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SUMMARY

"L‘This paper reviews the advances that have taken place in strapdown sensor technology
since 1978. It is intended as an update to the paper on Strapdown Sensors presented as part
of AGARD Lecture Series 95 in 1978 &TTTJLPrincipal areas addressed in strapdown gyro
technology are the state-of-the-art in mainstream floated rate-integrating and tnned-rotor
strapdown gyros, performance advances in laser gyros, special design considerations
agsociated with mechanically dithered laser gyros, the state-of-the-art in magnetic mirror
and multiosciliator laser gyros, present and prcjected application areas Ior laser gyros
related to size, performance and cost, the theory of operation and state-of-the-art in
fiber-optic rate sensor techunology, and the Jundameatal distiuctions betwsen the laser gyro
and fiber-optic reate sensor. Basic areas addressed in strapdown accelerometer technology
a:e performance adwancas in pendulous accelecometers, and the theoxy of operation and

.atate-of-tha—ar; ia wvibrating beam acgeleromater technolagy.

X -

1. INTRODUCTION

The sctate-of-the-art in atrapdown senasor tachnolegy hag advanced conalderably since
1978, particulary in the higher accuracy performante catagories. Ring laser gyros designed
by sevaral manufacturing groups have demonstrated thaeir ability to meet the requivements tor
1 nmph inertizl navigation. Laser gyros are now in cperational use on several msjor
alrcraft programs, and have demonstrated rmlisbilitiee in the field that are exceeding user
goals. Advanced development programs have been initiated ty extend the performance
capabilities of the ring laser gyro into the claso needed for 0.1 nmph navigation.

Convantional floating rate-integrating and tuned-rotor gyro technology has been
increaoingly applied io the moderate to low periormance strapdown areas. Thess instruments
continue to provide a gookl alternative to the cing lasar gyro in applications requiring
inall size and low cost, whars lower porformance le dceeptabie. A now optichal rate sensol
technology based on tha uyse of fiber~opuics hae emerged over the past few years as a lower
cost/reduced performance alternative to the ring laser gyro. Simultancously, wring laser

gyro dovelopment activities have been directed at coat and size reduciion to extend ite
applicability range into the woderate pecrformance arvas.

Strapdown accelaromater technology continues to be principally based on the pendulous
elentrically servoed accalernmeter design approach. Design refinomsnts since 1978 have
upgraded thae performuce of thic instrument and somewhat reduced its cost. It continves to
ramain compatible in cost and performance with requiremonts in moet etrapdcown spplication
areas (in proportion to the coet of the yyro and computing clements that are aleo contained
in & strapdown system). To maet cost targets for the future, a vibrating beam accelerometer
technolegy Ls being developed as a lower cost altexnative to the penduious acceleromster.

Thiw peper reviowa each of the instruments dlscussed above, with emphasias on the per-
formance Capabilites, provlem areas, and applications where they have been uvéeed ot plafined
for uee since 1978, ¥Por each instrument, a brief diacuseicn is also included which
describus Ats principal of operstion. Analytical descriptions and dutailed design conside
araticne for the floatad rate-integrating gyro, tuned-rotor gyro, riny lacer gyro, and
penduloud accelerowmetor have been privided in the AGARD Lectuce Seriew 95 paper on Strapdown
Seneors {1}, and are not repeated here. Error characteristics for the fiber-optic rate
sonmar and vibrating beaw accaleromioter are prascnted. but from a quslitative standpoeint,
because the purformance characteristics of these Jovices have not been su€ficiently dis-
closed in the open literaturo to allow doatailed accourate analytical modeling that accounts
for the importent critlical error suources, particularly those that are environmentally
induced and whioh change over time and operating cycles.

A getesalized error budget is also provided for reference at the beginning of the paper

which attexpts to gefine typical gyro and acceleramstor pexforamance requirvemont: for four
types of strapidown inertial systoms.

2. SENSOR PHRFORMANCE REQUIREMENTS

L ®
.

L4 o
R,
. ®
et
[ J ]
P
s o
—— T

L N
-

I )
.

..

e
- - -
.

'

.

® e
» 4

i
[ ]




2-2

areas: the classical 1 nmph inertial navigator, a higher performance advanced 0.1 nmph
inertial navigator, a lower performance strapdown attitude heading reference system (AHRS),
and a still lower performance tactical missile midcourse guidance system. The performance
categories deplicted in Table 1 are considered typical for most strapdown sensor applications
today and in the immediate future. Table 1 should be used as a reference to categorize
typical sensor performance requirements during discussions on individual sensox

capabilities.

TABLE 1 -~ TYPICAL STRAPDOWN SENSOR PERFORMANCE REQUIREMENTS

Tactical

0.1 1.0 Missile

nmph  nmph Midcourse

Performance Parameter INS INS AHRS Guidance

Gyro Bias Uncertainty (deg/hr) 0.001 0.01 1.0(0.1)* 5 to 230

to 10

Gyro Random Noise (deg/hrg)'* 0.005 0.002 0.01 0.1

Gyro Scale-Factor Uncertainty {ppm) 1 5 200 1000

Gyro Alignment Uncertainty (arc sec) 1 2 200 300

Acceleromater Bias Uncertainty (ug) 10 40 1000 1000
Accaleromater Scale-Factor

Uncertainty {ppam} 50 200 1000 1000

Reculerometer Alignnent Uncertainty(aéc) hod 7 200 300

Accelerometer Bias Trending (ug/sec!  G.003 Q.03 NACO.1)Y NA

*  Por AHRS with an earth rate gyro-compass heading delsrmination
reqgquivement. Other figure shown is for AHRS with Reuding
slaved to magnetic flux hoading detectos.

*¢.  [his error evurve is a characteivistic principrlly of laser gyros.

3. SINGLE~-DEGREE-OP-FREEDOM FLOATED RATE-INTBGRATING GYRO

The floated rate-intagrating gyro (1, 4, 5) pictured schematically in Pigure 1 is the
gyrvo with the longept production history and is the original high-accuracy gimbaled-platform
gyro. The device conelats of a cylindrical hermetically sealad momentum-wheel/spinmotor
assenly (float) contained in a cylindrical hermetically sealed case. The float s lnter-
faced to the casa YLy a prociaion suspendlor assambly that is laterally rigid {normal to the
cylinder axis) but allows “frictionlesia” angular movemant of the float relative to the case
about the cylinder axis. The cavity between the case and float is filled with a fluld that
serves the dual purpose of suspending the float at neutral buoyancy, and providing viscous
damoing ro renist relative float-case angular motion about the suspension axis.

A ball-bearing or gas-bearing synchroncus-hysteris gpinmotor i¢ utilired {n the float to
waintain constant rotor spinspesd, hance constant float angular momentum. A signal-
generator/pickoff provides an alectrical output signal from the gyro propourtional to the
angular displacement of the float relative to the case. An electrical tovque generatur
provides the capability for applying known torques to the float about the suspeneion axis
proportional to an applied electrical input current. Delicate flex leads are used to
transmit electrical signals and power betwwoen the case and float.

Under lied angular rates about the input axis, the gyro float develups & precessional
rate about the output axie (rotation rate of the angle sensed by thr sionai-genevator/pick-
off, wee Figure 1). The pickoff-angle rate gencrates a viscous torque on the float about
the ovtput axis (due to the damping fluid} which sums with tho electrically applied
tnorgua-ganerator torgue to precess the {loat about tho input axis at the gyro input rate.
The pickoff-angle rate thereby bacomes proporticnal to the difference between the input rate
and the torque-generator preceasional rate, hence, the pickoff angle becumes proportional to
the integral of the difference between the i{nput and torque-generatotr rates.
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To operate the gyro in a strapdown mode, the pickoff angle is electrically servoed to
null by the torgue generator which is driven by the signal-generator/pickoff output (through
suitable compensation and amplifer electronics). 'The time integral of the difference
between the input and torque-~generator precessional rates is thereby maintained at zero, and
the integral of the torque-generator rate becomes proportional to the integral of the input
rate. Thus, the integral of the torque-generator electrical current provides a measure of
the integral of input rate for a rate-gyro strapdown inertial navigation system.

SPIN REFERENCE AXIS

PCKOFF  (CASE FIXED)
ANGLE SPIN AXIS

ROTOR (SPINMOTOR)

TORGUE
GENERATOR

INPUT AXIS

{CASE FIXED)
OUTPUT
Axis HERMETICALLY
SEALED GIMBAL
HERMETICALLY (OR FLOAT)
SEALED CASE ViSCOUS
FLYID FLOATS
MVOT AND JEWEL GIMBAL AND PROVIDES
AND/DR MAGHETIC GIMBAL DAMPMNG ABOUT
SUSPENLION QUTPUT AXIS

Figure 1 - Single-degree-of-freedom floated rate~integrated gyro concept.

3.1 Performance And Application Areas

Application areas for the strapdown flcated rate-integrating gyro (RIG) have bean
primarily {n the lower performance (5 to 30 deg/hr bias accuracy) areas where small-aize low
angular momentum units teet performance requirements, and costs are cowpetetive with alterna-
tiva gyro mechanitation approaches (e.q., the tuned-rotor gyro}. The floataticn fluld sus-
pension in the RIG maked the device extremely rugged, hence, provides a natural suitabiliey
L0 those lower performance application areas where high vibrations and shock are prevalent.

