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GYROSCOPES

A gyroscope, sometimes called a gyro, is conventionally a rigid
body or wheel, spinning around an axis of rotation mounted
in a movable frame. This movable frame permits the spinning
wheel to tilt freely in any direction and rotate about any axis
(Fig. 1).

One of the basic modes of operation and functionality of
such a gyroscope can be understood by considering an air-
plane in which the gyroscope is mounted. In this mode of op-
eration, the gyroscope is used as an instrument that mea-
sures the tilt and orientation of the plane. Associated with
any spinning object is a quantity known as the angular mo-
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Figure 1. Parts of a two-axis flywheel gyroscope. The rigid body or
wheel is referred to as the rotor. The two rings are referred to as
gimbals, and constitute the movable frame.
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mentum. The angular momentum is the product of the spin-
ning body’s angular velocity and rotational inertia. The angu-
lar velocity is measured in radians per second. The rotational
inertia, also known as the moment of inertia, depends on the
mass and geometry of the body. Conservation of angular mo-
mentum is one of the basic principles of classical mechanics.
According to this principle, any body upon which no net exter-
nal torque is applied maintains its angular momentum. For a
rigid body under appropriate conditions, this means not only
that the angular velocity remains constant, but also that the
axis of rotation does not change. The function of the movable
frame is to suspend the rotor in such a way that no external
net torque acts on it. Thus, if the airplane changes its orienta-
tion by tilting in one or more possible ways, the rotor will
nevertheless keep spinning with the same velocity and with
its axis pointing in the same direction. The frame, which is
secured to the body of the airplane, will move around the
rotor freely. By measuring this motion, it is possible to deter-
mine how much the plane has tilted with respect to its origi-
nal orientation.

One of the most familiar example of a gyroscope is a toy
spinning top. Such toy tops are usually set in motion by wrap-
ping a string around the axle and pulling the string. They can
perform amazing tricks such as balancing at an angle on the
end of a finger or pencil even if the finger or pencil is moved
randomly. If a spinning top is pushed gently in one direction,
it seems to prefer another, and it moves obstinately in a direc-
tion perpendicular to the original force. As another familiar
example of the gyroscopic principle in action, we might men-
tion footballs and bullets, which are given a spin while setting
them in motion, to keep them stable in flight and send them
straight to the target. The same principles that govern the
action of gyroscopes are also observed in nature. For example,
the earth behaves as a giant gyroscope as it revolves around
the sun.

Most modern gyroscopes can be broadly classified into two
kinds:

* Mechanical gyroscopes
» Optical gyroscopes

Mechanical gyroscopes are based on the conservation of
angular or linear momentum (1). The best-known example of
a mechanical gyroscope is the flywheel gyroscope discussed
above. Some more recent mechanical gyroscopes are based on
vibrating, rather than rotating, structures. These vibrating
structures are in the form of a tuning fork or a membrane or
some other geometry.

Although optical gyroscopes do not contain rotating or vi-
brating masses, they serve the same purpose as mechanical
gyroscopes. Optical gyroscopes have been under development
as replacements for mechanical ones for over three decades.
The operation of optical gyroscopes is often based on analyz-
ing the interference pattern of two beams of light counter-
propagating around a closed path. The interference pattern is
an indicator of the direction of rotation. Having very few or
no moving parts, these devices are easier to maintain. They
also have no gravitational sensitivity, eliminating the need
for gimbals.

Whether optical or mechanical in nature, gyroscopes can
be further classified into two kinds as (1) rate gyros, which
provide a voltage or frequency output signal proportional to

the turning rate, and (2) rate-integrating gyros, which provide
the actual turn angle (2). Fundamentally, gyroscopes provide
angular rate information. It is important to note that rate-
integrating gyros only detect relative angular position, and
not absolute angular position like a magnetic compass. Thus,
they must be initially referenced to a known orientation by
some other means.

Although the rate information can be reliable over long pe-
riods of time, when integrated to provide orientation output,
even very small rate errors can cause an unbounded growth
in the error of integrated measurements. As a consequence, a
gyroscope by itself is characterized by drift or position errors
that grow with time. One way of overcoming this problem is
to periodically reset the gyro output with other absolute loca-
tion-sensing mechanisms and so eliminate the accumulated
error.

Gyroscopes have a wide spectrum of applications. The most
important use of gyroscopes is in navigation and stabilization
instruments for aircraft, spacecraft, guided satellites, mis-
siles, large ships, submarines and other underwater vehicles,
cars and other land vehicles, and robots. Some of the specific
gyroscopic instruments used are high-performance attitude
and heading reference systems, compasses, stabilizers (anti-
roll equipment), autopilots, and inertial navigation systems
(INSs).

An attitude and heading reference system determines the
tilts of the vehicle in different directions, so as to aid stabili-
zation, maneuvering, and navigation. Many other gyroscopic
instruments, such as the rate-of-turn indicators and the gyro
horizons, help aircraft pilots know the position and motion of
their plane in the air. Ordinary magnetic compasses are af-
fected by magnetic forces caused by the rolling and pitching
of a ship. Gyroscopes are used to regulate such compasses so
that navigators know more accurately in what direction their
craft are headed. Gyrostabilizers compensate for the rolling
of ships at sea, helping restore them to an erect position. Au-
topilots guide vehicles towards a destination with minimum
or no human intervention. The purpose of INSs is to provide
position and attitude information.

Gyros find other applications in mining and surveying, the
automotive industry, medicine, motion measurement sys-
tems, and pointing technology for computers.

Gyroscopes with different accuracies are demanded in dif-
ferent application areas. High-accuracy gyros are required for
aircraft, ships, and land vehicles. Medium-accuracy gyros are
suitable for less-demanding applications such as vehicles with
short flight times (e.g. some missiles) and land navigation
systems. Accuracy is often measured in degrees per hour
(deg/h). An accuracy of 1 deg/h means that the system makes
an angular drift error of one degree over one hour of operation
(3). Medium accuracy is defined as a bearing drift in the range
0.1 to 1.0 deg/h; high accuracy, a drift less than 0.01 deg/h
(4). For instance, a drift of 1 deg/h would be acceptable in a
warhead seeker or flight control system, but would only be
tolerable for a short time for standalone navigation.

The scale factor of a gyroscope is defined as the ratio of the
desired angle or rate information to the physical output (e.g.
a voltage or a frequency) of the gyro. The scale factor can
be asymmetric for positive and negative rates in mechanical
gyroscopes and can be a source of error. This is much less of
a problem for certain optical gyroscopes.



Gyro bias is the deviation between the ideal output of the
gyro and its actual output. Gyro bias error is defined as the
difference between the true low-frequency gyro bias (with pe-
riod greater than the mission time) and the calibrated gyro
bias value loaded in the computer to compensate for this er-
ror. As long as this quantity remains stable and the cali-
brated value is subtracted from the gyro output, the compen-
sated gyro output will be correct. One-year stability of this
error to better than 0.004 deg/h is achievable (5).

Thermal gradients in the environment affect all types of
gyros. Unless adequate error models are built and incorpo-
rated in the system model, such errors will also drift the out-
put. Current systems are able to compensate for thermal drift
so that the residual thermal drift rate remains under 0.004
deg/h over a wide range of temperatures (5).

Magnetic sensitivity to the earth’s magnetic field or to
fields created by other instrumentation nearby is another
source of error. Proper shielding enables reduction of mag-
netic sensitivity by a factor of 60 (5).

HISTORY

The first written record of a gyroscope is found in Gilbert’s
Annalen of 1818. In that report, a flywheel gyroscope con-
structed in 1810 by a German scientist named G. C. Bohnen-
berger is described. Instead of a wheel at the center, it had
a heavy rotor that was almost spherical, supported by three
gimbals. The nineteenth-century French physicist J. B. L.
Foucault first used the word gyroscope in 1852 to describe a
device he had built to further confirm the rotation of the earth
(6). Foucault had earlier demonstrated the rotation of the
earth with the pendulum known by his name. However, his
gyroscope failed due to the limited technical capabilities of his
time. The device was basically a wheel, or rotor, mounted on
a long axle within a framework composed of gimbal rings sus-
pended on a ligament. The Foucault gyroscope with the
framework suspended on a ligament is considered the original
form of the north-seeking gyro. Foucault demonstrated that
the spinning wheel maintained its original orientation in
space regardless of the earth’s rotation. He named this instru-
ment a gyroscope, from the Greek words gyros (revolution)
and skopein (to view). Thus, gyroscope means to view a rotat-
ing body.

A Scot, R. Whitehead, first used the gyroscope in military
equipment by perfecting a gyroscopically controlled torpedo
in 1896. Although the ability of a gyroscope to maintain its
orientation suggested its use as a direction indicator, practi-
cal applications of the gyroscope were few before the twenti-
eth century. This was because the equipment needed to keep
the rotor of large gyroscopes spinning smoothly, such as elec-
tric motors and ball bearings, had not yet been developed. At
that time, also, machining techniques were not sufficiently
advanced to produce precision instruments.

About 1900, more ships were being built of steel instead of
wood. The magnetic compasses that had been satisfactory in
wooden ships were less reliable in steel hulls. To overcome
this problem, the first gyrocompass for ships was invented
and patented by a German scientist and engineer H. An-
schiitz-Kdmpfe in 1903 (6). His colleague Schuler solved the
problem of filtering external disturbing motions for the first
time.
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One of the leading figures in the development of the gyro-
scope was a US scientist and inventor, Elmer A. Sperry
(1860—1930), who became interested in the instrument after
seeing Foucault’s historic gyroscope in France. In 1909,
Sperry built the first automatic pilot using the direction-keep-
ing properties of a gyroscope to keep an aircraft on route. In
1911, he successfully demonstrated a gyrocompass on a US
battleship named Delaware. The same year, he patented and
marketed a gyrocompass in the United States, and one was
produced in Britain soon after. The Germany navy had also
introduced gyrocompasses into its fleets by 1911. Sperry con-
tinued to extend the range of instruments based on the gyro-
scope.

The first autopilot for ships was produced by the Anschiitz
Company in Kiel, Germany, and installed in a Danish passen-
ger ship in 1916. A three-frame gyroscope was used in the
same year in the design of the first artificial horizon for air-
craft. This instrument indicates roll (side to side) and pitch
(fore and aft) attitude to the pilot and is especially useful in
the absence of a visible horizon.

