain the sensor frequencies provided a phase shift could be
introduced which was opposite to that of the surface wave
crystal, in this case a parabolic temperature characteristic.
Several circuits were designed using varactor diode phase
shifting networks.

To test the design feasibility, experimental temperature
compensated oscillators were built, Surface wave two-pole
crystal filters were used as feedback elements in order to extend
the temperature range over which the oscillators could be
compensated, Prototype crystals operating nominally at 198 MHz
were fabricated and placed in oscillator feedback circuits which
contained parabolic phase shifting networks.

Frequency vs. temperature for a test circuit over the range
0° to 100°C is shown in Fig. 5. Multiple scans are shown
indicating hysteresis which was due to unsealed crystal units in
these prototype circuits, Nevertheless temperature compensation

is evident and the frequencies were held to within 135 ppm as

10
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shown by the dashed limits. A sharp drop in frequency with
increasing temperature at 45-50°C was due to a higher-order
resonator transverse mode in the SAW two-pole crystal phase
slope, Improvements in the crystal design to eliminate
transverse modes and proper sealing of the crystals to eliminate
hysteresis is expected to result in compensation of +10 ppm over

the temperature range -30° to 100°C.

3.3 Beams of Chemical-Etched Quartz
A specific task of this project was to develop methods of
machining single crystal quartz into beams for sensing
acceleration. Four approaches were investigated: 1) cavitron
machining; 2) sandblasting; 3) laser machining; and 4) chemical
etching.
5' Cavitron machining and sandblasting were not able to
‘ maintain beam geometries and were abandoned after early

experimentation. Laser machining was limited by heat dissipation

which caused crazing and cracking of the guartz, 1In addition,
the process was slow and not easily reproducible. Chemical
etching offered the most reproducible results, however certain
factors were found critical in terms of pattern replication., It
was found that the surface finish of the polished quartz was
important since an anisotropic etch was unavoidable on single
crystal quartz wafers and the adherence of the gold film which

served as the etch mask were critical to achieving good beams.

‘l Rockwell International
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In this process, quartz wafers which were polished on both sides
were coated with chrome-gold films, The chrome-gold was
patterned into cantilever beam geometries using a double-sided
alignment technique. After the gold had been etched, the quartz

etching was performed with the gold acting as an etch mask.

Shown in the photograph of Fig. 6 are quartz accelerometer

beams after etching. In this case, five beams are etched into a

1" x 1" x 0.010" quartz wafer, Each beam is in the shape of a
hammer~head where the head of the beam acts as a proof-mass. The

o beams are connected by small un-etched bridge sections and a
Yoo simple break of the connecting bridges separates the beams,
: After separation the beams are ready for processing of SAW
resonator patterns on top and bottom surfaces of the beam., Also
shown in Fig. 6 is a single beam mounted on a 16-pin dqual in-line
hermetic package using a teflon clamp fixture, Ceramic hoards
containing the hybrid oscillator circuitry (not shown in Fig. 6)
are mounted on edge along both sides of the beam, After
connecting the SAW resonators (on the beams) to the hybrid
circuits, the entire package is sealed under vacuum using a

resistance welding sealer,

14
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Figure 6--Photograph of 5 Hammer-Head Cantilever Beams
and Teflon Clamp for Mounting the Cantilever Beams
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4.0 FUTURE PLANS

The future plan is to propose a two-year program of
analysis, testing and evaluation of temperature compensated SAW
accelerometer., The initial testing will evaluate the mismatch of
thermal sensitivities between pairs of resonator cavities, The
supporting analysis will determine the error mechanisms which
cause such mismatch, and identify the changes in design or
fabrication methods which would improve the temperature
compensation capability. The analysis and testing of fast
reaction performance will determine the transient effects from
rapid temperature changes, and casual mechanisms. This
information will be utilized to optimize sensor designs that
minimize the sensor reaction time requirements.

The following task is an assessment of the potential for
fast reaction capability in SAW accelerometers, and an indication
of the important design features which most strongly influence

this performance.

Task 1. Design, Fabricate, and Test Heaterless Sensors

The purpose of this task is to assess the feasibility of
operating SAW accelerometers over a wide ambient temperature
range (~55° to +71°C) without active temperature control. This
task is concerned with the static sensitivities. The dynamic
effects due to rapid temperature changes are considered in Task

2.

16
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Iask 1-1 Perform Degign Analysis

The known temperature and strain sensitivities of SAW
resonators will be used for determining the annealing and bonding
requirements for achieving moderate performance requirements with
paired resonators. This analysis will include the linear and
quadratic effects in estimating the allowable mismatch of the
"zero-sensitivity" temperature for heaterless operation over a
wide temperature range. These results will be used for

interpretation of the test data.