Low cost tacticai wmiseile midcoucue Lnortial guidance has been a continuing soplication
area for the utrapdown RIG. Standard Nissile-2, Harpoon, Phoenix, and recently RMRAAM, are
examples of tactical missile systems that incorporate strapdown RIG's for midcourwe guidance
and stabilization/control. Strapdown RIG's have alsc been used in some applications to
implement a short term navigation reference betweon updates from a higher accuracy navi-
gation device. Examples are motion compenseation for alrborne radar systems (using the air-
craft INS as the “cuter-loop“ ruference), and to generate short term havigation data between
precision radio navigation position fixes for aircraft test instrumentation purposes (e.g.,
ACHR - Alr Combat Maneuvering Range).

Higher performance application ateas for the strapdown RIG have remained limited due to
their higher cost for comparable performance compared to the strapdown tuned-rotor or ring
laser gyros.

4. TUNED-ROTOR GYRO

The tuncd-rotor gyro (i, 6, 7, 8, 9, 10) is the most advanced gyro in large-scale
production today tor aircraft l-nmi/hr gimbaled platforms. Due to its simplicity (compared
to the floated rate-integrating gyro), the tuned-rotor gyro ie theoretically lower in cost
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and more reliable. A drawing of a representative tuned-rotor gyrc is presented in Figure 2.
Figure 3 is a schematic illustration of the gyro rotor assembly.

The gyro consists of a momentum wheel (rotor) connected by a flexible gimbal to a
case~fixed synchronous-hysteresis ball-bearing spinmotor drive shaft. The gimbal is
attached to the motor and rotor through members that are torsionally flexible but laterally
rigid. A two-axis variable-reluctance signal-generator/pickoff is included that measures
the angular deviation of the rotor (in two axes) relative to the case (to which the motor is
attached). Also included is a two-axis permanent-magnet torgue generator that allows the
rotor to be torqued relative to the case on current command. The torquer magnets are
attached to the rotor, and the torquer coils are attached to the gyro case.

INNER ST0P
GIMBAL
SIGHAL GENERATOR \ /
AND
TORQUE GENERATOR l \ Z [

3»“‘ X = | 2~ ROTOR

T\0Oh 7
\
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A
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-
BEARING ASSENBLY

EPIN NOTOR

Pigure 2 - Typlical tuned-rotor gyro configuration.

TORSIGNALLY FLEXIBLE COUMING

SHN-MOTOR SHAFT
{ALIGNED WITH GYRD CASE)

FPigure 3 - Tuned-rotor gyro rotor asscmbly.
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As for all angular-momentum-based rate-sensing devices, the key design feature of the
gyro is the means by which it can contain the reference momentum (the spinning rotor),
without introducing torques (drift rates) in the process. For the tuned-rotor gyro, the
method is linked to the dynamic effect of the flexible gimbal attachment between the rotor
and the motor. Geometrical reasoning reveals that when the rotor is spinning about an axis
that deviates in angle from the motor-shaft axis, the gimbal is driven into a cyclic
oscillation in and out of the rotor plane at twice the rotor frequency. Dynamic analysis
shows that the reaction torque on the rotor to sustain this motion has a systematic
component along the angular-deviation vector that is proportional to the angular dis-
placement, but that acts as a spring with a negative spring constant. The flexible pivots
between the rotor and gimbal, on the other hand, provide a similar spring torgue to the
rotor, but of the opposite sign. Hence, to free the rotor from systematic torques asso-
ciated with the angular displacement, it is only necessary to design the gimbal pivot
springs such that their effect cancels the inverse spring effect of the gimbal. The result
(tuning) is a rotor suspension that is insensitive to angular movement of the case.

Use of the tuned-rotor gyro in a strapdown mode parallels the technique used for the
floated rate~-integrating gyro. Exceptions are that damping must be provided electrically in
the caging loop, as there is no fluid, and that the gyro must be caged in two axes simul-
taneously. The latter effect couples the two caging loops together due to the gyroscopic
cross-axis reaction of the rotor to applied torques.

4.1 Performance And Application Areas

Application areas for the strapdown tuned-rotor gyro (TRG) have been primarily in the
medium performance areas where small-size low angular momentum unite have acceptable
accuracy, are lcower in cost compared with comparable size/performance ring laser gyro
technology, and where bias accuracy compared to equivalent cost RIG units is superior. The
inherent simpliclity in design of the dry rotor suspension concept for the TRG which lowers
its production cost, also limits its usefulness in high vibration/shock environments where
rotor resonances can potentially be excited (producing sensor error and, in extreme cases,
device failure}. Current design improvements for the TRG are being directed at extending
its vibration capability while retaining accuracy.

The strapdown AHMRS (attitude-heading reference system) has been a primary appiication
area for the strapdown TRG for commercial aircraft, military drones, and most recently,
torpedoes. One of the larger potential application areas for the strapdown TRG is for the
military aircraft strapdown MRS where amall size and low cost are key requiremonts, and not
yet achievable with ring laser gyro technology.

Two current application areas of interest for the strapdown TRG are for tactical missile
midcourse guldance and helicopter or torpedo strapdown AMRS. Small-size low-cost versions
of the strapdown TRG have been developed as a compatitor to the RIG for the tactical miasile
midcourse guidance application. Potential vibration/shock susceptability of the TRG i& an
area of concern for the tactical wmissile application, but (s being addressed by TRG desaign
groups. Bhook requirements for torpedo application of the TRG have been handled through use
of elastomeric isclators betwsen the TRG sensor assembly and torpedo mounting plate. The
helicopter AURS application imposss a bias stability requirement of 0.1 deg/hr on the TRG
which is not achievable today with small size low cost units.

The 0.) dey pei hour helicopter AHRS requirement stems from the need to determine
heading prior to takeoff by earth-rate gyro-compassing to an accuracy of 0.5 degrees. This
translates into a gyro accuracy requirement of 0.1 deg/hr to detect the direction of hori-
zontal eartk rate (at 45 deg latitude) to 0.0l radiane {i.e., 0.5 degreus). Typical
srall-size low-cost TRG's have biaw accuracies over long term of )1 to 2 deg/hr. To achieve
the 0.2 deg/hr requirement, a turn-table is needed to position the TRG at different orien-
tations relative to the earth rate vector during initial alignment operations. In this way,
ropeatable gyro biases can he measured and saparated fiom earth rate measurements, and carth
rate measurenents to the reguired 0.1 deg por hour accuracy becoma achievable. The
turn~-table also provides the means for calibrating the heading gyro scale factor prior to
takeoff. The uee of such a turn-table as an integral part of a strapdown TRG system for the
helicopter ANHRS is considered standard practice today.

4.1.1 Design Considerations In A Dynamic Environmsent

Use of a strapdown TRG (or RIG) in a dynamic vibration environment tust address the
basic question of wide versus narrow bandwidth for the torque-robalance loop. If a signif-
icant angular vibration environment exists, the loop bandwidth must be broad enough to
measure real angular rates that integrate into attitude/heading (33, 34). On the other
hand, if the bandwidth is to broad, undesirable high frequency sensor error effects will be
amplified and pasced as cutput data to the attitude integration process, generating attitude
error. In the case of the tuned-rotor gyro, undamped rotor wobble effects near spin fre-
quency limit the maximun bandwlidth that {5 practically achievable to approximately 80Hz.

The minimum torque~retalance bandwidth is selected so that ths gyro rate signal outputs,
when integrated, generate attitude data that:
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1. Accurately accounts for the accelerometer attitude under combined angular/linear
vibration environments (i.e. - sculling (33, 34)).

2. Accurately accounts for multiaxis angular vibration rates that rectify into attitude
drift (i.e., coning (33, 34)).

In the case of the TRG, Item 2 is achievable with lower bandwidth than with the RIG
because of the inherent nature of the TRG being an attitude sensing instrument (i.e., the
pickoff signals measure the true attitude orientation of the gyro case relative to the
rotor). As such, attitude errors in the TRG generated by low bandwidth limits, are theoret-
ically recoverable (with a time delay) by proper torque-loop rebalance logic. This
contrasts with the RIG torque-loop because the pickoff signal in the RIG represents the
integrated input rate (not attitude). As such, the RIG bandwidth must be broad enough to
accurately measure all significant multiaxis angular vibrations so that the true attitude
can be properly constructed in the attitude integration process. Both the RIG and TRG
bandwidths have comparable requirements to satisy Item 1.

One of the principal error mechanisms for torque-rebalance gyros under dynamic environ-
ments is torquer heating effects. In addition to producing scale factor errors in the gyro
output, bias errors can be produced by associated thermal gradient effects across the
ingtrument. In the case of the gyro scale factor 2rror, much of the temperature induced
effect can be eliminated by temperature measurement and modeling correction in the strapdown
computer. Unfortunately, for the tuned-rotor gyro, because the torquer magnet is attached
to the spinning rotor, direct temperature measurements are difficult to achieve due to the
problem of making electrical measurements across the apinning rotor bearings (without resort-
ing to slip-rings and attendent potentjal reliability problems).

In order to reduce the scale factor errxor variation with temperature, TRG manufacturers
have developed hew magnet materials (e.g., doped sumarium cobalt) which has a lower scale
factor error as a function of temperature. The penalty is reduced magnet strength, hence, &
larger magnet to generate the same torque capability. Note, that the torquer heating offect
under angular vibration can also be reduced by lowering the bandwidth of the torque-
rebalances loop. In the case of the TRG, this technique has been used in helicopter appli-
cations as a compromise between sensor error amplification versus output signal attenuation
error. Because the TRG is more tolerant of low bandwidth operation {see previoua discussion
on Item 2 requirements), a reasonable compromise can usually be found. However, the band-
width selection then becomees sensitive to vehicle installation and operating condition. In
ganeral, no true optimum solution is posaible.