In 1912, Sperry’s son Lawrence Sperry invented and flight-
tested an automatic pilot that used four gyroscopes to stabi-
lize an airplane. He competed with 53 others in a competition
in Paris in 1914 and won a prize for the most stable airplane.
In 1918, he developed the gyroscopically controlled turn indi-
cator for airplanes.

The British fleet made use of a Sperry gyrocompass in
World War I. The Sperry Gyroscope Company (now Sperry
Marine, Inc.) devised a quite effective gyrostabilizer that re-
duced the rolling of ships in 1915. This not only minimized
damage to cargo and increased passenger comfort, it also re-
duced stress in the hull of the ship. This gyrostabilizer fell
out of favor because of its large weight, size, and cost. It was
replaced by an underwater fin-type ship stabilizer developed
by Japanese shipbuilders in 1925.

The directional gyroscope and the gyro horizon, which en-
able aircraft to fly safely at night and in bad weather, were
developed by the Sperry Gyroscope Company in 1928. The
same company developed its first gyropilot flight control for
modern planes in 1932. This automatic pilot was installed on
Wiley Post’s airplane, the Winnie Mae. The automatic pilot
helped Post make the first solo flight around the world in
1933 in a little more than 7 days, 18 hours. Sperry Gyroscope
Company also led the development of several other gyro-
scopic instruments.

The principle of operation of the optical gyroscope was first
discussed by Sagnac in 1913 (7). Sagnac’s interferometer ex-
periment produced a sensitivity of 2 rad/s. However, several
technological developments had to be made before it could be
put into practical use. Two years after the demonstration of
the helium—neon laser at Bell Laboratories in 1960, the first
operational ring-laser gyroscope (RLG) was developed by
Warren Macek of Sperry Corporation (8). It took about two
decades to achieve accuracies of 0.01 deg/h. In the early
1980s, smaller, lighter, more reliable RLGs quickly replaced
the traditional spinning-wheel gyroscopes for applications
such as commercial aircraft or automobile navigation. Navi-
gational-quality RLGs (Fig. 2) have been employed in INSs
for Boeing 757 and 767 airplanes since then.

As a result of the advances in the telecommunications in-
dustry, in particular optical fiber technology, fiber-optic gyro-
scopes (FOGs) have emerged as a low-cost alternative to
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Figure 2. MK-49 ring laser gyro navigator by Sperry Marine Inc.
This is a navigational quality gyroscope. (Photo courtesy of Sperry
Marine Inc., Charlottesville, VA.)

RLGs (9). A FOG was first demonstrated by Stanford Univer-
sity researchers Vaili and Shorthill (10) in 1976. As with
RLGs, it took about two decades to develop the technology
in order to achieve better accuracies (11). More mature FOG
technology emerged in the early 1990s. More than half a mil-
lion navigation systems utilizing FOGs have been installed in
Japanese automobiles since 1987 (12).

Mechanical Gyroscopes

Gyroscopic Forces. It is well known that spinning changes
the properties of a body such as a cone-shaped toy top. For
instance, while the top cannot stand on its pointed end when
not spinning, it can easily be balanced on its pointed end
when it is rapidly spinning. Why does the spinning motion
give the system stability? Most simply, because the top is
“confused” about which way to tip. If it starts to tip in one
way, the rotation quickly reorients the tipping motion, and a
new tipping process begins. The net result of this continuing

process of tipping and reorientation is that the axis of the
spinning top moves uniformly about a vertical line; this is the
motion known as precession.

The operation of a bicycle depends on gyroscopic effects.
The rider must control the gyroscopic forces in order to ride
the bicycle successfully. To keep the bicycle standing upright,
the wheels must be kept spinning. If the rider leans slightly
to one side, the bicycle does not fall over, but turns in the
same direction. Bicycles show two gyroscopic effects: (1) gyro-
scopic inertia, and (2) precession.

Gyroscopic inertia is the ability of the spinning axle of the
gyroscope to maintain the same direction, no matter how the
support of the gyroscope changes. The spin axis possesses in-
ertia in the sense that it will maintain its direction as long as
the gyroscope is undisturbed and continues to spin. The iner-
tia of a body is its resistance to any change in its state of
motion. Gyroscopic inertia plays an important role in de-
termining a gyroscope’s behavior. It is gyroscopic inertia that
keeps the bicycle upright as long as the wheels keep spinning.
If the speed of the wheel decreases, the gyroscopic inertia
gradually disappears; the axle begins to wobble and ulti-
mately becomes unstable. Rotors with a high speed and a con-
centration of mass toward the rim of the wheel display the
strongest gyroscopic inertia.

The consequence of gyroscopic inertia is that if a motor-
driven gyroscope is observed for several days, its axis will ap-
pear to change its direction slowly, returning to its original
position every 24 hours. For instance, if the spin axis of a
rotating gyroscope is pointed at the sun, the end of the axis
will seem to follow the sun as it crosses the sky. This is be-
cause the gyroscope holds its original position in an inertial
frame of reference while the earth turns under it, causing the
apparent motion. One exception is when the spin axis points
toward the polar star. Then, there is no movement of the spin
axis with respect to the observer’s surroundings, as the axis
is parallel to the earth’s axis and points towards the poles.

The second interesting property of the gyroscope is its pre-
cession capability. Precession is the tendency of the gyroscope
to move at right angles to the direction of any perpendicular
force applied to it. If a force is applied to the gyroscope which
has a component perpendicular to its rotational axis, the gy-
roscope does not move in the direction of the force. It starts
to rotate, or precess, in a direction at right angles to the ap-
plied force. When the applied force is removed, the gyroscope
stops its precessing motion. Precession makes the bicycle turn
a corner when the rider leans to one side. This property can
be illustrated using a bicycle wheel, mounted on an axle on
which it is free to rotate. At first, the axle is supported at
both ends while the wheel is made to rotate rapidly. If one
support is removed, the wheel and the axle will tend to fall
down. In addition, a reaction will be created which opposes
the falling motion of the wheel, and instead causes the axle
to appear to move horizontally about the remaining support.
The removal of one support actually applies a torque to the
axle. If a torque is applied to a rotating body that is not along
the body’s axis of rotation, then the rotational axis moves in
a direction at right angles to the direction of the applied force.
Hence, when a downward force is applied at one end of the
rotational axis of a spinning gyroscope lying horizontally, the
resulting torque will cause the gyroscope to precess. During
precession, the rotational axis will be moving horizontally
about the point of support. The rate of precession, (), is pro-



portional to the applied torque 7 and perpendicular in direc-
tion (13):

T=QxIw (D

where [ is the rotational inertia of the rotor and w is the rotor
spin rate. Gyroscopic precession is the key factor in the opera-
tion of the north-seeking gyrocompass discussed below.

When the spinning top is acted upon by a gravity-induced
torque, the original rotational motion tries to align itself with
the added rotational motion of the torque. In other words, the
spin vector tries to align itself with the torque vector by chas-
ing the torque vector.

Flywheel Gyroscopes. The main part of the flywheel gyro-
scope is the wheel, or rotor, illustrated in Fig. 1. Typical ro-
tors employed in aircraft instruments may be smaller than 5
cm and make 35,000 rpm, and are usually made of metal or
fluid. In the latter case, the fluid is enclosed within a hollow
sphere inside the gyroscope and is rotated at high speed to
produce the gyroscopic action.

An axle passes at right angles through the center of the
rotor. Usually, the rotor is heavily weighted around the rim
to increase its rotational inertia. One of the most important
aspects of constructing a gyroscope is to mount the rotating
wheel so that it is free of all unwanted torques. If this can be
achieved, the spin vector of the gyroscope does not change
from its initial value and always points in the same direction
with respect to an inertial frame. This way, the gyroscope can
function as a good reference direction system.

If the instrument is to be used in the gravitational fields
of other bodies, the torques caused by the weight of the gyro-
scope must be eliminated. A gyroscope used on the earth, for
example, is subject to the forces and torques due to gravity.
To eliminate the torques, it is necessary to hold the gyroscope
with a force applied at its center of mass, which is usually
somewhere near the geometrical center of its rotor. It is very
difficult to mount the gyroscope at this point. Thus, in order
to be free of gravity, gyroscopes are placed in a Cardan mount,
illustrated in Fig. 1. In the Cardan mount, the ends of the
axle are mounted on ball bearings in a movable frame, or
ring, called an inner gimbal. This inner frame is supported by
bearings in an outer gimbal. The outer gimbal is mounted on
bearings in a supporting frame, or yoke, by bearings along a
diameter at right angles to the axis of the inner gimbal. Each
of these three axes passes through the center of gravity of the
entire system.

The number of gimbals determines the number of degrees
of freedom of the gyroscope: If two gimbals are used, the gyro-
scope rotor is free to move in any direction without having to
move the frame. If only one gimbal is used, the motion of the
rotor is restricted, and it cannot assume certain positions
without moving the frame. The center point of the rotor al-
ways remains at a fixed position within the gimbals no matter
what the orientation of the axle is. The difference between
two and three degrees of freedom can be observed in Fig. 3.

Three-Frame Gyroscopes. Unrestrained three-frame gyro-
scopes have little practical use, since their spin axes are sub-
ject to tilting and drifting due to the rotation of the earth.
Three-frame gyroscopes are used in the controlled state,
where the spin axis, by small continuous or intermittent ap-
plications of torque, is made to precess so that it oscillates
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Figure 3. Three-frame gyroscope (top) and two-frame gyroscope (bot-
tom). The number of frames determines the number of degrees of
freedom of the gyroscope.

around a mark fixed in relation to coordinates on the earth
rather than in relation to space.

While the rotor of a three-frame gyroscope is spinning, if a
slight vertical downward or upward pressure is applied to the
horizontal gimbal ring at the two ends of the axle, the rotor
axle will move at right angles in a horizontal plane. No move-
ment will take place in the vertical plane. Similarly, if a side-
ways pressure is applied at the same point, the rotor axis will
tilt upward or downward. A precession or angular velocity in
the horizontal plane is caused by the application of a couple
in the vertical plane perpendicular to that of the rotor wheel.
A couple is a pair of equal and opposite parallel forces.