Task 1-2 Fabricate Heaterless SAW Resonator Pairs

Pairs of SAW resonators will be fabricated, mounted and
packaged in hermetically sealed containers, The fabrication,
mounting or packaging methods may be varied to evaluate different

approaches, depending upon the results of analyses,

ITagk 1-3 Pperform Temperature Sensitivity Testg

The objective of this test is to evaluate the mismatch of
the SAW resonator central frequencies over a wide temperature
range. We wish to uncouple these results from temperature
sensitivities of the test electronics. Therefore, the test
electronics will be outside the temperature-controlled chamber.
The frequency response characteristics of the resonator cavities
near the resonance peaks will be probed at several steady-state

temperatures, in order to establish the mismatch characteristics

versus temperature,
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Task 2, Evaluate Thermal Transient Responsge

The purpose of this task is to determine the expected
response of SAW accelerometers to thermal transients. These

results are needed for establishing the feasibility of heaterless

sensors in a fluctuating thermal environment, and for determining

temperature control capabilities.

Task 3., Fabricate and Test Resopnators with Heaters

SAW resonators will be fabricated with resistive heaters

'printed on the backside of the substrate. These devices will be

evaluated by using the heaters to bring the substrate to ambient
temperature from lower temperatures. The objective is to
evaluate the fast reaction capability, without becoming deeply
involved in the control aspects of the problem. A fixed heat

load will be applied, and the transient response will be used as

a means of determining the required stabilization time,

o
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5.0 PUBLICATIONS AND PRESENTATIONS

A technical paper entitled "Inertial Guidance and Underwater
Sound Detection Using SAW Sensors,”™ was presented at the 36th
Annual Symposium on Frequency Conrol held in Philadelphia on June
2-4, 1982, 1In this paper, the use of SAW sensors for inertial
guidance and underwater were examined. As an accelerometer, the
SAW sensor provides high accuracy, a large dynamic range (105),
and a digital output without using analog to digital conversion.
Using relatively simple digital processing techniques, the
accelerometer output can provide inertial information such as
velocity and displacement. For the purpose of clarity and more
detailed information, a pre-print of this paper is included as an

appendix of this report.

19
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INERTIAL GUIDANCE AND UNDERWATER SOUND DETECTION USING SAW SENSORS*

E.J. Staples, J. Wise and A.P. Andrevs

Rockvell International Microelectronics Research and Development Center
1049 Camino Dos Rios
Thousand Oaks, California 91360

Sunmary

This paper examipes the use of SAW sensors for
inertial guidance and underwvater sound detection.
In the detection of underwater sound, dynamic
rather than static loading of the SAW crystal
takes place resulting in information carrying
sidebands in the SAW oscillator spectrum. Studies
have shown that the sensitivity of prototype sen-
sors in terms of signal-to-noise is st least equal
to that of conventional hydrophones.

As an accelerometer, the SAW sensor Erovldet
high accuracy, & large dynamic range (10°), aad s
digital output without using analog-to-digital
conversion. Using relstively simple digital
processing techniques, the accelerometer output
can provide inertial ioformation such as velocity
and displacement. Studies of the integrated error
rates for SAW accelerometers have shown that they
can consistently provide error rates less than a
nautical mile per hour. The SAW oscillator seasor
is a promising candidate for high performance,
moderate cost seasor applications.

Introduction

The spplication of SAW sensors to underwvater
sound detection and inertial guidance is described
in this paper. Several previous pnpers“’ have
descridbed the performance of SAW crystal oscil-
lators wvhen used to detect stress or strain as
experienced in sensing the pressure spplied to s
quartz crystal. In the detection of underwater
sound the pressure is dynamic rather than static
snd this results in information carrying sidebands
in the SAW oscillstor output spectrum. Studies®
have shown thst the sensitivicy of SAW sensors is
at least equal to conventional hydrophones with
respect to signal-to-noise ratios in the low sudio
spectrum (0-1000 Hz).

Another useful aspplication of SAW sensors is
the detection of sccelerstion. In this applica-
tion the SAW crystal has the sdvantage that it can
be tatlored to any shape without affecting the

*Work supported by Defense Advance Research
Projects Agency and the Naval Air Development
Center.
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resonant frequency of the resonators because the
SAW frequency is independent of the bulk crystal
shape. Likevise the attachment of the proof mass
for fixing the scale factor of the sensor does not
affect the resonant frequency of the sensor
crystal.