Scale factor errors in strapdown gyros under mansuvering £flight coaditions can rectify
into attitude drift in the strapdown systsin computer (2, 34). The classical effect is
through continuous turning in one direction that generates a net attitude error proportional
to the product of the scala factor error with the net angle tyaversed. Cyclic maneuvers can
also produce net attitude error buildup:; asymmetrical scale factor ecrrors rectify under
oacillatory rates ahbout the gyro input axis, symmetrical acale factor errore rectify under
multiaxis rates that are phased ninety degrees apart (between axes). The classical case of
the latter effect ia the “jinking maneuver” which consiets of cyclic patterns of roll righe,
turn right, roll left, turn left. In the case cof the tuned-rotor gyro, the scale factor
arroy effect must be assessed to assure compliance to acruracy reguiraments for the partic-
ular application being considered. Reduction of the gyro torquer scale factor tamperature
coefficlent {n future versions should broaden tha arecas of applicability for the instrunent
in a dyneaic environsent.

5. RING LASER GYRO

Unlike the gyros that utilipe rotating mass for anju.-<:r gsureeent reference, the laser
gyro operating principal is based On the relativigtic proper.les o€ light (i, 11, 12, 14).
The dovice has a0 moving parts: hence, it has the potential for extremely high reliabiliey.

Figure 4 depicts the basic operating elements in A lagex gyro: a closed optical cavity
containing two beams of correlated (single-frequency) light. The beaws travel continucusly
between the reflecting surface of the cavity in a closed optical-path; one beam travels in
the clockwise direction, the other ih the counterclockwise direction, each occupying the
same physical space in the cavity. The light beams are gensrated Yrom the lasing action of
a helium=-noon gas discharge within the optical cavity. The reflecting surfaces are die-
lectric mirrors designed to selectively reflect the fregquency associated with the
holuim-neon transition being uced.

To undurstand the operation of the laser gyro, consider the effect of cavity rotation on
an cb#erver rotating with the cavity. Relative to the ohbserver, it takes longer for a photon
of light to traverse the diotance around the optical path in the direction of rotation than
in the directionh opposite to the rotation. Thias effect (s interpreted by the cbuerver as a
lengthening of the not optical path length in the directinn of rotation, and a shortening of
the path length in the opposite direction. Because the laser beam is self-resonating, it is
a continuous beam that propagates arcund the cavity, closing on ltself without disconti-
nuity. As a result, the effect of the self-resonance is to maintain a fixed integral number
of light wave longths arocund the cavity. Under input angular rate, the increase¢ i{n optical
path length experienced by the beam traveling in the direction of rotation, must therefore
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Figure & - lLaser gyro operating elements.

be accompanied by a proporticnal incroase in wavelength to maintain the same iategral number
of waves around the laengthened cavity. The converse ia true for the beam traveling oppodite
to the direction of rotation. ‘'Thue, a wavelength difference is established between the
oppositely directed beams proportional to the optical path length change, hence, propor-
tional to the input anqular rate. Because the speed of light is constant, the wavelength
difference ie accompanied by A frequancy difference between the two beama in the opposjte
senge. llence, a frequency difference is generated between the two beawms that ie propor-
tional to input rotation rate.

The frequancy diffarence is measured in the laser gyro Ly allowing a emall percentage of
tho laser radiation to oscape through one of the mirvors {(Figure 4). An optical prism ie
typieally uased to reflect one of the bsams such that {t croeses the other in almoat the samae
direction at a small ancle {wedge angle). iue to the finite width of the buams, the effect
of the waeridge angle is to generate an optical fringe pattern in the readout rone. When the
frequencies hatweeon the two laser beams are equal {(under rero angular rate input cond-
itions), the fringes are stationary relative to the observer. When the frequencies of the
two beams are different (under rotational rates), the fringe pattern moves relative to the
observer at a rate and direction proportional to the frequency differaence {i.e., propor-
tional to the angular rate). MNore importantly, the gassage of each fringe indicates that
the integrated frequendy di€ference (integrated input rate) has changed hy a specified
increment. ltence, esach fringe passage is a direct ind{cation of an i{ncremental inteqrated
rate movament, the exact form of the output needed for a rate-gyro strapdown navigation
syatea.

Digital integrated-rate-incremant pulees are generated from the laser gyro from the
outputs of two photodiodas mounted in the fringe area and spaced 90 degrees apart {in fringe
apaca). As the fringes pass by the diodes, sinusiodal output signale are gencrated, with
each cycle of a sine wave corrgsponding to the movement of cne fringe over the diodes. By
observing which diode output is leading the other {by 90 degrees), the direction of rotation
is determined. Simple digital-pulse triggering and direction logic operating on the
photodiode outputs convert the ginusoidal sigral to digital pulses for computer input.

The analytical relationship between the fringc angle change and integrated rate input
angle change (11, 12, 34) is given Ly:
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A¢ = Gyro fringe angle output change (Note: A¢ = 2x
for a movement of one fringe across the output photodiode).

A = Area enclosed by the laser beam.
L = Perimeter of the laser beam path. ° «

A = Lagser wavelength (e.g., 0.63 micron).

A8 = Integrated input rate into the gyro (Note: 48 = 2x for a complete 360 degree
input rotation angle).

The “pulse size" for the laser gyro is the value of A0 for which A8 = 2x (i.e., the — e

input angle which produces a full fringe movement of 2n acruss the photodiode output
detector). It is easily verified that for an equilateral triangle laser gyro with 12.6 inch
perineter (4.2 inches per side), the pulse size for a 0.63 micron laser (typical of today's

technclogy) is 2 arc seconds.

The digital pulse output logic can be mechanized to output a pulse each time a full
fringe has passed a2cruss the diode (e.g., by triggering on the positive going zero crossing :
from one of the readout photodiodes). For this approach, the gyro output pulse scaling —
would equal the “pulse-size" defined above. Alternatively, gyro ocutput pulses can be '
triggered at the poeitive and negative-going zero crossings from each of the two photodiodes
tc achieve ar output pulse scaling that is four times finer than the basic full-fringe
“pulse-aize”. Both of the latter approaches are used today.

5.1 Construgtion * .

Figure 5 illustrates a typical laser gyro mechanization concept. A single piece
structura (typically Zerodur, a ceramic glass material) is used to contain the helium-neon
gas, with the lasing mirrors and electrodes forming the seals. High voltage (typically 1500
volts) applied acroas the electrodes {one cathode and two anodes) maintains the helium~neon
gas mixture in an ionized state, thereby providing the required laser pumping action.
High-quality optical ecals are used to avoid introducing contaminantas into the helium-neon

mixtura, which would degrade performance and ultimately limit life-time. i e
PROTODI0DL READOUT
READOUT PRIGSH
\ b .

3
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Figure 5 - Laser-gyro block asaembly.
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The accuracy of the laser gyro depends on the manner in which the laser beams are
affected by the influences of the lasing cavity. A key requirement in this regard is that
the average of the clockwise and counterclockwise path lengths around the lasing triangle be
constant. Many of the error characteristics in the laser gyro vary as a function of average
path length (12), hence, stabilizing average path length also implicitly stabilizes
performance. Zerodur is used to construct the laser gyro optical cavity due to its low
coefficient of thermal expansion, hence, high degree of path-length stability.

To compensate for residual remaining path-length variations, a piezoelectric transducer
is mounted on one of the laser gyro mirror substrates (see Figure 5). Actuation of the
transducer by a control voltage flexes the mirror substrate to effect a path-length change.
The control signal for the transducer is designed to maintain peak average power in the
lasing beams. Because average besam power varies cyclically with path-length multiples of
laser wavelength, maintaining peak lasing power implicitly controls the average path-length
to a constant value. The average beam power is detected in the laser gyro by a photodiode
mounted on one of the mirrors that senses a small percentage of the combined radiation from
the clockwise and counterclockwise beams.

5.1.1 Square Versus Triangular Ring Laser Gyros

Figure 6 illustrates a square laser gyro geometry utilizing four mirrors (as contrasted
with the three-mi:ror triangular configuration in Pigure 5). Both gecmetries are used today
by competing ring laser gyro manufacturers. The rationale espcused Ly proponents of the
triangular versus square geometry can be summarized as follows: Proponenta of the
triangular geometry point to the three-mirror configuration as having the minimum mirror
count to form an enclosed laser ring. As a result mirror costs per gyro are minimized, and
lock-in {a performance deficiency in the laser gyro to be discuased in the next section) is
reduced due to the minimum number orf scatterers (the mirrors) in the laser beam path. Frowm
a manufacturing standpoint, the proponents of the triangle point out that alignment of the
mirrors on the gyro block is simplified (hence, cost reduced) because the triangle geometry
is self-aligning in the lasing plane (through use of ona curved mirror), and alignment out
of the lasing plane is readily achieved by out-of-plane adjustment of the curved mirror
during device assembly.

Proponents of the equare laser gyro geometry conajder the additicnal mirror coat a
ne?ligible penalty when technology advances are taken into sccount. The additional
alignment requirement for the fourth mirror in a square ias identified as a banefit by square
gyro proponents due to the added flexibility it affords to adjust besm/cavity positioning,
and thereby optimize performance. Another performance advantage identified for the square
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Figure 6 « Square laser gyro configuration.
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is itas higher area-to-perimeter ratio compared to a triangle of the same size, which
directly increases accuracy. The area-to-perimeter ratio (see Equation (1)) is the primary
parameter in the device that impacts performance (12, 13, 17). Proponents of the square also
point to the lower angle of incidence at the laser beam/mirror interface which reduces back-
scattering per mirror. The net result is a combined mirror reduction in back-scattering
which more than compensates for the additional mirror scattering, hence, reduces overall
gyro lock-in. Finally, from a manufacturing standpoint, square laser gyro enthusiasts claim
simpler tooling and machining for square compared to triangular devices, hence, reduced

production costs.