Controlled gyroscopes fall into three categories: north-
seeking (meridian), directional, and gyrovertical (horizon in-
dicator). The north-seeking gyroscope is used for marine gyro-
compasses. In the settling (or normal) position, the spin axis
is kept horizontal in the plane of a meridian as described later
in the section on gyrocompasses. The directional gyroscope is
used in aircraft and is sometimes called a self-leveling free
gyroscope corrected for drift. Its spin axis is horizontal with
directional properties, but the gyroscope does not seek the
meridian plane automatically. The gyrovertical has its spin
axis vertical and is used to detect and measure angles of roll
and pitch. All these three-frame gyroscopes are displacement
gyroscopes in that they can measure angular displacements
between the framework in which they are mounted and a
fixed reference direction, which is the rotor axis.

Two-Frame Gyroscopes. Suppose that with the rotor spin-
ning with the spin axis in a horizontal plane, the base of the
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gyroscope is rotated uniformly in the horizontal plane (Fig. 3,
bottom). A resistance due to the gyroscopic inertia will be felt.
At the same time, the spin axis will begin to precess in the
vertical plane and will continue to do so until the axis is verti-
cal and all gyroscopic inertia disappears. If the same experi-
ment is repeated, except that while the base is being turned
in the horizontal plane, the precessional movement of the
spin axis is stopped by the application of a force on the end of
the shaft where it joins the gimbal ring, then the resistance
to the turning motion of the hand due to gyroscopic inertia
will cease to exist. The faster the base is turned, the greater
the vertical downward force that must be exerted on the shaft
to stop the precession. This force can be exerted by a spring
arrangement [Fig. 4 (top)] or a U-shaped tube containing mer-
cury fastened to the axis supports. This gyroscope measures
the rate of change of azimuth and is used in aircraft and ships
as a rate-of-turn indicator. Angular rate of roll in ships can
be measured by applying the same principle. In this case, the
spin axis is positioned at right angles to the fore-and-aft line
and the rate of roll is measured about this line. This is illus-
trated in Fig. 4 (bottom).

These are velocity or rate gyroscopes, which must be distin-
guished from displacement gyroscopes described above. The
sensitive or input axis of a rate gyroscope is at right angles
to its spin axis, while with a displacement gyroscope the spin
axis is directly along the input axis. For example, a north rate
gyroscope and a north displacement gyroscope have their spin
axes perpendicular to each other.

If the bearing mounts of the gyroscope were frictionless, no
external torque would be transmitted to the rotating wheel,

Direction
of roll
Fore-
and-aft —
line

Figure 4. Rate gyroscopes for measuring rate of turn (top) and rate
of roll (bottom). In the top figure, a spring arrangement is used to
exert a force on the shaft to stop the precession. The amount of force
exerted is a measure of rate of turn. In the bottom figure, the spin
axis is positioned at right angles to the fore-and-aft line and the rate
of role is measured about this line.

irrespective of the orientation in space. In practice, the bear-
ings on which the gyroscope rotates are made with care to
minimize friction. They must be assembled in windowless,
air-conditioned rooms so as to eliminate dust inside the bear-
ings, which can cause a gyroscope to fail. As an alternative to
ball bearings, rotors can also be supported (floated) by a fluid
or electrostatic or magnetic fields in so-called flotation gyro-
scopes. In the first case, the airtight inner gimbal is sus-
pended in an inert fluid. Gimbal bearing friction is reduced
because the buoyancy of the inner gimbal is neutral in the
fluid. Flotation also increases resistance to shock and vibra-
tion. There is a diaphragm that seals the product and allows
for fluid expansion as the outside temperature and/or pres-
sure changes. Alternatively, the rotor is suspended with the
aid of electrostatic fields in a vacuum to prevent any mechani-
cal contact between the spinning ball and the outside case. In
some cases, a beam of light reflected from reference marks on
the surface of the rotor measures changes in orientation. Mov-
ing charges, however, produce magnetic fields and currents
that interact with each other and with the earth’s magnetic
field, thus producing torques just as frictional forces do. Many
missiles are guided by electrically suspended gyroscopes.

Since very little friction is produced in the bearings, only
a small amount of power is required to keep the rotor turning.
In most instrumental gyroscopes, the rotor is driven by a
small self-contained electric motor or a small stream or jet of
air that blows on the rotor.

The friction between the spinning wheel and the sur-
rounding atmosphere also produces unwanted torques on the
system. Such gaseous friction can be reduced by placing the
gyroscope in hydrogen or in a vacuum. Over long periods of
time, these combined torques, no matter how small, change
the angular momentum of the gyroscope, causing it to drift.

After frictional torques have been minimized, a gyroscope
can be used to measure applied torques resulting from forced
angular motion. The applied torque, acting over a time inter-
val, affects the original angular momentum by changing ei-
ther the direction of the spin axis or the magnitude of the
spin. Measurement of the change in angular momentum
thereby provides information about the applied torque.

Modern Spinning Gyroscopes. A number of precision-ma-
chined gyroscopes are available on the market, costing be-
tween $10,000 and $100,000, depending on the accuracy.
There have been recent developments and updates in me-
chanical gyroscope technology with the advent of solid-state
electronics. A miniature gyro named GyroEngine (Gyration,
Inc.) uses a conventional spin gyroscope in which motion is
sensed around two independent axes using an optical sensor
technique (14). The use of this technology greatly reduces the
gyro’s size and weight. An injection-molded, clear polycarbo-
nate plastic is used for the housing and structural parts. Poly-
carbonate was selected because of its lower cost, high
strength, ability to withstand a wide range of temperatures,
and very good optical properties. Optical properties are im-
portant, since the optics needed for the sensor system are
molded into the structure to reduce cost.

GyroEngine is a flotation-type, free-spinning, low-cost, low-
power, two-degree-of-freedom gyroscope, about the size of a
35 mm film roll weighing only 40 g, that provides data in
serial packets. The device is available as either a vertical gy-
roscope for measuring pitch and roll or a directional gyroscope
for measuring yaw.
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Figure 5. The block diagram of a quartz
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In a conventional gyroscope, rate data signals are passed
in and out of the device through a series of precision slip
rings. In the GyroEngine, a light-emitting diode is mounted
inside the gimbal assembly and shines through a ring on the
inner gimbal, which has a precision grating pattern mounted
on it. A set of clear decals with printed optical diffraction
gratings (moiré patterns) are mounted at four different places
throughout the gimbal system. As the inner gimbal rotates,
the light beam passing through the pattern on the ring is
modulated in such a way that the motion of the gimbal is
detected and tracked. The modulated light beam passes
through the center of the gimbal bearing, where it is detected
by a photoelectric diode sensor that is outside the gimbal sys-
tem. The outer gimbal employs a similar optical sensing
mechanism. The device reports gimbal position data digitally,
eliminating the need for analog-to-digital conversion (ADC)
and simplifying the electronics. The open collector outputs
can readily be interfaced with digital circuits. The resulting
digital signals are transmitted to a microcontroller for pro-
cessing and output. The control electronics is included in the
plastic housing rather than being external. The motor elec-
tronics is within the inner gimbal. Since much less signal pro-
cessing is necessary, the output can be reported without de-
lay (15).

The resolution of the device is 0.1 deg/rev. A typical drift
rate is about 0.15 deg/s. The device costs a few hundred US
dollars. Some of its advantages include reduction of the num-
ber of slip rings from six or more to two, output being digital
rather than analog, data providing absolute position and di-
rection of gimbals, and ability to report motion in real time.

Vibrating Gyroscopes

Quartz Gyroscopes. The concept of using a vibrating ele-
ment to measure rotational velocity by employing the Coriolis
principle has been used for more than 50 years. In fact, the
idea developed long ago from the observation that a certain
species of fly uses a pair of vibrating antennas to stabilize
its flight.

Recently, vibrating quartz tuning fork technology has
emerged for the production of microminiature, solid-state gy-
roscopes on a chip (16). These are similar to the mechanisms
used in digital wristwatches to provide the frequency or time
reference.

effect. The linear motion of the tines is
translated into an oscillating torque. After
demodulation, a dc voltage is produced,
which is proportional to the rate of rotation.
(Courtesy of Systron Donner Inertial Divi-
sion, Concord, CA.)

A basic quartz rate sensor (QRS) has essentially two com-
ponents: drive and pickup as shown in the block diagram in
Fig. 5. The drive portion functions exactly like a simple tun-
ing fork: Exploiting the piezoelectric properties of quartz, an
electrical signal applied to the tuning fork causes it to vibrate
at a fixed amplitude. Drive tines are the active portion of the
sensor, and are driven by an oscillator circuit. Each fork tine
has a mass and an instantaneous radial velocity that changes
sinusoidally as the tine moves back and forth. As long as the
fork’s base is stationary, only the drive fork vibrates as it re-
sponds to signals from an oscillator. The momenta of the two
fork tines exactly cancel each other and there is no net energy
transfer from the tines to the base. The amount of power re-
quired to keep the fork ringing is only about 6 uW (17).

Another similar fork is employed as a pickup element to
produce the output signal. The passive pickup tines of this
fork are the sensing portion of the sensor that vibrate only
when the device rotates. When the tuning fork is rotated
around its axis of symmetry, the Coriolis effect causes the
pickup fork to vibrate. According to the Coriolis principle, a
linear motion within a rotating framework will have some
component of velocity that is perpendicular to that linear mo-
tion. Thus, each tine will generate a force perpendicular to
the instantaneous radial velocity of each of the other tines
according to the following equation:

F.=2mw x v, (2)
where m is the tine mass, w is the rotation rate, and v, is the
radial velocity of the tines. Since the radial velocity of the
tines is sinusoidal, the resultant force on each tine is also
sinusoidal, equal and opposite in direction and in phase with
v,. Hence, the oscillating torque created at the base of the
drive tine fork is directly proportional to the input angular
rate. The sinusoidal torque variation causes the pickup tines
to begin moving tangentially to the rotation and at the same
frequency as the drive vibration. The output reverses sign
with the reversal of the input rate since the oscillating torque
produced by the Coriolis effect reverses phase when the direc-
tion of rotation reverses. If there is no rotation, the pickup
tines will not move, indicating a zero-rotation input.

The resulting vibration (pickup signal) from this second
fork can be electronically analyzed to measure the angle and
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Figure 6. The GyroChip II solid-state gyro which employs a quartz
tuning fork. Several thousand of these items can be mass-produced
in a single batch. (Photo courtesy of Systron Donner Inertial Division,
Concord, CA.)

intensity of movement. The signal is first amplified and then
demodulated using the drive frequency as a reference. After
further amplification and signal shaping, a dc signal output
is produced that is directly proportional to the input angular
rate. Signal-processing electronics are fairly simple and usu-
ally custom developed on chip, and included within the same
package as the sensing element.