SAW sccelerometer sensors can also provide
{nertial {nformation. This 1s accomplished by
integrating the sensor output twice, once to
generate velocity information, and & second time
to generate displacement information. Because the
SAW seunsor output is a frequency proportionsl to
acceleration, it can easily interface with digital
processors without using A-to-D conversion cir-
cuitry.

SAW Sensor Fabrication

SAW resonators were photolithographically pro-
duced on polished ST-cut quartz blanks the size of
vhich had been determined by the particular appli-
cation. For undervater sound sensors the blanks
were disks 0.020 = 0.550 t{n. in diameter and for
accelerometers, bars 0.010 x 0.200 x 1.050 tn.
vwere used. The resonator electrode pattern con-
sisted of two reflective gratings symmetrically
placed on either side of a 40 finger-palr, cosine
veighted interdigital transducer. The reflective
gratings were fabricated using a reactive ioa etch
technique in a freon plasma.

SAW sensor crystals for undervater sound
detection operated at a frequency of 62 MHz, had a
Q of nominally 25,000 and a series resistance of
30 ohms. SAW asccelerometer sensor crystals
operated at a frequency of 400 Mz, nominally had
a Q of 15,000 and a series resistance of 50 ohms.
Oscillator circuitry was fabricated using all
hybrid chip components.® Because s single-
port/single-pole resonator crystal design wvas
used, oscillator circuitry typically required only
a one transistor amplifier with nominally 3 dB of
gain. This resulted in a minimum number of
components, high stability, and low cost.

Static Loading Characteriscics

SAW crystals operate as sensors by converting
an applied strain to a frequency deviation.
Application of strain by loading the crystal
mechanically results in a static frequency change
vhich 13 & function of the geometry of the loading
fizture and the direction of spplied force with
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respect to the crystal axes. A test fixture to
measure the stress sensitivity sbout amy sxis of &
SAV resonator vas fabricated and used to msasure
frequency deviation v loading characteristics.
Three types of losding, depicted in Fig. 1, were
performed, (a) cantilever bending, (b) simple
tension and (c) unifore diaphras losding. The
results are shovn i{n Table I as coefficients
obtained from least-squares fitting esperimental
data. Bending the Y -axis of a SAW crystal
produces a positive frequency shift as opposed to
& negative frequency shift for bending about the
X-axis. Both effects occur during unifors dia-
phram loading.

Table 1

Test Measured Result

1. Cantilever, x-axis

2. X-axis tension

3. Cantilever, Y'-axis

4. Y’-axis tension

5. Pressure Disphragm
(compression)

=112 Hz/gras
=14.8 Hz/gran
+34.9 Bz/gran
+ 0.3 Bz/gran
+13.4 Ez/mm Hg

(a)

Fig. 1 Static loads applied to SAV sensor
crystals; (a) cantilever dending,
(b) tension, and (c) uniformly loaded
disphrags.

Bias Stability

Because SAV sensors operate by converting
applied strain to frequency, frequency stability
becomes equivalent to vhat is commonly termed bias
stadbility. Bias stability, together with the full
scale frequency devistion, datermines the noise
floor and dynsmic range. TVrequency stability 4a
SAW oscillators can be expressed as s fractiocnsl
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frequency distribution vs observstion tise (Allen
variance) or as s spectral distributica (phase
soise) a9 s function of frequeancy offset from the
carrier. Previous studies’ on many types of SAW
oscillator erystals have shown that the best sta-
b1lity 1s achieved by high Q SAW resonators as
opposed to SAV delay line controlled ocscillators
vhich have lower Q than resonstors. Typically
these oscillators have an Allan variasnce of 1 »
10710 over mesasuresent times 0.0l to 10 sec.
Alternatively, ihe phase noise for a 400 Mz
resonator controlled SAW oscillator 4s -70 d8/Hz
at 10 Hz from the carrier and less than =120 dB/Hz
at 1000 Hz from the carrier. For & SAV seasor
with 8 full scale frequency deviation of 200 ppm,
and a notse floor of 1 x 10710, the fnstantanecus
dynsaic range ts 2 = 106,