Triangular laser gyro proponents acknowledge a performance penalty due to the less
favorable area~to-perimeter ratio ané beam-incidence geometry. However, they claim that
this advantage is minor and will be largely overcome by technology advances. Additionally,
triangle proponents argue that when the gyro electrodes (size and geometry) are taken into
account, no real size advantage exists for the square gyro configuration. Prom a machining
standpoint, triangle proponents claim no advantage exists for any particular gecmetry once
tooling is complete and experience has been attained.

At this stage in the laser gyro development cycle, it is not clear whether one gaowetry
is superior to another as a general rule.

5.2 Lock-In

The phenomenon of lock-in continues to be the most prominent error source in the laser
gyro and the most difficult to handle. The means for compensating lock-in has dbeen the
principal factor determining the counfiguration and psrformance of laser gyros from different
manufacturars.

Th2 phenomenon of laser gyro lock-in arlses because of im erf{eztions in the lasing
cuvity, principally the mirrors, that produce back-scattering from one laaer beam into the
other (13). The reasulting coupling action tends to pull the freguencies of the two beams
together at low rates producing ¢ scale-factor exror. For slowly changing rates below a
threshold known as the lock-in rate, the two heams lock together at the mame frequency
producing no cutput (i.e., a dead zone). Figure 7 illustrates the effect of lozk-in on the
output of the laser gyro as a function of input rate for slowly changing input rate
conditions. The magnitude of the lock-in effaect depends primarily on the quality of the
mirrors. In genexal, louk-in rates on the order of 0.0i to 0.1 degree-per-sacend are the
lowent lovels achievable with today’'s laser gyro techiolagy (with 0.63-micron laser
wavalength). Compared with 0.0l deg/hr navigation requiremonts, this is a serious eorror
source that must L@ overcoma.

SUTHIY
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REGION FROM MIRROR BACK SCATTERIES

Pigure 7 - Laser gyro lock-inm.
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Under dynamic input rates that rapidly pass through the lock-in region, the effect of
lock-in is to introduce a small angle error in the gyro output as the lock-in zone is
traversed, but still retaining sensitivity to input rate while in the lock-in region (i.e.,
no hard dead-zone develops as in Figure 7 (12, 13, 16). The latter effect underlies the
basic principal behind adding cyclic high rate biae to the laser gyro as a means for
circunventing the lock-in dead-zone effect, and converting it into a random angle error
added to the gyro ocutput each time the biased gyro input cycles through the lock-in region.
The principal method being used today to generate the oscillating bias in the laser gyro is
mechanical dither.

5.2.1 Mechanical Dither

With mechanical dither, the oscillating bias into the laser gyro is achieved by
mechanically vibrating the gyro block at high frequency about its iaput axis through a stiff
dither flexure suspension built into the gyro assembly. The spoked-like structures in
Pigures 5 and 6 conceptually illustrate such a flexure that is attached to the laser block
(on the ocutside) and to the gyro case/mount (on the inside) by metal rings that are
connected to each other by flexible metal reeds. Piezoelectric transducers attached to the
reeda provide the dither drive mechanism to vibrate the gyro block at its resonant frequency
about the input axis. One piezoelectric traneducer is wechanized as a dither angle readout
detector and used as the control signal to generate voltage into the drive plezo's to
sustain a specified dither amplitude. The dither anole amplitude and acceleration sre
designed 80 that the dwell time in the lock-in zone is ghort go that hard lock-in will never
develop. The result is & gyrc that has contjinuous resolution over the complete input rate
range. The residual effect of lock-in is a emall random angle error in the gyro output that
is introduced each time the gyro passee through lcck-~in (at twice the dither frequency).
This is the principal source of random noise in mechanically dithered laser agyros. The
fel?tionahip between laser gyroe random noise, lock-in, and dither rite is ideally given by

15):

.. (2)

(opK)Y
where
gg v Gyro random nolse (or “random walk“) coeffieient (dug/hi )
9, = Llock-ia rate
Cp = Dither rate amplitude

X »  Gyro cutput scalw factor in fringes par input revolution (i.e., the reciprocal
of the gyro “pulee size” discuesed previouvely, times 2«)

For typical values of ap = 0.002 deg/ heh, g, = 0.0} dug/eec, and K = 648,000 {i.e., 2
arc see pulse sisve), eguation (2) can be used to show that gp = 72 deg/sec. To achieve
sufficient lateral stiffness, the dither spring is designed wuch that the frequency of the
dither motion is on the order of 400 he. The associatad dither cycle asplitude (corre-
sponding to T2 degfeec dlther rate) is 103 arc sov (0r 206 ave se¢ peak-to-peak). Equatioca
(2) is based un the assusption that the angle error generated in the gyro cutput s uncors
related froex dither cycle to cycle. In practice . ls fe not perfectly achievable, and
somewhat lavger dither asplitudes are required than predicted by equation {2). Neverthe-
lese, the figuras presented previously are generally cvepresentative of typital mechanical
dither requirecents.

Once mechanical dither {e incorporated for lock-in compensation, mwans must b provided
to remdve the oscillating bias signal from the gyro outpat {(wo the that the gyio vutput
represonts the motion of the sensor asseabiy to which the gyre {8 wounted). Figura §
illustrates the “case mounted readout” wethod of ptically cancelling the dither from the
cutput. 8y mounting the readout reflecting prism and photodiodes on the yyro case {l.e.,
off the gyro block) the translaticnal movement of the gyro block relative to the case
{caused by dither) will generate fringe motion at tho photcdiodes. 'This putely geometrical
effect can be made to cancel the fringe movement produced by the lager block sensed dither
angulac eotion through proper salection of the gotational center for the mechanical dither
mount. The result is a photodiode output rignal that responds 2o rotation of the gyro wase
and not telative moveaent bHetween the dithering gyro relative to the case.

The alternative to “rcase-mounted readout” is "block-mounted readout”™ as fllustrated in
Pigure 6. wWith thia approach the gyro readout optice are mounted directly to the ayro
block. Relative movement hetween the blovk and case fis removed by measutrement and
substraction, or by filtering. In the msasuveent/substraction approach, a transducer
(typically electromagnetic) is used to electrically measure the instantanesus angle between
the gyro block and case. The electrical signal is then digitized and subtracted from the
gyro pulse output for dither motion cospensation. With the filter approach, a digital
fileer is used to filter signale near snd above the dither frequency frow the gyro output.
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The result is a cancellation of the unwanted dither rate between the gyro block and case.
The penalty is attenuation of real oscillating rates of the gyro case which, if significant,
must be acrurately measured for processing in the strapdown computer. Use of the filter
approach is only valid for relatively benign environment applications where it can be
assured that the only angular rate signals that need to be measured have frequency content
well below the dither frequency. :

5.2.1.1 Mechanical Dither Design Complications - Orginally touted as a simple solution tc
the lock-in problem with 1o deleterious side effects, the mecnanical dither concept applied
in practice has been found to be the scurce uf several subtle mechanical ¢oupling error
mechanisms that must be designed for at the three-gyro system level for solution (19, 34).
It mst be realized at the onset, however, that thuse complications are directly propor-
tional to the magnitude of dither motion required for lock-in compensation. As lock-in
rates are reduced, dither amplitudes can be reduced proportionally (see equation (2)), and
deaign solutions for the effects described below can be more easily achieved.

The basic problem with mechanical dither stems from a kinematic property of three-axis
rotary motion that cyclic rates in two orthogonal axes, if at the same frequency but phase
shifted by ninety degrees, will produce a real constant attitude rate about the third axis
(33, 34). The effect, known as “coning”, if preseni, must be measured as cyclic rate
signals by the strapdown gyros, and delivered to the strapdown computer sc that the true
drift about the third axis will be properly calculated. The prcbiem arises when gyro output
errors are also being generated at the same fregquency as the real rates to be measured.
Cyclic ervor signale from the gyro in one axis, in combination with errors or reai cyelic
rates fram the gyro in one of the other orthogonal axes, will produce a vector rate profile
which appears as coning, but is false (“"pseudo-coning“ is the nonmenclature typically uged
to describe this phenocnemcn). Since the composite gyro cutput signals (real plus error) are
processed in the same computer used to measure real coring motion, a pseuvdo-coning error
will be creatad in the strapdown computer as a false drift rate about the “third" axis.
FPiltaering the gyro signala to remove the output error cscillations is not acceptable {f real
cyclic motion is present, since the true drift caused by the real cyclic coning motion will
not be properiy maaeured and aceounted for.

In the case of mechanically dithered laser gyros, a potential soyrce of real high
frequency coning in a strapdown syetem ia the roaction torgue of the gyro dithar drives into
the sensor asscmbly (the aensor assambly typically conaists of a metal casting 0 which the
gyros and accelaercmeters are nmounted). To minimize dither reaction torgue resonance
effocts, and to provide compliance for thermal aexpanaion, mdst RLG eensor asswnmblies are
wechanically isalated from the aystom chassis by elastomoric isolators (J4). To generate
contag motion, egual amgular rate vibration frequencies must exiet sisultaneuuely in two
orthogonal axes. Dither induced vibrations from nominally orthogonal laser gyras into the
aangofr asseably can bucome frequency correlated between »vas if mechanical coupling ariete
butween the axes (e.g., principal woment-of-inertia axes of the sensor sssembly not parallel
to gyro input axes). The machanical coupling mechaniems tend to pull the dither frequedncies
in orthogonal axee together, theteby creating real coniag at dither frsquency. Hence, even
{£f single gyro dither fregquencies are separate, the machanical coupling can ahifx the
frequencias toward gach other, theiely creating correlxted froguenty componants between
axes, or coniang. Another scurce of real high freguency voning s linsar randos vibrations
into tha straplown systea that produce corselated €reoguency rotatry sensot aseoswbly sotlon ina
orthoginal axes dSue to o¥nsor asseably/clastomaric sount asymsotries.