QRSs are fabricated chemically from a wafer of single-crys-
tal, synthetically grown piezoelectric quartz material using
photolithographic and chemical etching processes characteris-
tic of the microelectronics industry and micromachining tech-
niques (18). Hence, several thousand of these items can be
mass-produced in a single batch. Dual tuning forks on a QRS
are pure crystal and nearly transparent. An example quartz
gyro, Gyrochip II by Systron and Donner Inertial Division, is
illustrated in Fig. 6. In another device by the same manufac-
turer, called MotionPak (see Fig. 7), three QRSs are used in
conjunction with three linear accelerometers in order to real-
ize a six degree of freedom inertial sensor cluster.

Figure 7. The MotionPak inertial sensor, comprising three quartz
rate sensors and three linear accelerometers with a total of six de-
grees of freedom. (Photo courtesy of Systron Donner Inertial Division,
Concord, CA.)

The main advantage of quartz gyros is expected to be lower
cost of manufacturing and maintenance, which is one-third to
one-half the cost of fiber-optical equivalents. Other advan-
tages include superior reliability, design simplicity, low power
consumption, small size, low weight, ruggedness, and long op-
erating life. A conventional flywheel rate gyroscope may have
100 to 300 separate precision parts, and a fiber-optic gyro
(FOG) may have 10 to 20 parts and many meters of fiber, but
a quartz gyroscope has only a single part in its sensing por-
tion. These can withstand high shocks and accelerations of
up to 10,000 times the force of gravity resulting from gun or
projectile launching. A typical quartz gyroscope has a 2 cm
diameter, whereas a comparable fiber-optic gyro would mea-
sure 4 to 8 cm.

The typical accuracy of quartz gyroscopes is around 1 to 2
deg/min, which is comparable to that of conventional me-
dium-accuracy rate or rate-integrating gyros. The target mar-
kets for FOGs and QRSs differ according to performance ca-
pability. FOGs have much higher accuracy than QRSs, in the
range of 1 to 10 deg/h. As microelectronic gyros develop fur-
ther, they will be challenging FOGs for lower-accuracy appli-
cations, especially in single-axis configurations. However,
three-axis FOGs will remain cost-competitive because in mul-
tiplexed FOG configurations, one set of electronics is shared
by all three axes. On the other hand, in three-axis quartz gy-
ros, three sets of electronics are used, so a three-axis quartz
gyroscope costs as much as three times what a single axis
gyro costs.

QRSs have several disadvantages compared to FOGs. Key
performance parameters such as bias drift and scale factor
are unstable over the long term (19). The scale factor is a
measure of how accurate and stable a signal is over time. Sec-
ondly, the turn-on to turn-on bias may be large. A large turn-
on to turn-on bias means that gyroscope drift has different
values on one day and the next. The vibration and shock per-
formance is usually uncertain. Part of the ongoing research is
focused on improving the accuracy of quartz gyroscopes.

Hemispherical Resonator Gyroscope. The solid-state hemi-
spherical resonator gyro (HRG) is based on the rotation-sens-
ing properties of a ringing wine glass, first noticed by the
British physicist G. H. Bryan in 1890. The modern implemen-
tation of this principle involves a gyro comprising three fused-
quartz parts, a wine-glass-shaped resonator, an external
forcer housing, and a pickoff housing on the unit’s base. These
are joined by indium solder and employ metalized thin-film
electrodes and conductors. When voltage is applied to the res-
onator, it flexes up to 0.00025 cm and creates a low-amplitude
wave that can be sensed by the pickoffs. The precession of
this wave is correlated with the rotation angle. There are no
bearings or surfaces in the HRG subject to wear, and the inte-
rior of the device is maintained in a high vacuum. A typical
service time is expected to be 20 years with mean time be-
tween failures (MTBF) of more than 150,000 h. Precision
manufacturing is critical in the operation of this gyroscope.

Murata Gyrostar. Another type of vibrating gyroscope is the
Gyrostar, which is a small relatively inexpensive single-axis
piezoelectric rate gyroscope originally developed for the auto-
mobile market and active suspension systems by Murata
Manufacturing Company in 1991 (20). A picture of the device
is provided in Fig. 8.

The principle of operation is again based on the fact that a
proportionate Coriolis force results if angular velocity is ap-



Figure 8. The Gyrostar manufactured by Murata Electronics. This
is a small, relatively inexpensive, single-axis piezoelectric rate gyro-
scope originally developed for the automobile market and active sus-
pension systems. (See B. Barshan and H. F. Durrant-Whyte, IEEE
Trans. Robot. Automa. 11 (3), 328—342, June 1995. Copyright IEEE,
1995.)

plied to a vibrating object. The sensor element unit comprises
a 40 mm long triangular prism made of a special substance
called elinvar (elastic invariable metal), which is a nickel-
chromium-steel alloy with a very small coefficient of thermal
expansion to ensure good dimensional stability (21).

Both the excitation and the detection units employ piezo-
electric ceramics. On each of the three vertical faces of the
bar, a PZT-6 ceramic piezoelectric transducer is placed as il-
lustrated in Fig. 9. The flexural resonance frequency of a tri-
angular prism is given by (22):

ka |E
fn=m 5 3)

where £ is a constant, ¢ and [ are the width and length of the
bar respectively, E is Young’s modulus of elasticity, and p is
the density of the bar material.

/ PZT-6 ceramic element

S

A
A

Figure 9. The triangular prism of Gyrostar with a piezoelectric ce-
ramic transducer placed on each of the three faces of the bar. Excita-
tion of the prism at its resonant frequency by two of the transducers
causes vibrations to be picked up by the third transducer.
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Excitation of the prism by the left and right transducers
at the resonant frequency f, = 7.85 kHz of the bar, perpendic-
ular to its face, causes vibrations to be picked up by the third
transducer, which provides feedback to the drive oscillator
(22). The equilateral triangular prism allows the driving
transducers to be configured in the direction of the compound
vibration mode. The same elements can be used for both exci-
tation of the bar and detection of the resulting Coriolis
forces (23,24).

The gyroscope detects the angular rotation by measuring
the differential output of the left and right transducers. If the
sensor remains still, or moves in a straight line, the signals
produced by the pickup transducers are exactly equal. If the
prism is rotated around its principal axis, a Coriolis force pro-
portional to the rate of rotation w about the z axis is created
according to the equation

F. =2mw x v, 4)

where F, is the Coriolis force, m is the equivalent mass of the
prism, and v, is the rate of change of position of the element
in the y direction. The actual rotation rate w can be deter-
mined by measuring the amplitude of the vibration at the
pickup transducer. As the bar distorts due to the Coriolis
forces, one detector output increases while the other de-
creases. The differential output is amplified to yield an analog
voltage proportional to the angular velocity of the vehicle
around the principal axis of the device. A block diagram of
the device is provided in Fig. 10. The maximum rate that can
be measured with Gyrostar is =90 deg/s within its linear
range, with a response time of 0.02 s.

The unique geometry of the Gyrostar provides better per-
formance than tuning-fork gyros at a significantly lower price
(23). On the other hand, there is still thermally induced drift
due to thermal gradients within the element and the mis-
matches in the material thermal expansion rates at the
elinvar—ceramic interfaces. An evaluation of this gyroscope
and modeling of its drift error is provided in Ref. 25.

The main application of the Gyrostar has been directional
control in car navigation systems by keeping track of turns
for short durations when the vehicle is out of contact with
reference points derived from the additional sensors. Other
target applications include video camera stabilizers, position
and posture control of moving objects, robotics, and control-
ling the direction of satellite antennas on moving objects. The
cost of the device is several thousand Japanese yen.

Optical Gyroscopes

Active Ring-Laser Gyroscopes. The operating principle of the
active ring-laser gyro (ARLG), which is an angular-rate sen-
sor, is based on the Sagnac (interferometer) effect. The basic
device consists of two laser beams traveling in opposite direc-
tions around a closed-loop path. In 1966, Schulz-DuBois ideal-
ized the RLG as a hollow doughnut-shaped mirror in which
the closed-loop path has circular shape (26).

Conventional RLGs include a source of lasing and optical
mirrors. A circulant cavity or waveguide is made out of a low-
expansion, quartzlike glass—ceramic material, and is filled
with a gas such as helium—neon, which acts as the lasing
medium. When the gas is excited, photons are emitted and
begin to circle around in the cavity in both directions. In ef-
fect, this creates two counterrotating beams of coherent laser



554 GYROSCOPES

Piezoelectric
ceramic
(left)

Piezoelectric
ceramic

Piezoelectric

ceramic
(right)

Figure 10. Block diagram of the Gy-
rostar. The differential output is ampli-
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light, which create a stationary standing wave with intensity
nulls and peaks as shown in Fig. 11, regardless of whether
the gyroscope is rotating or not. The interference pattern
tends to stay fixed in inertial space, and the path of the light
varies with the rotational motion of the gyroscope. If the gyro-
scope cavity rotates in the counterclockwise (CCW) direction,
then the CCW-propagating beam will traverse a slightly
longer path than under stationary conditions. The path of the
clockwise (CW) traveling beam will be shortened by the same
amount. Consequently, a phase shift results between the two
laser beams, which can be monitored. The magnitude of the
change in the path length AL is given by

4rriw

AL = (5)

c

where r is the radius of the circular beam path, w is the angu-
lar velocity of rotation, and c is the speed of light in the me-
dium. Since the change in path length is directly proportional
to w, rotational rate measurement relies on accurate mea-
surement of the change in the path length. The invention of
the laser provided the means of accomplishing this measure-
ment. A major portion of the light impinging upon the sur-
faces of the mirrors is reflected by the mirrors, and a minor
portion is transmitted through at least one of the mirrors.
The light transmitted through is measured by a system that
includes optical sensors and a data processor to permit the
device to detect changes in rotational motion.

In order for lasing to occur, the round-trip beam path must
be precisely equal in length to an integral number of wave-
lengths at the resonant frequency. Thus, the wavelengths of

Observer moves
around ring
with rotation

Figure 11. Standing wave pattern created by two coun-
terrotating laser beams in an idealized RLG. The interfer-
ence pattern tends to stay fixed in inertial space, and the
path length of the light varies with the rotational motion
of the gyroscope.

the two counterrotating beams must change when rotation
occurs. The resulting frequency difference or beat frequency
Af, between the two beams is given by (26)
Af = Frw _ 2w (6)
c A

where f is the frequency and A = ¢/f is the wavelength of
the beam.