Io SAW sensors, bias stability is predomi-
nately controlled by long tersm aging and temper-
ature stability. In practically all SAV seusor
designs dual resonator crystals are used. The
sensor output 1s the difference frequency of the
twvo SAW oscillators which {s invariant to aging
and temperature to first order. Shown in Fig. 2
19 the long term aging of two SAW resonators fab-
ricated as a dusl crystal. Shown in Fig. 3 1s the
differential aging of the tvo resonators. 2%
though the absolute aging amounts to several ,: ,
the differential aging is practicslly zero because
the two resonators age together with time. In
order to achieve good i 8¢ teram bius s*adility in
SAW sensors,? crystal puocassing awt packaging
sust be closely coaireiled.
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Pig. 2 Long term aging (absolute) of two SAW
resonators fabricated as a dual
resonator sensor crystal.
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Pig. 3 Differential aging for dual resonator
sensing crystal shoving long term dias
stabilicy.
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Sensor bias instability due to temsperature csa
also be reduced by using dual resonator crystals.
In the sensor descrided in this paper duasl resons-
tors fabricated on the same quartz substrate were
used to cootrol two oscillator circuits. To first
order any temperature variations inf{luenced both
oscillators identically making the difference fre-
quency invariant to temperature. Shown in Fig. 4
are histograms obtained when the temperature vas
varied at a coustaut rate from 23°C to 835°C.
Because the frequency scale is in ppm both oscil-
lators start out equal at 0 ppa, hovever, as the
temperature rises the frequency change is not
equal. The primary cause of this bias instabilicy
wvas found to be varistions ia the metallization
thickness of the resonators. This io turm caused
the resonators to have slightly different para-
bolic turning points. The sanme data plotted as @
differential frequency is shown in Fig. 5 and
shows the biss stability to be linear over the
60'C range. These results shov that to cospensate
against temperature perfectly, closely matched
pairs of resonators must be fabricated.
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Fig. 4 Histograas shoving (a) dusl crystal
oscillator frequencies and (b) temper~
ature as 8 function of time.

Dndervater $ound Detectiop

A prototype undervater sound wave detector vas
constructed using & cantilever bemm SAW sensor.
LZach hydrophone contained two independent crystsl
oscillators and difference fraquencies of 10 kiis
and 125 kHz were used. Sound es in the vat
vere traassitted from s thia sensing diaphram to
the SAV crystal by msans of a steel shaft end the
sensing crystsl vas mounted as s cantilever besa
with the bending axis perpendiculsar to the sag-
gital plane.
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rig. 5 Differential frequency stability or biss
stability as a fun:tion of temperatyre,
25°C to 85°C.

Prequency sodulation of the SAW oscillator
produces an instantaceous frequency which is
proportional to the modulating signal at fre-
quency, &

"t(t) - + Aw cos (u-t)

vhere 8w 1s the amplitude of the frequency
devistion. Since the instantaneous frequency is
defined to be the derivative of the phase, the
output wvaveform will be given by,

Aw
vo(:) » A, cos [ﬂct + w sin u.t] .
The peak frequency deviation Aw is independent of
W wvhile the peak phase deviation, 28 e Au/%. is
inversely proportional to the modulation fre-
quency. 48 is commonly referred to as the modula-
tion index. -

The amplitude of the ™ sidebands relative to
the carrier can are represented by a Bessel func-
tion expansion of the signal waveform

Vo (t) = Ae

Jn(AO) cos (me + nw-)t .

SAVW hydrophones were fabricated and tested by com-
pering with a calidrated Naval G-19 hydrophone
vhich had s sensitivity of =-205.5 dB re 1 V/uPa.
In these tests the frequency spectrum or sidebands
of the SAW oscillator were measured under differ-
ing conditions of irradiatfon by ultrasound in &
water column.

An example of the data taken is shown in
Fig. 6 and consists of two epectrum plots. Figure
6s 19 & baseband spectrum of the calidrated Navy
hydrophone indicating the presence of a 100 Nz
tone with en intensity level of ~68.873 daV (7
pascals). The corresponding SAVW hydrophons output
spectrum {s shown in Pig. 6b. The SAW sensor IF
was set to 10 kfiz and the spectrum analysis
perforamed sbout this frequency as shown.
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Fig. 6 SAW hydrophone output (a) compared with
conventional baseband hydrophone response
(d).

; Sideband signal levels were measured st dif-
| ferent frequencies by holding the iotensity fixzed
st & level of 2 pascals. The frequency range
covered vas SO to 1000 Mz. The ratio of sidedband-
to-carrier signal level at esach modulating fre-
quency provided a seasurs of the modulation {ndex
. at that particular frequency. Frequency deviation
vas obtained by multiplying the modulation iandex
; by the sodulsting frequency. A plot of experi-
sental {requency deviation vs sodulating frequency
1{s shown in Fig. 7 and s pesk in the deviation
occurs at approximately 500 Hz dus to the mechsn=
icsl resonance of the disphras post linkage and
the sensor mounting structure. The observed
frequency deviacion is consistent with the device
geometry and static cantilever loading.