The real voning motion effects deasribed above would not be a probiam in themselves,
since laser gytos have the bandwidth and sennitivity tequired for accurate measvresent of
those offects. The problex arises frow pseudo~coning createsd at dither fraquenty. also due
to dither machanical interrackion. A classical example {s sensor asaembly bending induced
by the dither reacticn torgue vhich produces falae gyro ountputs at dither frequency f{e.g..
die 20 bending i the muchanism used to weasure and remove gyro block/case relative angular
dither motion froa the gyro output, Ot gytv #Hount twisting about the gyro {nput axisl.

Eracting and sophisticated mechanical deslgn techniques must Be used in the nverail
sensor, sensor assxshly, and sensor aq “Ebly mount to assure that pseudo-coning offecte are
negligible below the frequencies wher: real coning exists ard has to be measured (33, ).
The coning cosputation algoriths in tne stirapdowin coeputer (33) can thea be run at an
fteration rake that is cnly high encugh to measure the real coning motion frequency effects
{i.e.. 80 that high freguency pseuvdo-cnning effecte 4re attonuated). Classical tecanigues
vtilized o ainumize paeudo-coning effects are to deaign for stiffness (n the sendor assem-
bly. design for wachanical symsetry in the sensor asseably to mininize mochanical dither
croas~coupling between gyro azes, and to assure sufficient gyro dither frequency separation
20 that the tendency for frequency pulling together is minimized. 1If performed properly, a
total design can be acheived that meets cverall eystes regquirements unter axternal vibra-
tion. Proper desiyn {s more casily achisvaed for benign vihration environments (e.g.,
commerical aitcraft).

5.2.2 MNagnetic Hirvor Bias

The magnetic-mirror concept is a nonmechanical blasing technique baged on the transverse
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magneto-cptic Kerr effect (14, 18, 21), A special inner coating {e.g., ferromagnetic metal)
ig 'applied toc one of the laser gyro mirrors which, when magnetized normal to the plane of
incidence by an applied magnetic field, imparts a nonreciprocal (i.e., opposite) phase shift
between the clockwise and counterclockwise laser beams. This produces an apparant differ-
ential path-length shift between the laser beams which generates a frequency difference or
output rate. The result is a bias imposed on the gyro output that is controllable by the
applied magnetic field. Bias uncertainties are compensated through use of alternating bias
control (i.e., square-wave dithering of the applied magnetic field). The magnetic field
intensity is set at a high enough level to operate the magnetic mirror in a saturated state.
In this way, bias shifts generated by stray magnetic fields are minimized.

The advantage of the magnetic mirror is the elimination of the need for mechanical
dither, its associated design complications, and size/weight penalties. A problem area for
the magnetic mirror has been difficulties in generating a large enough bias for the 0.63
micron laser gyro due to low reflectance of the ferromagnetic coating (14, 20). fThe
reaulting loss must be compensated by higher gain in the laser helium-neon discharge. For
the 0.63 micron laser, high gain cannot be tolerated because the lases begins to resonate
unwanted mode shapes that deteriorate performance. The net result is that the magnetic
mirror biasinyg capability must be diluted by appropriate layering of dielectric coatings on
the mirror to recover reflectance. The net bias levels achieved with this approach have not
been sufficient to adequately compensate lock—-in. (It should be noted that ferromagnetic
magnetic mirror technology has been successfully applied to the lesser accurate 1.15 micron
laser gyro which can be operated at a higher gain before multimoding problems develop (24)).
Another problem area for magnetic mirror technclogy has been the introduction of residual
nonrecipocal phase shifts between the incident laser beams that are temperature sensitive.
The result is a bilas instability that is temperature sensitive and which produces turn-on
transients.

Recent work on laser gyro magnetic mirror technology has concentrated on the development
of a garnet magnetic mirror in which the dielectric layer coatings on the laser mirror are
made with a transparent garnet film that produces nonreciprocal phase shift to incident
light on application of a magnetic field (20). The result has been that the loss effect
{associated with the ferromagnetic magnetic mirror technology) has been significantly
reduced so that high bias leveis can be achieved with 0.63 micron lasers. Current design
work is concentrating on doping the garnet material to reduce the effect of residual
nonreciprocal temperature sensitive phase shifts that have remained with the new garnet mir-
ror technolgy. Engineering personnel associated with these developments are predicting a
breakthrough within the next year based on experimental results achieved tc date on doped
garnet coatings.

5.2.3 Multioscillator Laser Gyro

Conventional two-beam (clockwise and counterclockwise) laser gyros are desjigned to
amplify plane polarigzed lager light (i.e., in which the electric vector normal to the laser
beam is either perpendicular to the lasing plane (S-polarization) or in the laasing plane
(p-polarization). Triangular lasers typically use the former polarization while squara
lagser gyros typically use the latter. In the case of the multioscillator laser gyro (36,
27), circular polarization is used in which both S and P modes are simultanecusly excited,
but at one quarter wavelength phaue shifted from one another. The result is a combinud
electric vector polarization that spirals between § and P, denoted as circular polarization.
Rignt circularly polariged (RCP) or left c¢ircularly polarized (LCP) light is generated by
creating a plus or minus quarter wavelength shift between the S8 and P waves, thersby

- crecting a right or left sense spiralling electric vector wave.

In the multioscillator, both RCP and LCP laser heams are created in the same cavity,
each with clockwise and counterclockwise components {i.e,, a four-beam iaser gyro). The two
polarization states are excited by a reciprocal polarization rotator (e.g., a quartz cry-
gtal) in the beam path that imparts an additional spiral rotation to the circularly polar-

“ ized light, and which operates identically on both the clockwise and counterclockwias
components of the RCP or LCP beums (i.e., rooriprocal}. The additional rotation adds to the
spriilling for the RCP beam and retards the spiraling of the LCP beam. The effect of the
added rotation on the RCP boam is to resonate the light components with decreased wavelength
such that a net spiral angle reduction ls acheived around the beam path to match the spiral
angle increase across the rotator. As a result, the RCP boam (both the clockwise and
counterclockwige components) are up-shifted in freguency {proportional to the wavaelength
decrease). The opposite effect is created in the LCP light which is down-shifted in
frequency by the same amount that the RCP 'ight frequen is up~-shifeed. As for the
two-beam laser gyru, each polarization st.iLe (RCP or Lc§¥ contains a clockwiase (CW) and a
counterclockwise (CCW) beam component. lence, two sets of Cw and CCW boams are established,
one RCP and the other LCP, each operating at a different center frequency. FEach set is used
to generate an independent ocutput sigral equal to the frequency difference between the CW
and CCW beamn. Au for the two-beam laser gyro, the froquency difference output from each
polarization state is proportional to input rotarion rate. Also, as for the two-bvam laser
gyro, the frequency difference output from the RCP and LCP lasers experience lock~in which
pull the CW and CCW £i xquencies together at low input rates.

In order to overcome lock-in, a nonreciprocal polarization rotator is introduced into
the beam path which rotates circularly polarirzed light in the opposite seuse for clockwise
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compared to counterclockwise beams. Hence, a frequency shift is imparted between the
clockwise and counterclockwise beams (i.e., a bias} for both the RCP and LC? light. The
frequency difference is maintained at a high enough level to rewmain far from the lock-in
region under frequency shifts produced by angular rate inputs. The common means for intro-
ducing the nonreciprocal bias in the multicscillator laser gyro has bheen through use of a
Faraday rotator consisting of a piece of amporphous glass placed in the beam path with a
magnetic field applied across it parallel to the beam. The resulting Faraday effect intro-
duces the desired frequency bias on the circularly polarized ligat that is in the opposite
sense for the LCP compared tc the RCP light beams. As a result, the RCP beam output (i.as.,
the difference between the clockwise and counterclockwise RCH beam frequencies) is posi-
tively biased, while the LCP beam fraquency difference output is negatively biased by an
agual amount.

By summing the outputs from the RCP and LCP beam sets, the input rate asensitivity is
doubled, while the Faraday bias effect is canceiled. The cancelling of the bias by summing
both outputs eliminates the need for alternating bias to compensate for Faraday rotator gain
uncertaincies. Elimination of the oscillating bias eliminates a main source of laser gyro
random noise (i.e., dithering through the lock-in region). Hence, the random noise in the
multioscillator is lower, and closer to the theroretical limit created by random gain and
loss of photons from :he laser beams (25, 26).

5.2.3.1 Principal Erreor Sources - The basic principal behind lock-in compensation in the
multioscillator laser gyre relies on the Faraday bias (and Faraday bias uncertainties) being
equal between the two laser beam sets so that they cancel one another. In practice, this is
not totally true, to a large deqree because the operating frequencies of the left and right
circularly polarized lasar sets are different oy design. This frequency difference causen
each to behave alightly differently to the Faraday bias, producing a net residusl error when
combined. The urror is both temperature and magnetically sensitive, requiring some degree
of magnetic shielding and temperature measutement compensation.