A doughnut-shaped resonator cavity would be practically
difficult to realize. For an arbitrary cavity, the equation be-
comes

Af = % (7

where A is the area enclosed by the closed-loop beam path
and P is the perimeter of the beam path. For single-axis gy-
ros, the closed-loop path is most often formed by aligning
three highly reflective mirrors to create a triangular path as
shown in Fig. 12. Systems similar to Macek’s early prototype
employ four mirrors to create a square path. The mirrors are
usually mounted on a monolithic glass—ceramic block with
machined ports for the cavity bores and holes (27).

A modern triaxial design employs six mirrors, centrally
mounted on the faces of a cube. Within the enclosed volume
of the glass—ceramic block, three mutually orthogonal and in-
dependent RLGs are placed such that each employs four of
the mirrors. Hence, each mirror is shared by two of the axes
(28). A picture of an example triaxial gyroscope is given in
Fig. 13. To avoid magnetic sensitivities, the most stable sys-
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mirror

EM field pattern
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inertial frame
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Figure 12. A triangular configuration for a single-axis RLG em-
ploying dual anodes. Three highly reflective mirrors have been used
to create the triangular path. (Courtesy of John Wiley & Sons, Inc.,
New York; adapted from Ref. 2.)
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tems employ linearly polarized light and minimize circular
polarization (8).

Reliability and robustness are among the advantages of
ARLGs. The main disadvantage of the ARLG is a phenome-
non called frequency lock-in, which occurs at low angular
rates when the two beams “lock” together in frequency (29).
As in any physical system that sustains two modes of oscilla-

Figure 13. An example triaxial monolithic RLG operating at 632.8
nm. (Photo courtesy of Kearfott Guidance & Navigation Corporation,
Inc., Wayne, NJ.)
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tion, problems occur when the two frequencies approach each
other. Energy is exchanged between the two modes and the
frequencies tend to lock and become one, violating Eq. (7).
This trading of energy or coupling is mainly caused by peri-
odic modulation of the gain medium or other effects due to a
very small amount of backscattered radiation from the imper-
fect mirror surfaces (2). The result is a small deadband region
for low rotational rates, within which no output signal is ob-
served. Above the lock-in threshold, the output converges to
the ideal linear response curve in a parabolic fashion.

One way to solve the frequency lock-in problem is by im-
proving the quality of the mirrors in order to reduce backscat-
tering. A more practical technique for reducing lock-in is to
use a biasing scheme to shift the operating point away from
the deadband zone. This is commonly accomplished by me-
chanical dithering, where the gyroscope assembly is oscillated
back and forth about the principal axis (typically =100 arc-
seconds at 400 Hz) by using a stiff dither flexure suspension
acting like a rotary spring. Piezoelectric transducers provide
the force to rotate the laser cavity block. Disadvantages of
this method include increased system complexity, increased
failure rate due to moving parts, and crosstalk between axes.
In addition, it introduces a random-walk error increasing as
the square root of the time. After the application of random-
ized dither, residual lock-in falls just under 0.002 deg/h and
random-walk error remains between 0.001 and 0.003
deg/h'2. Hence, dithering is not suitable for high-performance
systems such as those used for flight control.

Other methods of reducing the frequency lock-in include
the use of extremely short-duration laser pulses (30-33), the
use of techniques based on nonlinear optics (8), or removing
the lasing medium and using a passive resonator as de-
scribed below.

The RLG is limited by the quantum noise level due to
spontaneous emission in the gain medium (34). Other sources
of error include stability of the mirror’s optical axis, mirror
surface erosion, outgassing of epoxy material within the laser
cavity, precision of path length, current, and dither control,
all of which affect the gyro bias error. Yet, the ARLG provides
the highest sensitivity and is perhaps the most accurate im-
plementation to date. The main problem with the ARLG is its
high cost. If the cost can be lowered, the device will be more
widely used.

Aronowitz (35), Menegozzi and Lamb (36), Chow et al. (27),
Wilkinson (37), and Udd (2) discuss the theory of RLG and its
fiber-optic derivatives in detail. Ezekiel and Arditty provide a
tutorial review of the technologies, and an extensive bibliog-
raphy on earlier work (34).

Passive Ring-Laser Gyroscopes. In the passive ring-laser gy-
roscope (PRLG), the laser source is external to the ring cavity
as in Fig. 14, providing a solution to the frequency lock-in
problem. This configuration also eliminates the problems
caused by changes in the optical path length within the inter-
ferometer due to variation in the index of refraction of the
gain medium (27). One problem, however, is that the theoreti-
cal limit for the photon shot noise level is higher than that of
the ARLG (34).

The main disadvantage of both active and passive RLGs is
the bulky packaging compared to those gyroscopes based on
fiber-optic technology. In addition, production of RLGs re-
quires high-tolerance machining and clean-room assembly. As
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Figure 14. Block diagram of passive cavity ring-laser gyro. The laser
source is external to the ring cavity, providing a solution to the fre-
quency lock-in problem. (Courtesy of John Wiley & Sons, Inc., New
York; adapted from Ref. 2.)

a result, the resonant fiber-optic gyroscope (RFOG) has
emerged as the most popular of the resonator configurations
(38).

Like RLGs, FOGs are angular-rate sensors based on the
Sagnac effect. Basically, a long fiber-optic pathway is created
and wound into coils. A single beam of light is split, with the
two parts being sent in opposite directions through the optical
fiber. A low-coherence source, such as a superluminiscent di-
ode, is typically employed to reduce the effects of noise (39).
The primary source of noise is backscattering within the fiber
and at any interfaces. Consequently, in addition to the pri-
mary mode, there are also a number of parasitic secondary
modes that yield secondary interferometers (40). The limited
temporal coherence of the broadband light source causes any
interference due to backscattering to average out to zero,

making the system sensitive only to the interference due to
the primary mode (34,40). A simplified block diagram is pro-
vided in Fig. 15.

The glass fiber forms an internally reflective waveguide for
the beams of light. In essence, it replaces the bulky doughnut-
shaped cavity first suggested by Schulz-DuBois. A step-index
multimode fiber comprises a core region with a high index of
refraction surrounded by a protective cladding with a lower
index of refraction to keep the light in the core region through
total internal reflection (41). If the core diameter is much
larger than the wavelength of the light, a number of rays fol-
lowing different-length paths can simultaneously propagate
down the fiber. Such multimode operation is clearly not desir-
able in gyro applications. If the diameter of the core is suffi-
ciently reduced to approach the operating wavelength, only a
single mode can propagate (41). Single-mode fiber is employed
to ensure that the two counterrotating beams follow identical
paths when the gyro is stationary. The fiber is also chosen to
be of the polarization-maintaining type, since light of differ-
ent polarization states travels through an optical fiber at dif-
ferent speeds (9,41).

Mainly, two types of FOG exist: interferometric (IFOG)
and resonator (RFOG). When the two counterrotating laser
beams meet at the end of the pathway, the two beams are
compared. If rotation has taken place, the two beams will dif-
fer in some way, and the difference can be detected. If this is
done interferometrically, the device is called an IFOG. More
than 95% of existing FOG applications employ the IFOG, al-
though the RFOG has been becoming more widespread re-
cently. IFOGs can be further classified as open-loop and
closed-loop gyroscopes as described below.

Open-Loop Interferometric Fiber-Optic Gyroscopes. The
number of fringes of phase shift introduced by gyro rotation
is given by (2)

LD
where L is the length of optical fiber in the loop, D the diame-
ter of the loop, A the wavelength of light, ¢ the speed of light
in vacuum, and w the rotational rate. The stability of the
scale factor relating the phase shift to rotational rate is de-
pendent on the stability of L, D, and A (34). Typically, an
IFOG operates over *7/2 phase shift with a theoretical sensi-
tivity of 1 urad or less (42). Increasing L by the use of multi-
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Figure 15. Simplified block diagram of an open-loop IFOG. A single beam of light is split, with
the two parts propagating in opposite directions through the optical fiber coil. After demodula-
tion, an analog output is produced which is proportional to the rate of rotation.
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ple turns of fiber enhances resolution by effectively multi-
plying the change in the path length due to the Sagnac effect
by a factor N equal to the integer number of turns (2). The
optimal length is of the order of several kilometers, after
which the fiber attenuation (typically 1 dB/km) begins to de-
grade performance (34). This large amount of fiber required
represents a significant percentage of the overall system cost.
For FOGs the main accuracy limit is not optics but noise
in the electronic control loops. The accuracy of FOGs depends
on fiber length and coil diameter used as implied by Eq. (8)
above. FOGs typically operate at one of three wavelengths:
0.86, 1.33, or 1.55 um (42). The shortest wavelength is opti-
mum for a precision FOG, since it offers the greatest sensitiv-
ity. In contrast, longer wavelengths are preferable for tele-
communication systems because of lower signal attenuation.
A minimum-configuration open-loop FOG consists of an op-
tical source (such as a semiconductor diode light source),
source—detector directional coupler, polarizer, coil directional
coupler, and an optical-fiber coil (Sagnac ring). The source—
detector coupler is not part of the Sagnac interferometer and
serves mainly to provide isolation between the broadband op-
tical source and the photodetector. When the two counterro-
tating laser beams meet at the end of the pathway, the fringe
pattern created due to interference is inspected. Rotation of
the path compresses the fringes in one direction and expands
the fringes in the other direction, resulting in a changed pat-
tern in the fiber. The intensity pattern caused by constructive
and destructive interference, shown in Fig. 16, is in the form
of a cosine, which is symmetric and cannot distinguish be-
tween CW and CCW rotation. The peak intensity occurs at
zero rotation rate, where the sensitivity of the intensity to
small changes in rotational rate is minimum. To overcome
these problems, the two beams are phase-modulated to intro-
duce nonreciprocal phase shifts (2). If a phase shift of 7/2 is
introduced, the operating point is shifted to the region of max-
imum sensitivity and the direction of ouput can be deter-
mined from the sign of the output (34). The return signal from
the interferometer traverses the laser and is recovered by a
photodetector behind the rear laser facet. This signal is dis-
tinguished from the laser signal by the bias modulation. This
minimal configuration eliminates at least one directional cou-
pler, the separate photodetector, and at least two fiber splices.
The disadvantages of this open-loop configuration are the
nonlinearity of the input—output relationship, bias instabil-
ity, the long length of optical fiber required relative to other
FOG designs, limited dynamic range in comparison with

¢ Figure 16. Detected intensity versus phase shift

(a) and output of demodulator (b) for the analog
open-loop IFOG. The symmetry of the original in-
tensity pattern, shown in (a), does not allow dis-

N tinguishing the direction of rotation. By introduc-
ing a phase shift of #/2 to the two beams, the
operating point is shifted to the region of maxi-
mum sensitivity as shown in part (b).