In order to compare the sensitivity of SAW
hydrophones to conventional (baseband) hydrophones
the signsl-to-noise rat{c s s function of modula-
tion frequency vas messured uader g 1 pascel irre-
distion. The results are listed 12 Table 1I. The
SA ssusor S/M reached ¢ high of 60 @B for low
modulation frequencies and decase equal to thet of
the calibrated phome st spproxisstely 1000 Ns. At
lov moduletion frequencies, ¢ 300 Nz, the SAW
hydrophons 1o coupareble to o Dasadend hydrophone
with 8 sensitivity of ~100 & 9 ) V/sPs. The
hMgh sensitivity 1s & resuit of low phase moise tn
the SAV escillater and facressing sodulation tadex
ot lov seduletion frequancies.
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Fig. 7 Experimentally measured frequency devia-
tion vs wodulatisn frecquency.

Table 11

Modulation Sideband Modulation Frequency
Frequency To Carrier Iudex Deviation

(4z) (ap) (8z)

50 =25.3 0.1089 5.45

100 =39.0 0.0224 2.24

200 -46.0 0.0100 2.00

300 -44.0 0.0125 3.75

400 «45.0 0.0112 4.48

$00 ~37.% 0.0267 13.35

600 =41.1 0.0175 10.50

700 =50.3 0.0061 4.27

800 -58.2 0.0025 2.00

900 -61.1 0.00175 - 1.57

1000 -63.8 0.00129 1.2¢

SAW Accelerometer - Inertisl Guidance

Acceleroueters sre an important sensing ele-
ment in many guidance systems. Modern signal pro-
cessing methods dictate that the sensor be capadle
of interfacing with digital circuitry such as
microprocessors. The SAW sensor owtput frequescy
is inherently & digital bit streas. The dual
crystal SAW sensor provides a lov frequency output
with good bias stability. Digital {nterfacing fa
this cass can be implesented with a high degres of
accuracy using simple counting circuitry. Por
exsaple, & 60 kHz SAW sensor output tone can de
messured with 16 dit precision using two siaple 8
bit counter chips 1n series.

A dual crystal SAW accelerometer vas built and

tested using quartz cantilever besws and SAR res-
onators operating at 400 Miz. One end was rigidly
clamped and the other free with a proof mass
attached. The proof mass was varied to achieve
the full scale output sensitivity of 20 ppm/g.
Rach resonator of the dual resonator crystal was
used to comtrol the fraquency of ocecillator cir-
cuitry with asple shielding to prevent lock-up of
the oscillators to a common frequancy. The out~
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puts were then mixed and the differeance frequency Conclusions
input to an HP 5343 counter whose output vas dig-
itally processed using an WP9325 calculator. An experimental SAW undervater sound seasor
vas coustructed and evaluated in terus of static
In SAW acceleromster system applications the and dynamic loading. The results of static load-
ability to use signal processing techniques with- ing {ndicstes that mounting of the crystsl s
out resort to A-to-D conversion is unique. PFor {sportant in order to schieve maximum sensitivity
SAV accelerometer crystals operating at 400 WHz to spplied loading. A SAW oscillstor-sensor vas
with & 20 ppa/g sensitivity, the digital output configured as s hydrophone and compared in s vater
\ quantizstion is spproximately 0.004 fps/bit. The tank with & calibrated hydrophone. The SAW sensor
3 scceleration expressed as a function of frequency was found to be comparable in sensitivity to con-
i deviation 19 ventional hydrophones over the frequency range O-
! 1000 Hz. The frequency deviation in a SAW sensor
A=K+ A¥(t) is constant and this csuses sn increase in the
. signal-to-noise ratio as the modulation frequency
vhere the scale factor K = 2.6 x 10”3 meter/Hz decresses. As s hydrophone, the SAW sensor is
sec?. Digitally integrating the difference well suited vhen the frequencies of interest are
frequency ylelds velocity information, in the low sudio range.

SAW sensors were also tested as sccelerometers
V(t) = K [ aF(t)dt . for {onertia] guidance. Tests vere performed on
integrated noise levels for simulated guidance
maission times. Por times up to 1 hour, cumulative

Perforuing a second integration reduces the data displaceaent error rates less than 20 meters/hour
to the required displacement or inertial informa- were achieved. This data is to be compared with
tion, typical error rates for moderately accurate sccel-

erometers of ! nautical mile per hour or 1851

meters per hour.
X(t) oKk [[ aF(t)de .

b These results are encouraging and future
: studies will no doubt improve on the performance
i Shown in Fig. 8 is the actual count output of already demonstrated.
p : 8 SAW accelercmeter vhen measured with a 1 sec

i gate time. The difference frequency was 60 kHz References
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