Another source of bias error in the multioscillator is variations in the lock-in
characteristic batt ar the right and left circularly polarized beams. Even through the
Faraday bias keept ‘ne °1gers well outside of the lock-in region, small scale factur
nonlinearitics sti.. . xict at the bilas point caused by lock-in. Because the lock-in rates
for the two heam sets differ, when the gyro cutputs are summed, the residual lock-in error
effects at the bias point do not cancel. The resulting bias error created is temperature
sensitive and can have unpredictabla varatione ovar time.

Multioscillator design groups claim that the above effects are for the most part,
predictable and can be compensated sufficiently for satisfactory operation in high accuracy
applications.

Two areas where serious errors can develop and are not easily compensated arise from
anisotropie and birefringence effecty introduced in the light beams us they pass thrxough a
quarts corystal reciprocecl polarization rotstor and Faraday nonraciprocal rotator. The net
effect is to introduce unpredictable nonrsciprocal path length variation between all four
hears which ars temperature, acceleration and magnetically sensitive.

Recent sdvances in multioscillator design technigques have replaced the guarte cryatal
reciprocal polariration rotator with an out-of-plane beam path geometry that rotates the
laser bean by optical reflection at the mirrors (thereby, mimicking the rotaticnal effect of
the guarte orystal) (27). The result is ellinination of birefringence effects originally
created by the presance of the guartz crxystal in the beam path., Current work on the
multioscillator iuv addressing improved methoda for providing nonreciprocal polarication
rotation that have small and more predictable wrror charzotoristics than were achieved with
original Faraday rotatox design configurations.

5.3 lasex Gyro Performance And Application Areas

Over the past G years, the ring laser gyto (RLG) has progressed from advanced devel-
opment into full scale productiun ln l-nmph strapdown inertial navigation applications. The
successful l-nmph laser ?yro system programs to date have utilired the 0.6) microh tran-
sition with mechanical dither. iiystems i{u the l-nmph raage have been developed by several
Jorpeting manufacturing groups €or hoth commerical and amilitary application.

Parformance advancen in RLG technology have bean rapid. Continuing advances in lasar
gyrv mirror technulogy has reduced lock-in (and randow roise) by more then ap order of
maghitude over the past eight yvears. LOock-in ratea lower than 0.000) deg/hr'i have been
reported. Advanced development programa are now in pregress to design laser gyros with
performance capabilities required for C.1 nmph navigation applications.

Principal problems remaining with RIG technology are size and weight for the high
performance applications, and sire, weight. and cost for the lower accuracy applications.
For the higher performance applicationes, the total weight of an RLG otrapdown inertial
navigation systea is typically 30% higher than {te comparable gimbaled system counterpart.
Significant cost, reliability, and reaction time benefits for the RLG system, however, make
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it an attractive alternative to the traditional gimbaled system. It is generally conceded e
that laser gyro performanca in the lower accuracy AHRS and tactical missile midcourse el
guldance application areas is superior to the competing strapdown RIG or TRG strapdown RERI
technologies, however, size, weight, and cost advantages for the RIG or TRG with acceptable e

performance are prevailing factors today that continue to restrict entry of the RLG into the LT
lower performance application areas. P

Performance advances in future RLG's may make it possible to build smaller, lighter ST
weight laser gyro systems for the lower performance market. Advances in nonmechanically O
dithered RLG technology may make it pessible in the future to build a a small size o
coat/performance competetive integrated 3-axis laser gyro sensor assembly (1, 24) in a AR
single Zerodur structure using interleaved laser paths to reduce net size/weight. if it
advances in mirror technology continue to reduce lock-in rates and associated dither L
amplitude requirements, mechanicaliy dithered RLG system size/weight will also be reduced in -
the future. Production learning is expected to be the determining factor that will decide e ®
the degree to which laser gyro preduction costs will be reduced in the future to be compet- S
itive with the lower performance RIG and TRG strapdown sensorg. For the higher performance T
strapdown applications areas, strapdown RIG and TRG manufacturer's generally conceed that IR
the ring laser gyro is now the industry standard, and not a2 viable competition area for
higher performance but more expensive versions of strapdown TRG or RIG technology.

G, FISER~-OPTIC ROTATION RATE SENSOR v

One of the newer ratea sensor technologies that has emerged over the past faw years is oL
the fibers-optic rotation rate asenmor {28). The concept for the device is illustrated in :
Figure 8. Light generated from a suitable light source at a specified design frequency ie
transnitted through a fiber-gptic ccil. Tha light heam is first saplit by a bcam-splitter so
that half the radiation traverses the coil in the clockwise (CW) direction, and half in the e
counterclockwine {CCW) direction. The emerging light from both ends of the coil are then !, -9
recombinad at the beam splitter, and tranamitted onto a photodetector. The photodetector B R
output power ie proportional to the average iptansity of the recombined light. ST
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Pigure 8 - Basic fiber-optic rotation rate sensor colicept

Under rotation cf tho dovice abouy an axis normal to the plane of the fiber-optic coil, .
the affective optical path lenygth e changed fox the (W compared to the (CW baame in & BTN
manner similar to the ring laser gyco. In the direction of rotation, the path length e
increases {(4.¢.., & photon of light hae to traverse the length of the coil pluo the dlatance R
that the coll has been rotated during the travorsal pericd). In the direction opposite to
the rocation, the light travarses the length of the coll, minua the distance that the coil
has besn rotated during the travarsal pericd. Tho dilfereice bHetwaen the (W and ¢W optical

puth lsngths, then, ie twice the distance of rotation, or: P __ o
ok 2
vhere C
L.

L = Total fiber length
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T
-;}'.' -}: D = Diaveter of coil (assumed circular)
Tff ‘?f,:ﬂ' AL = Difference between CW and CCW optical path-lengths
f‘jf.vﬁ‘ © = Input angular rate
. » & c = Speed of light
‘a -

f;? ."_21 This corresponds to a phase shift between the CW and CCW light beams emerging from the coil

RN ;- given by :
e - AL _ LD
. .Y} 2% —_ 2 <= w (3)
BN o
S L vhere
B = N
- SR - A = Wavelength of light source
. Thus, the phase angle between the emerging light beams becomes proportional to the input
éb angular rate. This contrasts with the ring laser gyro resonatcy for which the phase angle
-5 change is proportional to the integral of the input rate (see Equation (l}). Hence, the
- ¥ - fiber-optic rotation sensor is 2 "rate gyro" while the laser gyro is a "rate integrating
B gyro". The other diffarence between the two sensors is that the laser gyro CW and CCW beam
s - c frequencies are shifted from each other proportional to the input rotation rate (due to the
R . self-rescnance of the laser): the frequencies for the CW and CCW beams in the fiber-optic
: . : rate sensor remain equal under rotation ratas.

o . The photodevector in Figure 8 is used to sense the phase shift between the CW and CCW

R Lear.s, The am - ‘tude of the combined beams at the photodiode equals the sum of Lhe
individual bram amplitudes, including the phase shift factor. The result is a combined beam
intoneity wnich is maximum for 44 = O and mininum (zero} for 44 a n (i.e., varies as cos
(0¢/2)). The photodetecto” ocutput is proportional to the light intensity, hence, also
varjes approximatelv zs cos® (4é/2).

In ordar to achieve high ser .tivity (hich scale factor), r-a length L of the fiber coil

is large. A typical value of L = 400 met.-s with D = 0.1 metera and A = 0.82 microns
produces a 84 frou equation (3) of approximately one radian at 1 rad/sec input rate.

6.1 Practical Deaign Rafinemsits

As depicted in Figure 8, the fiber-optic :rotation rate sensor has fundamental! error
mechanisms that make it impractical to implement. Among thuse are large scale faztor errera
associated with photodetector scale factor uncartainties, light source intensity verietions,
and light amplitude 'cstas in the fiber: 1. 38 of rute sensitivity around zero input rate
(due to the cos? (a9/2) output characteristic uf the pnhotodetector; phase angle variutions
due to mechanical movement betwcen the baam splittor and fiber that produce changes {1 path
length between the CW and CCW beams: and polarizaticn state differences batwasen the Cv and
W beams that produce phase shifts due to nonreciprocal birrefringence and anisotropic
offacts in the fiber matecial that are aggraveted by environmen*ial expesure. To overcome
these fundamantal problewms, recent fiber~-optir rotation ssrsor configurations (28) have
adopted rofinod interface and control! elems:ts such as those depicted {n Figure 9.

<o In Figure 9, the diecrete component boasw-eplitter in Figure 8 is replaced by fiber-optic
y couplers which conglst of integrated fiber-optic junctions that split entering bears 308 to
F .3 the left and 50t to the right. A polarimer (2} is included to suppress unwanted
i B polarization states in the light. The fiber itself is aspecifically manufactured t. presaerve
B A single polarieation state (28! {“polarization preserving fiber"). 1In this manner,
) nonreciprocal fiber-boam interractions aia suppressed.

-3 . . A light source (typically a super~luminiscent diode vuch as Galium Arsenide) “ransmits
- X narrow frequency bandwidth light® into the fiber t>at splits into CW and CCW components at
- the coupler junction. Acousto-optic shifters (5/0) (such as Bragg cellr**; at the end of

- m—

. - *Note - Original fiber-optic sunsors used lawer light. One of the major technological
SRS . bresk~througha for the fiber-uvptic sensor waa replacement of the coherent laser
) light with a broader spectrum source. Tha cesult was a significant reduction in
nonrevipioval beam/fiber interraction error mechanisms due to the shorter

correlation distance for the hrosder epaectrum light (28, 29).