ARLGs, and the sensitivity of the scale factor to analog com-
ponent drifts/tolerances and light source intensity (43). On
the other hand, it offers reduced manufacturing costs, high
tolerance to shock and vibration, insensitivity to gravitational
effects, quick startup, and fairly good sensitivity in terms of
bias drift and random walk coefficient. The coil geometry is
not critical. Therefore open-loop FOGs are more suitable for
low-cost systems for low- to medium-accuracy applications
such as gyrocompassing in automobile navigation, pitch and
roll indicators, and attitude stabilization (44). Hitachi Cable,
Ltd., Tokyo, has developed several IFOGs for a number of in-
dustrial and commercial uses such as automotive applica-
tions, mobile robotic systems, and agricultural helicopters
(45,46).

A popular example of an open-loop IFOG is the Andrew
AUTOGYRO®, which is a single-axis all-fiber rate sensor that
includes an interface to the vehicle odometer and backup
lights for use in dead-reckoning navigation (47) (Fig. 17). The
device integrates angular rate data and odometry information
over an interval, and combines these into a serial digital data
output. The sensing element is a coil fabricated from ellip-
tical-core, polarization-maintaining optical fiber which does
not depend on stress-inducing members and operates from
unconditioned vehicle power. The signal-processing electron-
ics are stable with time and temperature, and the unit does
not need to be recalibrated. An internal temperature sensor
output enables further calibration in more accuracy-de-
manding applications. The packaging is rugged, consisting of
an aluminum housing with weather-resistant gaskets.

Analog and digital output versions are available. The ana-
log signal is the angular rate output, whereas the digital out-
put is the result of integration of the rate output, which can
be interpreted as either the incremental angle change during
the measuring interval or the average rate. A wide analog
bandwidth is maintained while reducing the output data rate.
All required voltages are generated internally from a single,
wide-range input voltage that can be directly connected to ve-
hicle power.

The lack of moving parts implies longer life. Among other
advantages of the device are stable operation, lack of sensitiv-
ity to rotation about or acceleration along other axes, good
resolution, threshold and dynamic range, resistance to shock
and vibration, high reliability, ease of interfacing, and free-
dom from preventive maintenance.

The device can detect input rotation rates between =100
deg/s with a minimum detectable rotation rate of =0.05
deg/s.
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Figure 17. Picture of the AUTOGYRO® Navigator by Andrew Corpo-
ration. This is an example of an open-loop, all-fiber, single-axis IFOG.
(Photo courtesy of Andrew Corporation, Orland Park, IL.)

The AUTOGYRO® is used in a continuous positioning sys-
tem (CPS) costing about 3000 US dollars, comprising the
AUTOGYRO® and a GPS receiver. The CPS is used in auto-
mated bus stop announcement systems and emergency vehi-
cles such as ambulances, police cars, and fire trucks. The
price of the AUTOGYRO® is under a thousand US dollars. A
more detailed discussion of the AUTOGYRO® is provided in
Refs. 48 and 49.

Closed-Loop Interferometric Fiber-Optic Gyroscopes. For ap-
plications demanding higher accuracy, the closed-loop FOG is
more suitable, with drifts in the average 0.001 to 0.01 deg/h
and scale-factor stabilities greater than 100 ppm (43). In
closed-loop systems, an active torquing feedback loop into a
frequency or phase-shifting element is employed to cancel the
rotationally induced phase shift (2). Since the system is al-
ways operated around a zero phase shift, the gyro accuracy
and drift are improved, and intensity variations in the light
source and analog component tolerances have an insignificant
effect (34). Closed-loop systems, however, rely on costly high-
speed optical and electronic components.

A simplified block diagram of a closed-loop IFOG is illus-
trated in Fig. 18. The output of the demodulator is passed to
a servo amplifier that drives a nonreciprocal phase transducer
(NRPT), which is typically an electro-optic frequency shifter
placed within the fiber interferometer (34). The NRPT intro-
duces a frequency difference Af between the two beams, re-
sulting in a fringe shift Zy given by (2)

Zp = - Achn )

where n is the index of refraction and c is the speed of light.
The linearity and stability of the gyro depend only on the
NRPT (34).

To null out the phase shift at the detector, the fringe shift
Zz due to gyro rotation must be precisely canceled out by the
fringe shift Zr due to the relative frequency difference of the
two beams:

Zp+Zp=0 (10)
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Figure 18. Simplified block diagram of a closed-loop phase-nulling IFOG. The output of the
demodulator is passed to a servo amplifier that drives a nonreciprocal phase transducer which
introduces a frequency difference between the two beams.
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Substituting Eqgs. (8) and (9) for Zy and Zy and solving for Af
yields (2,34,44)

4AN 4A D

where A is the area of the fiber loop, N the number of turns
in the loop, and P and D the loop perimeter and diameter re-
spectively.

The gyro output Af is thus inherently digital, as opposed
to an analog dc voltage level, and also linear. However,
closed-loop digital signal processing is considerably more com-
plex than the analog signal processing employed in open-
loop IFOGs.

Resonant Fiber-Optic Gyroscopes. The resonant fiber-optic
gyro (RFOG) has evolved as a solid-state derivative of the
PRLG described above. A block diagram is provided in Fig.
19. A passive resonant cavity is formed from a multiturn
closed-loop of optical fiber. Frequency-modulated (FM) light is
coupled from a laser source into the resonant loop in both the
CW and CCW directions. For the case of no motion, maximum
coupling occurs when the frequency of the laser during the
FM sweep is such that the perimeter of the loop is an integral
multiple of the wavelength (38). If the loop is rotated, the
path lengths for the two beams will no longer be equal and
the resonant frequencies shift accordingly. The output coupler
samples and detects the intensity of the energy in the loop.
The demodulated output at the detectors will show resonance
peaks separated by a frequency difference of Af given by (38)

D

Af

In practice, the frequency of the laser is adjusted to main-
tain resonance in one direction, and an electro-optical fre-
quency shifter is employed to drive the other direction into

~_ ) Oscillator John Wiley & Sons, Inc., New York; adapted from
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resonance (44). This results in a frequency shift twice that
induced by the Sagnac effect.

Advantages of RFOG are high reliability, long life, quick
startup, and light weight. It requires 10 to 100 times less fiber
in the sensing coil than the IFOG configuration. Since the
optical fiber can be as short as 50 to 100 m, the size of these
gyros is comparable to that of a spool of thread. RFOGs are
limited by the same shot-noise level as IFOGs (38). According
to Sanders, this is due to the fact that light traverses the loop
multiple times, as opposed to once in the IFOG. Two disad-
vantages are the need for a highly coherent source and the
need for extreemly low-loss fiber components (43).

Fiber-Optic Gyroscopes. Currently, RLGs are used for navi-
gation applications requiring high accuracy, whereas FOGs
are used for medium-accuracy applications such as in motion
sensors. FOGs have certain advantages over RLGs. The latter
rely on an active source of lasing for their operation and are
very expensive to manufacture. FOGs do not require a coher-
ent source, and their operation does not depend on a high-
performance cavity, significantly reducing manufacturing
costs (50). The mass production price of FOGs is estimated to
be one-third that of comparable RLGs. Utilization of optical
fiber in FOGs provides considerably greater ruggedness.
Among other advantages of FOGs are light weight, low power
consumption, small size, potential for mass production, little
or no lock-in, no plasma flow problems, no critical mirror fab-
rication or aging problems, smaller number of parts, absence
of mechanical moving parts (which makes them durable), and
high resistance to environmental influences. These gyros are
immune to electromagnetic interference and can withstand
large accelerations (42). An excellent treatment of the fea-
tures, advantages, and disadvantages of RLGs versus FOGs
is provided by Udd (2).

Typical drift rates are 0.01 deg/h (3). One similarity be-
tween RLGs and FOGs is that in both it has been relatively
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easy to achieve low performance, but much research has been
needed to improve the performance to 0.01 deg/h levels. FOGs
have been replacing RLGs in many civil and military applica-
tions, especially those with less demanding drift rates of ap-
proximately 1 deg/h. Accuracy has been the main disadvan-
tage of FOGs when compared with mechanical gyroscopes and
RLGs. Within a few years, however, FOGs are expected to
achieve comparable drift rates to RLGs. Target values for pre-
cision FOGs are 0.001 deg/h drift rate, 0.0005 deg/h'2 random
walk, 5 ppm scale factor, and 500,000 h stability (51).

Miniaturized Gyroscopes on Chip. A number of products
combining integrated optics and fiber optics have been devel-
oped recently. The cost of medium-performance FOGs of accu-
racy range 1 to 10 deg/h can be reduced by using an inte-
grated optoelectronics module as the key component. The
processes for fabricating the integrated optics components are
similar to the batch processes used by the semiconductor in-
dustry to mass-produce integrated circuits. In addition, this
technology allows the use of inexpensive telecommunications
optical fiber for the fiber coils. Such systems comprise a light
source, its driver, a detector, a filter, an ADC, and an inte-
grated optics coupler. Typically, all of the optical components
are integrated optics, except for the fiber coil, light source,
and optical detector—preamplifier and depolarizers.

The coils are mounted on a chassis along with the other
components. The light source is typically a superluminiscent
diode or an edge-emitting LED, similar to those used in short-
range telecommunications. These light sources have short co-
herence lengths and can be efficiently coupled into the core of
a single-mode fiber. The low coherence is important for min-
imizing optical reflections and other disturbances that can af-
fect performance and reliabilty. The fiber-optic couplers (nor-
mally 2.5 to 5 cm) and a phase modulator (normally 0.6 to
2.5 ¢cm), when integrated, fit on a 2.5 X 2.5 cm integrated
optics chip.

These optoelectronic chips are available in single- dual-,
and three-axis configurations for medium- and high-accuracy
applications with bias performance in the 0.01 to 10 deg/h
range. If the gyro is multiaxial, many of the optical and elec-
trical components can be time-shared between the axes, re-
sulting in significant reductions in cost, size, weight, volume,
and number of parts. For example, a single chip is produced
that allows all gyros to share a single laser diode, eliminating
the need for three separate laser diodes. The reduction in the
number of parts has the additional benefit of operation with-
out mechanical gyro errors. An all-fiber gyro is less accurate
than a fiber—integrated-optics gyro.