**hote - A Brag? cell (28) is typically mechanized as a plozoelectric device that imparts an
acoustical vibration transverse to the light beam av its input driva frequency.
The result is a bending of the light {Ly the “Bragg angle®) with an accompanying
frequency shift in the light passing through the cell equal to the Bragg cell drive
frequency.
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Figure 9 - lmproved fiber~optic rotation rate sensor configuration.

the fiber coil are then used =0 generate a controlled phase shift in the light illuminating
the photodector.

To function properly. each Bragg cell in Figure 9 must *e biased at a large offset
frequancy Fy (typically 20 Mﬂt)- A Bragg cell mounted at cne cond of the coil i{s driven
directly at the bias frequercy Py (see Pigure 9) which up~shifts the light leaving the cell
by P} from the light entering the cell, The light entering from the left (the clockwise CW
beam in Figure 9) must traverse thc length of the coll at the up-sahifted frequency before it
leaves the coll and illuminates the photodetector. The beam entering from the right (the
counterclockwise CCW beam in Figure 9), on the other hand, immediatoly leaves the coil and
illuminates the detector after it ia frequency up-shifted. The net result is that the (W
beam travels a further distance at the up-shifted frequency than the CCW bheam, thercby
generating a net phase ahift between the CW and CCW boams at the photodetector proportional
to P} and the coil length.

The Bragg cell at the opposite ond of the coil is driven at F which generates a phase
shift at the photodiode in the opposite sense to that crsated by the F) Bragg cell. The Fy
frequency is controlled in servo fashion to maintain the photodetector output at peak power
{i.e., zero net phaso angle). Under zero input angular rate, the F; sarvo drives Py to
equal Py (i.e., so that equal and opposite phase shifts are created that cancel
one-another). Under input angular rate, the servo creates a frequency difference between F,
and F), the device output in Pigure 9, proportional to the input angular rvate (that
generates an equivalent phase shift at the readout to null the phase shift created by input
rotation). It ls easily demononstrated that the frequency differance generated to achiasve a
net zero phase angle is given by:

Fa ~ Pl bl ._‘;_‘i.. W (5)
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where

L = Length around one coil of the fiber (which typically consists of several coils).

If equation (5) is compared with eqguation (1) for the laser gyro resonator, it should be
clear that they are identical on an integral basis (i.e., the frequency difference pulse
count cycles fraom equation (5) times 2x radians/cycle is proportional to the input angle by
the same factor that, in equation (1), relates RLG output fringe angle change to input angle
change.

Figure 9 also includes an electro-optic phase shifter (E/Q) driven at frequency Fj at
one end of the fiber, which imparts an oscillating path length change to the CW and CCW
beams passing through (Note: The E/0 is typically mechanized as a piezoelectric actuated
“stretcher" which physically changes the length of the fiber by introducing stresses in the
fiber proportional to applied voltage (28, 29). This induces an equivalent phase shift in
the light). Because the E/0 driver is at one end of the coil, the light beam passing out of
the coil delivers the phase shift effect first to the photodetector. The beam traveling in
the opposite direction has to traverse a longer length of fiber to the photodetector, hence,
delivers its phase shift, by an equal amount, later. The delay creates an alternating phase
bias at the photodiode mixed beam output, generating an oscillation of the output about the
peak power point. By comparing the positive half cycle output decrease with the negative
cycle decrease, a linear signal can be generated proportional to the average deviation of
the input light phase angle difference from zero. The linear signal is generated in the
phase sensitive demodulator shown in Figure 9 driven by F,. The result is a signal out of
the demodulator that is linearly proporticnal to the A¢ phase deviation from zero, thereby
eliminating the coa? { 4¢/2) sensitivity problem around A$ = O that exists without the E/O
device.

The basic advantages for the Figure 9 compared to the Figure 8 mechanization approach
are the elimination of the discrete light/beam-splitter/fiber junctions, thereby reducing
phase shift errors caused by mechanical movement; elimination of the photodetector
zero~phase angle sensjtivity problem through use of the E/0 demodulator; and, through the
closed-loop servc operation that maintains the phase angle signal at null, elimination of
scale factor errors associated with light source intensity, optical intensity losses in the
fiber and hream-splitters, and photodetector scale factor uncertainties.

6.2 Development Status And Application Areas

The basic motivation behind the development of the fiber-optic rate sensor was to design
a low cost alternative to the ring laser gyro that was inherently void of lock~in problems.
The resonant chatracteristic of the laser gyro which regenerates {ts light source by stimu-
lated emission, is the transfer mechanism that couples the CW and CCW beams together from
back-scatter, producing lock-~in. For the fibor-optic rate sensor, the light source is
external to the senuing ring, honce, does not amplify the effects of back-gcatter. As a
result, the lock-in phenomenon associated with the laser gyro is absent in the fiber-optic
sensor. ‘This has been proven experimentally (29). The rationale behind the projected low
cost of the fiber-optic sensor is that use of fiber-optics and integrated-optics tech-
nologies ghould reduce labor hours associated with device manufacture. It also assumes
continuing reductions in the cost of high quality optical fiber which has been occuring over
the past fow years. From a performance standpoint, the fiber-optic rotation sensor is not
expected to compete with the high performance laser gyro for accuracy, but is envisioned as
a competitor to the lower cost autopilot, and eventually tactical missile and AHRS quality
gyros.

Much has beon accomplished since 197¢ when the fiber-optic rotation sensor concept was
originally conceived. To a large degree, these accomplishments are summarized by the
evolution of the concept from fts original form (in Figure B) to ite more rafined practical
form (in Figure 9). Nevertheless, much remains to be accomplished before this device can be
considered a sorious compotitor with mature low cost conventional spinning wheel gyro
tachnology or new lower cost/medium performance laser gyro technology. The device has stil)
to be dosigned into a practical form that is producible at low cost, and which achieoves
overall performance goals over opertional environmonts in a reasonable form factor. To a
large oxtent the development status reflects the lovel of funding committment assigned by
individual groupe taward device development. Although many small funded activities have
existed over the past B years, few dedicated programs have been heavily funded. Prom
anothar standpoint, the funding Limits could reflect lack of confidence by funding agencies
in the new technology, or a lack of available funds to pursue new technologies after
completing heavy investments in recent technologies that are only now entering large scale
production {o.g., the laser gyro).

Somw of the tachnical problems that remaln for the fiber-optic rotation rate sensor (28)
include larger thun dosired size (2 to 4 inchea {n diameter) for the fiber-optic ring to
avoid introducing beam interractions with the fiber walls under tight fiber turns; scale
factor errors due to photodiocde cutput frequency variations with temperature; blag errors
associated with photodiode output frequency side~bands creating phase offsets at the
photodetector; blas errors created from large required Bragg cell drive frequency offsets
coupled with variations in the CW and CCOW Bragg biased coll lengths due to off-nominal
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variations between the Bragg cell distances to the fiber-optic coupler (see Figure 9); bias . S
errors associated with the E/0 demodulator electronics loop; bandwidth limits associated e
with the closed-loop operation in Pigure 9; and increasing complexity of the sensor LR
configuration to resolve problem areas. Virtually no data has been published on the
performance of the fiber-optic rate sensor under dynamic environments. One of the principal . o
potentional error mechanisms for the device (as for all angular rate sensing instruments) is ———emee
bias error created under dynamic temperature, mechanical vibration, acoustic vibration, [
acceleration, and magnetic enviroments. Fiber-optic rate sensor enthusiasts remain con-
fident that these problems can be resolved, given time and funding. For evidence they point
to the significant performance advances made over the past eight years, where the
fiber-optic rate sensor has progresaed from an original concept that could barely detect
earth's rate, to current technology versions that have demonstrated milli-earth-rate .
sensitivities (29).

7.  PENDULOUS ACCELEROMETER R

The pendulcus accelerometer {Figure 10) (1) consists of a hinged pendulum assembly, a T
moving-coil signal-generator/pickoff that senses angular movement of the pendulum from a 2
nominally null position, and a permanent-magnet torque-generator that enables the pendulum
to be torqued by electrical input. The torquer magnet is fixed to the accelerometer case,
and the coil assembly is mounted to the pendulum. Delicate flex leads provide electrical g .. @
access to the coil across the pendulum/case hinge junction. Electronics are included for
pickoff readout and for generating current to the torguer.

~— MCKOFF ANGLE NM
I -
M e
\ N -“ . ~.'l‘
HINGE AXIS R
i 7 TOROUE T
AXIS Sl
(CASE ]~ GENERATOR s
FIXED) ' 2 ~
[ J :“
MCKOFF .
REFERENCE :\ PENDULUMAXIS . —
AXS S
(CASE FIXED)
Figure 10 - Electrically servoed pendulcus accelercmeter concept. :M“M»!L

The device is operated in the captured mode by applying electrical current to the
torquer at the proper magnitude and phasing to maintain the pickoff at null. Under thaso
conditions, the vlectrically generated torqua on the pendulum balances the dynamic torque
genarated by input acceleration normal to the pendulum plane. Hence, the electrical current i
through the torquer bscomes proportional to input acceleration, and is the output signal for
the device.

Mechanizaticn approaches for the pendulocus accelerometer (1) vary bestween manufacturers
<. generally fall into two categories: fluid filled and dry units. Fluid-£filled devices
© lire a viscous fluid in the cavity betweor, the pendulum and case for damping and partial
.~catation. The dry units use dry air, nitrogen, or electromagnetic damping.

The hinge element for the pendulous accelerometer i{s a flexible member that is stiff e 9
normal to the hinge line to maintain mechanical stability of the hinge axis relative to the R
case under dynamic lcading, but flexible about the hinge line to minimize unpredictable
spring restraint torques that cannot be distinguished from acceleration inputs. Materials
selected for the hinge are chosen for low machanical hysteresis to minimize unpredictable
spring-torque errors. To minimize hystersis effects, the hinge dimensions are eselected to
assure that hinge strasses under dynamic inputs and pendulum movement are well below the
yield-stress for the hinge material. Beryllium-copper has been a comuwonly used pendulum-
hinge material due to its high ratio of yield-stress to Young's modulus {i.e., the abilicy . 9
to provide large flexures without exceeding material yield-stress). Another successful .
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design approach for dry accelerometers has utilized fused quartz for both the hinge and
pendulum by etching the complete assembly from a single-piece quartz substrate (1?.

7.1 Performance And Application Areas

The pendulous accelerometer continues to be the primary mechanization approach being
used for almost all strapdown applications. Design refinements over the past 6 years now
provide units from several manufacturers that meet 1.0 nmph strapdown inertial navigation
requirements in heaterless configurations. The heaterless configuration operates without
temperature contrcls and achieves its accuracy through thermal modeling of the sensor errors
in the strapdown system computer based on temperature measurements taken with temperature
probes mounted within the sensing unit. The heaterless accelerometer configuration has been
perfected within recent years for operation with ring laser gyros which are also operated
heaterless using direct path-length control to stabilize performance (Note: Use of heaters
to control temperature and stabilize performance with the ring laser gyro is impractical dque
to the long thermal time constant of the Zerodur material from which it is constructed, and
the associated reaction time penalty that would be introduced from turn-on until tempera-
ture/performance stabilization. Laser gyro performance variations with temperature are also
compensated by thermal modeling). It is highly fortunate that pendulous accelerometer
designs originally developed for heated operation (to stabilize performance), have been
predictable enough thermally, to allow accurate characterization over their complete
temperature range by analytical modeling using temperature measurements. Hence, major design
refinements for heaterless operation have not been necessary.

Most accelerometers today are of the dry pendulous metal flexure hinge variety (1).
Design refinements in quartz hinge design configurations (1) (most notably in the plating
technology used to conduct current acroass the hinge into the pendulum-mounted torquer coil
to minimize hysteresis) have provided a rugged unit that meets 1.0 nmph strapdown inertial
navigation accuracy requirements.

Experimental pendulous accelerometers have recently provided indications that
identifiable futher design refinements will make it posaible to achieve the accuracy
iuprovements needed for the advanced 0.l nmph INS applicaticns. Advanced engineering
daveloment programg are currently being funded (at a fairly modest level)} to develop and
evaluate these performance improvements.

Unit costs for the pendulous accelerometer, although acceptable, still remain higher
than desirable, particularly in the higher accuracy applications. Competitive sourcing in
sone applications has created the environment needad to reduce costs to some extent through
design, manufacturing, and test improvements. Increased production volume has added to cost
reduction through learning and improved tooling/automation techniques. However, the
production volume has not been sufficient to develop the automatic manufacturing technol-
ogles needed to make major in-roade in cost reduction. Nevertheless, the pendulous
acceleromater cost is acceptable for most applications, compared to the cost of other
strapdown system elements.

8. TORQUE-LOOP MECHANIZATION APPROACHES FOR TORQUE REBALANCE INSTRUMENTS

The implementation of the torque loop for the torque-to-balance instruments (e.q.,
floated rate-integrating gyro, tuned-rotor gyro, pendulous accelerometer) continue to be
mechanized using different approaches, depending on manufacter: digital pulse~rebalance or
analog-rebalance with follow-up pulse-rebalance logic, using pulse-on-demand or pulse-width-
modulated forced limit-cycle techniques (1). Little data has beean published on the
performance of these electrical circuits, an unfortunate circumstance, particulary since
their accuracy is a key contributor to the overall performance of the intrument they are
designed to operate with. Performance data advertited as representative of particular
sengors does not always include the effect of the digital pulse-rebalanve circuity (i.e.,
the data was taken on an analog basis at the basic instrument level). This becomes of
greater concern when one considers the more demanding application argas that can require
dynamic ranges (maximum input versus bias accuracy) in the 106 to 107 category.

9. THE VIBRATING BEAM ACCELERONETER

Much of the cost for conventional pendulous electrically~servoed accelerometers ia
associated with the torque-generator and electronics ne.ded to close-the-loop on the
instrument and generate precision pulse outputs representing quantized increments of
integrated input acceleration (1). The vibrating beam accelerometer replaces the
torque-rebalance mechanism with an open-loop direct-digital-output transducer based on
quartz-crystal oscillator technology (30, 31, 32). The concept is depicted in Figure 11.

In Figure 11, two guartr-crystal beams are mounted symmetrically back-to-back so that
each axially supports a proof mass pendulum. Each beam is vibrated at its resonant
frequency by an electronics locp in a manner similar to the method used to sustain amplitude
in quartz-crytal cacillator clock references. In the absence of acceleration along the
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Pigure 11 - vibrating beam accelerocmeter concept.

acceleration sensing axis, both beams are selected to nominally resonate at the same
frequency. Under appllied acceleration, one beam is placed in compression and the other in
tension by the inertial reaction of the pendulous proof masses. This produces an increase
in frequency for the bsam in tension, and a decrease in frequency for the beam in cowm-
pression. The frequency differenve (Fy - Py in Pigure (11)) is a direct digital output
proportional to the input acceleration.

The symmetrical arrangement of the heams produces a cancellation of several error
effects that would exist for one beam mounted individually. BError effects that are
nominally cancelled include nominal beam frequency variations with temperature and aging,
asymmetrical ecale factor nounlinearities, anisoinertia errors (1), and vibropendulous errors
(1) that are common between the individual beam ascemblies.

9.1 Design Considerations And Application Areas

The vibrating beam acceleromater is being designed as a lower cost alternative to the
conventional pendulous electrically-servoed accelerometer for strapdown applications. Cost
reductions are expected to be achieved through elimination of the complex electro-mechanical
assembly associated with the pendulous accelercmeter torque-generator, and elimination of
coiplex torque-to-balance and pulse quantizer readout electronics.

The ultimate success of the vibrating beam accelerometer will depend on whether ita
accuracy capabilities will approach those of mature technelogy pendulous acceleromsters at a
competetive price. Error wechanisms in the vibrating beam accelerometer arise from unpre-
dictable varlations between the two beam assemblies that are temporature, vibration sen-
sitive and which vary over time. One of the more important error mechanisms that must be
dealt with in the design of the unit is the potentional problem of mechanical coupling
batween the beam assemblies that pull the frequencies together under low input acceleration
(an effect similar to lock-in for laser gyros). The result is a detection threshold for the
unit that is a function of the strength of the mechanical coupling. The key to the design
of an accurate vibrating beam accelorometer lies in the ability to isolate one crytsal beam
from the other. One approach being used to achiave isolation is through application of a
dgal-beam conatruction (32) for each of the crystal beam assemblies as illustrated in
Figure 12.
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Figure 12 - Dual-beam crystal oscillator concepi.

In Figure 12, each beam assembly is composed of an integral duval-beam arrangement in
which the beam elements vibrate in opposition (180 degrees out of phase). The resulting
counter-vibration allows each beam moOvement to be counter-acted mochanically by the other
such that no net vibration is transmitted into the mount (i.e., similar to a tuning fork).
The result is that mechanical coupling mechanisms batween the independent dual-beanm
asseablies are minimized.

A problem area being addressed in the design Of the vibrating beam accelercmetor is the
output resolution. Typical mechanications are based on using crystals with a 40 Kir center
frequoncy (fero input acceleration) with 10% variation over the design acceleration range.
Hence, the inherent maximum frequency output of the device (beam frequency difference) under
maximum input acceleration is typically 5 to 10 KHe. Por the higher accuracy applications,
this resolution is generally too coarse (by at least an order of magnitude under certain
conditions). In order to enhance the hasic resolution, design techniques being investigated
fnclude using time measurement botween frequency difference pulses as the ocutput, or use of
digital phase-lock loop external circuity to generate higher frequency waveforms whose
integrel tracks the frequency difference ocutput signal.

The vibrating beam accelerometer is still in ite development stage with units becoming
available for evaluation by test groups this year. Developmental test results reported to
date have been encouraging. It is too early at this time to predict what the ultimate cost/
perforiance of the device will be compared to wature pendulous accelerometer technology.

i0. CONCLUDING RENARKS

Over the past six years, the laser gyro has emerged as the rate sensor wost suitable for
the high performance strapdown applicatioris. FPloated rate-integrating and tuned-rotor gyro
technologies continue to be the most suitable rate sensors for the low-to-medium perform-
ance/low~cost application areas where small sire is 1lmo important. It is expectsd that
cost and size reductions for the laser gyro will broaden ity applicability range in the
future so that it will eventually dominate the medium accuracy performance areas as well.

It is too early to predict whether the laser gyro will ever be of a low enough cost to
successfully compete in the lower accuracy tactical missile application areas.

Pendulous accelerometer technology continues to ba the main stay for strapdown
applications. Performance advances and some cost reductions over the past few years have
enabled this instrument to remain compatible with overall strapdown system cost/performance
goals. To generate a significant cost reduction for strapdown accelsrometers, the vibrating
beam accelerometer is receiving attention by some development groups. Time will tell
whether the cost/performance of this instrument will successfully compete with pendulous
accelerometers in the future.
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