Many such devices incorporate intelligence on chip, and
employ application-specific integrated circuits (ASIC) for op-
eration, eliminating the need for a digital-to-analog converter
(DAC). On-board processors take care of data handling, tem-
perature compensation, scaling, and filtering. Such a chip can
be designed with an operating wavelength between 630 and
3200 nm.

Optoelectronic gyroscopes can give rate outputs for angu-
lar accelerations up to 300,000 deg/s? and can withstand 30g
shocks from six directions. Typical packaging volume is 100
cm?, and typical power consumption is 2 W.

In 1993, Hitachi Cable developed a business-card-size
FOG, which integrates an optical coupler, polarizer, detector,
and other components into an optical integrated circuit chip

(52). The integrated circuit comprises a Y-branch glass optical
waveguide and two phase-shift modulators. It connects a sig-
nal-processing circuit, sensing coils, and a fiber coupler to
make up the phase-shift modulation gyro. The device is
mainly used in car navigation systems and costs less than
10,000 Japanese yen.

Another device by Hitachi, named GyroAce V, which mea-
sures 80 X 80 X 35 mm, is an analog-output gyro that uses a
polarization surface protection optical fiber, which is not af-
fected by temperature and vibration. The response speed of
the device is 1 ms, the operating temperature ranges from
—30 to 75 °C, and the price is about 200,000 Japanese yen.

The trend of the technology is towards greater integration,
resulting in a gyro on chip in which the sensing element and
the electronics to analyze it will be included in a single piece
of silicon of size 1 cm?, mass-produced with very low cost. One
problem is the development of pigtailing techniques (proce-
dures to connect fiber to the integrated chip). This is challeng-
ing due to the alignment required. It is particularly important
for higher-accuracy (0.01 deg/h) FOGs. When polarization-
maintaining fibers are employed, the major axes of these fi-
bers need to be precision-aligned with the polarization axis of
the waveguide and the light source.

Nuclear Magnetic Resonance Gyroscopes

Certain particles such as electrons, protons, neutrons, and
nuclei intrinsically possess angular momentum. Employing
this angular momentum as the basis for a gyroscope has long
been considered, and such instruments have been suggested
(53). All approaches suggested so far are based on nuclear
magnetic resonance (NMR), where a net nuclear magnetiza-
tion is established by some means (54).

The precession of the net nuclear angular momentum is
observed in an applied magnetic field H,, from which rotation
information is deduced. The frequency of precession about
H, (the Larmor frequency) is proportional to the magnitude
of Hy: wy = yH,. The constant y characterizes the particle
used. If the frame is rotating at an angular rate w,, then the
observed frequency will be shifted: w = yH, — w,. For typical
values of w, for a practical navigational gyro, use of this equa-
tion would require very precise knowledge of H,.

Using two particles with different spins in the same mag-
netic field, two different Larmor frequencies w, and w, can be
observed. The two unknowns, the magnetic field and the rate
of rotation, can be found by solving the following pair of equa-
tions:

(13)
(14)

wy =y Hy — wy

wy = yoly —wr

Any method based on these equations relies upon the con-
stancy and knowledge of the gyromagnetic ratios y,/y,. This
dependence can be eliminated by the use of two magnetic
fields in opposite directions and a resonance cell containing
both kinds of nuclei in each magnetic field (5).

Factors characterizing the performance of an MRG are
noise on the angle output, angle random walk, and bias ef-
fects. The drift rate is approximately a few hundredths of a
degree per hour. Research on the development of this type of
gyro is ongoing (55,56).



APPLICATIONS

Ships and Aircraft

Gyrocompass. A gyrocompass is an instrument that is used
in ship or aircraft navigation to provide a fixed reference di-
rection by pointing toward true or geographic north. The de-
vice is basically a special configuration of the rate-integrating
flywheel gyroscope, employing a gravity reference for the
north-seeking function. A compensated magnetic compass in-
dicates magnetic north, which is different than true north. A
gyrocompass, however, when properly adjusted, can be made
to indicate true north. A gyrocompass is more reliable than
a magnetic compass because it is not affected by magnetic
disturbances such as those due to the steel hull of a ship. The
gyrocompass is not dependent on the magnetic field of the
earth and should not be confused with gyromagnetic com-
passes such as the Gyrosyn Compass described later.

Marine Gyrocompass. Almost every large ship carries at
least one master gyrocompass installed in its own gyro room.
An example is shown in Fig. 20. A transmission system links
the master compass to repeaters, which are used on the ship
for steering, positioning, and course recording. A marine gyro-
scope can take a number of different forms, all of which make
use of the principle of the gyroscope and the pendulum. In its
simplest form, the instrument consists of a rapidly spinning
wheel, driven by a motor, and suspended so as to function as
a pendulum and to respond to the earth’s gravity. It is a
three-frame gyroscope with its spin axis horizontal. As the
earth rotates, the gyroscope finds an equilibrium position
with its axis of spin parallel to the local meridian—that is,
the axis assumes a north—south orientation. The gyrocompass
incorporates damping features to control its motion as it
aligns itself with the local meridian. It also needs to be com-

Figure 20. MK 37 VT Digital Marine Gyrocompass by Sperry Ma-
rine Inc. (Photo courtesy of Sperry Marine Inc., Charlottesville, VA.)
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pensated for the rolling, pitching and other motions of the
ship on which it is placed.

In another form of a gyrocompass, a gimbal ring is
attached to a support rod extending from the diameter of the
ring. The axis of the spinning wheel and the support rod are
perpendicular to each other. In most pendulum suspensions,
a knife-edge is used as the top support point, restricting the
motion of the pendulum and placing unwanted torques when
a twist occurs. In this case, a ball floating in mercury is em-
ployed so that pendulum motion can take place freely in any
vertical plane. This way, the support point can twist freely
about a vertical line without placing an unwanted torque on
the gyroscope pendulum.

In order to understand the north-seeking (or meridian-set-
tling) property of the gyrocompass, consider a gyroscope at
the equator whose axis is lying along the east—west direction.
Since the gyroscope is supported as a pendulum, the support
point, the center of mass of the gyroscope, and the center of
the earth tend to lie along the same vertical line. However,
as the earth rotates, the vertical line sweeps through space
along the equator. The gyroscope cannot maintain its initial
orientation due to gravitational forces. A torque, or twist, is
impressed on the gyro, with the torque vector lying along the
north—south direction. As soon as a tilt develops, the pendu-
lum introduces torques that precess the spin axis towards the
meridian and tries to align the gyroscope axis in the same
direction as the torque. The gyroscope precesses from its orig-
inal westward direction until its axis also points along a
north—south direction. Depending on the amount of damping,
it follows a spiral with an ever-decreasing radius. When stabi-
lized, the spin axis is maintained in the meridian plane by a
precession equal but opposite to the drift at the particular
latitude. Once the alignment with the north—south direction
is complete, the earth’s rotation cannot impress any further
torque on the gyro, because the torque cannot be transmitted
through the bearings of the spinning wheel when in that di-
rection. As the ship that carries the gyrocompass continues
its motion, the torque redevelops and the gyroscope realigns
itself with the local meridian. A gyrocompass functions at
other latitudes besides the equator also, but only the motion
of the component of the vertical line that is perpendicular to
the earth’s axis can impress a torque on the gyrocompass.
When there is no tilting effect, the marine gyrocompass will
lose its directional properties and become useless. This is the
case at the poles of the earth, where the vertical line is paral-
lel to the earth’s axis and no torque can be transmitted to
the instrument. Thus, the sensitivity of the gyrocompass is
maximum at the equator and decreases to zero as the north
or the south pole is approached. Also, when a vehicle moves
to the west with a speed equal to the surface speed of the
earth, the gyrocompass loses its sensitivity. This device can-
not be used for air navigation because this condition can eas-
ily occur in the middle and upper latitudes.

Aircraft Gyrocompass. Aircraft gyrocompasses are almost
always of the magnetic type, stabilized by a gyroscope. These
are based on automatically monitored directional gyroscopes
spinning on a horizontal axis, in which the monitoring device
senses the direction of the meridian and ensures that the gy-
roscope axis is maintained in this direction, pointing towards
the magnetic north pole.

Gyrosyn Compass is the tradename for a magnetic com-
pass developed by Sperry Gyroscope Company and that came
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into use following World War II. Unlike an ordinary magnetic
compass, it is driven electrically, and it adjusts more quickly
to course changes of the aircraft. The monitoring device con-
sists of a magnetic sensing unit, called the flux valve, which
is mounted in the wing tip or some other remote location on
the plane. Any relative change between the aircraft and the
earth’s magnetic field results in a voltage signal in the flux
valve, making allowance for variation in the direction of the
earth’s magnetic field. This voltage signal is amplified elec-
tronically and applied to the gyroscope to keep it pointing to-
wards magnetic north. The device can operate repeater com-
passes wherever they are needed in the aircraft.

Gyrostabilizer. When its rotor is very heavy, a gyroscope
can function as an actuator: a device that directly controls
a vehicle. The stiffness of the rotor is used to maintain the
orientation of vehicles such as spacecraft, ocean ships, and
automobiles. A gyrostabilizer is a large gyroscope that coun-
teracts the rolling motion of a ship at sea and makes travel
more comfortable. The device is mounted on pedestals bolted
to the ship’s framework. A self-contained electric motor drives
the rotor. A number of ships and yachts built between World
War I and World War II used gyrostabilizers, which ac-
counted for about 13% of the entire weight of a ship. Such
large gyroscopes, by themselves, are no longer used to stabi-
lize ships, because they would have to be very large and
heavy in order to control the large ships of today. The US
Navy uses them only aboard Polaris missile-firing sub-
marines.

Modern stabilizers make use of a set of fins controlled by
gyroscopes as illustrated in Fig. 21. The fins extend out from
the ship’s hull and are operated so that the forward motion of
the ship produces a tilt in one direction on one fin, and in the
opposite direction on the other fin. The gyroscopes sense the
vertical angular displacement and the roll velocity and pro-
vide the proper control for the fins to oppose the rolling mo-
tion caused by waves beating against the ship.

Gyropilot. The gyropilot, also called an automatic pilot or
autopilot, is a device which automatically steers ships or air-

Figure 21. A ship stabilizer with fins controlled by a gyroscope. The
gyroscope is unaffected by the rolling motion of the ship. It controls
the pitch of the stabilizing vanes that counteract the rolling.

craft closer to a course than a human helmsman or pilot can.
The gyropilot allows more accurate navigation and economi-
cal operation. If autopiloting can be done very accurately and
reliably, unmanned aerial vehicles or ships can be realized.
An autopilot uses the artificial horizon and the gyrocompass
to operate the mechanisms controlling the rudder, elevators,
and ailerons, thus allowing the craft to fly long distances
without a human pilot.

In modern gyropilots, rate detection is the principal refer-
ence, and displacement detection plays a secondary role. Basi-
cally, the gyropilot consists of three devices. Each device de-
tects deviations of the aircraft from its proper course and
attitude in one plane and generates a corrective signal to cor-
rect for the disturbances. The corrective signals are voltage
displacements, which are amplified and sent to servo units,
which have small electric motors that move the aircraft’s con-
trols. The controls are: rudder control for azimuth and sudden
change in heading disturbances (yaw), aileron control for roll
disturbance, and elevator control for pitch disturbance. First,
corrective rudder control is applied to the rudder servomotor.
The roll disturbance is detected by a roll gate gyroscope and a
roll angle pendulum, which senses displacement. The aileron
servo applies corrective action. Pitch disturbance is detected
by a pitch rate gyroscope and a pitch pendulum. The elevator
servo also applies corrective action.

The gyropilot for ships controls the rudder according to
corrective signals from a gyrocompass. The first automatic pi-
lot for ships was used in the early 1920s. The automatic pilot
aboard ships is often called “iron mike” or the “iron quarter-
master.”

Other Aircraft Instruments. In aircraft, gyroscopes are used
in several other instruments which are either part of the au-
topilot or are used for visual reference. The three primary
gyroscopic instruments fitted to the flight panel are a rate-of-
turn indicator (or turn-and-bank indicator), which is simply a
rate gyro; a directional gyroscope; and an artificial horizon.
These gyros may be driven either by electric motors or by
air jets.

The directional gyroscope forms a standard reference for
the pilot and navigator, indicating in what direction the air-
craft is heading. It is a three-frame gyroscope with its spin
axis on the horizontal plane. As soon as tilt develops, a switch
is closed between the gyroscope housing and the vertical gim-
bal ring, and a motor introduces a torque in the horizontal
plane that causes the gyroscope to precess back toward the
horizontal.

The artificial horizon, or horizon indicator, indicates the
orientation of the aircraft relative to the horizon and displays
the rolling and pitching motion of the aircraft, without the
pilot’s having to look at the ground or horizon. It consists of
a three-frame gyroscope with its spin axis vertical, and auto-
matic correcting devices to counteract the apparent motion of
the spin axis around the celestial pole and any other random
precessions.

Inertial Navigation (Guidance) Systems. One of the most im-
portant uses of the gyroscope is in INSs for aircraft, space-
craft, or military equipment. These depend on the inertia of
an extremely precise gyroscope to keep the craft traveling in
exactly the right direction. Gyroscopes are the primary source
of navigation and guidance information on spacecraft, since



magnetic compasses are useless in outer space and there is
no local horizon to sight on. Gyros are also used to accomplish
the orientation control of the accelerometers, which are key
components of INSs. INSs are nonradiating, nonjammable,
dead-reckoning systems.

When INSs emerged for civil aviation in the 1970s, they
were so large, heavy, expensive, and costly to maintain that
they were used only on very large transoceanic transports.
In the early 1980s, smaller, lighter, more reliable RLG-type
gyroscopes were developed, and the civil market was ex-
panded to a greater number of potential applications such as
inertial navigation of larger business aircraft.

Modern INSs require a small platform very accurately sta-
bilized by gyroscopes. This type of platform was perfected
only in the 1950s after advances in the design of air-sup-
ported bearings and flotation gyroscopes. The inertial plat-
form is extremely small and must be stabilized to an extraor-
dinary degree of precision. The two types of self-contained
INSs are the gimbaled INS and the strapdown INS. In a gim-
baled system, the gyros and accelerometers are isolated from
the rotations of the vehicle so that they can be maintained in
a specific orientation with respect to the earth or inertial
space. The stabilized INS physically represents the inertial
reference frame. This greatly simplifies the position and ve-
locity computations and reduces the dynamic-range require-
ments on the gyros. In a strapdown INS, the gyros measure
the full rotation rates of the aircraft and keep track of the
instantaneous orientation of the accelerometers in order to
properly integrate the accelerations into velocity and position.
This is done by applying control torques to the gyros, causing
them to precess at precisely the same rate as the combination
of the earth’s rate of rotation plus the angular rate of the
vehicle’s position with respect to the earth. This way, two of
the accelerometers are locally leveled, and the third one is
kept vertical at all times. Since computation of a reference
attitude matrix is required, strapdown INSs were made possi-
ble only by the advent of small and speedy digital computers
(3). Most of the modern aircraft and marine INSs today are
of the strapdown type. The errors caused by vehicle maneu-
vers and accelerations can be larger in strapdown systems.
For gimbal systems, the typical gyro drift rate is 0.01 deg/h;
for strapdown systems, the error is 20 to 50% worse.

If single-degree-of-freedom gyros are to be used, three mu-
tually orthogonal gyros are required for the north, east, and
vertical coordinates. If two-degree-of-freedom gyros are to be
used, only two gyros need be installed. The types of gyros cur-
rently found in INSs include floated rate-integrating gyros,
electrostatically supported gyros, dynamically tuned rotor gy-
ros, and RLGs (57).

Military

Gyroscopes have also been exploited for military applications
such as guiding and controlling the automatic steering mech-
anisms of torpedoes, missiles, and projectiles, and smart and
terminally guided or precision-guided munitions for large-cal-
iber guns (or field artillery) on tanks and howitzers. Gyro-
scopes are also employed underwater to steer torpedoes to-
ward the target regardless of underwater conditions.

Many of the most accurate long-range missiles are steered
by INSs using gyroscopes. Conventional three-frame gyro-
scopes are used in ballistic missiles for automatic steering to-
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gether with two-frame gyroscopes to correct turn and pitch
motion. German engineers made significant advances in this
field during the 1930s, and their knowledge was later used in
the design of guidance systems for the V-1 flying bomb, a pi-
lotless aircraft, and the V-2 rocket, an early ballistic missile.
Most tactical-grade missile systems require an accuracy of 1
deg/h.

The ability of gyroscopes to define direction very accu-
rately, when used in conjunction with sophisticated control
mechanisms, led to the development of stabilized gunsights
(or predictor sights), bombsights, antiaircraft systems, and
platforms to carry guns and radar antennas on ships during
World War II. The gyroscopic gunsight revolutionized aerial
gunnery for jet fighter planes that automatically aim guns,
rockets, and bombs. The method of stabilization used for gun
platforms is essentially the same as the principle of stabiliz-
ing an inertial platform. The gyroscopes that detect platform
displacement are not as accurate as the flotation type. The
sight fitted on the gun contains a rate gyroscope capable of
measuring angular velocities in two planes at right angles to
each other. The gyroscope is a three-frame one constrained by
horizontal and vertical springs to the inner and the outer gim-
bal, respectively. Sometimes, variable-strength magnetic
fields are employed to constrain the rotor axle in azimuth and
elevation instead of a mechanical spring arrangement. The
field coils for producing the horizontal component of this mag-
netic field are coupled to the rangefinder. The current through
the vertical coils is adjusted so that the field depends on the
drop of the projectiles due to gravity. The sensitivity of the
gyroscope in the horizontal plane is a function of the sighting
range; in the vertical, it is a function of the gravity drop. In
operating the gunsight, the gunner holds the image of a cen-
tral dot over the target while the gun is automatically aimed
by the gyroscope at the predicted target position when the
projectile motion is completed. This way, correct aiming to
direct antiaircraft guns, guns of warships, and bombs to mov-
ing targets is provided.

Automotive

Among the automotive applications of gyroscopes are antiskid
braking systems for vehicles and active suspension systems.
In antiskid braking systems, a single-axis yaw-rate gyroscope
senses any tendency of the vehicle to spin and sends signals
to the braking and steering systems to prevent skidding (20).
In active suspension systems, the springs and shock absorb-
ers of conventional suspensions are replaced with computer-
controlled hydraulic units for dynamic ride control. Gyro-
scopes find use in such systems as yaw-rate units to provide
rate data, as well as instrumenting the vehicles for crash
studies.

Robotics

Control of robotic tools in space by robot arms, machine con-
trol, development of autonomous warehouse and factory ro-
botic systems and mobile platforms, as well as rough-terrain
navigation, are some of the applications that immediately
come to mind.

A number of robotic systems have been described which
use some form of absolute sensing mechanisms for guidance
(see Ref. 5 or 58 for surveys). Such systems typically rely on
the availability of easy-to-see beacons or landmarks, using
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simple encoder information to predict vehicle location be-
tween sensing locations. This works well when the density of
beacons or landmarks is high and the ground over which the
vehicle travels is smooth. In cases where the beacon density
is sparse or the ground is uneven, such systems can easily
lose track of their position. This is particularly a problem for
vehicles operating in outdoor environments. INSs can poten-
tially overcome this problem. Inertial information can be used
to generate estimates of position over significant periods of
time independent of landmark visibility and the validity of
encoder information. Clearly, positions derived from INS
must occasionally be realigned using landmark information,
but a system that combines both inertial and landmark sens-
ing can cope with substantially lower landmark density and
can also deal with terrain where encoder information has lim-
ited value.

INSs have been widely used in aerospace applications
(5,59,60) and have been only recently exploited in robotics ap-
plications, where they have considerable potential. In work
reported in Ref. 61, inertial sensors were used to estimate the
attitude of a mobile robot. With a three-gyro, two-accelerome-
ter configuration, experiments were performed to estimate
the roll and pitch of the robot when one wheel climbs onto a
plank using a small inclined plane.

One reason that INSs are widely used in aerospace appli-
cations but not as much in robotics is simply that high-quality
aerospace inertial systems are too expensive for most robotics
systems. However, low-cost solid-state INSs, motivated by the
needs of the automotive industry, are increasingly being
made available commercially. Although a considerable im-
provement on past systems, they clearly provide substantially
less accurate position information than equivalent aerospace
systems. However, such systems are at a point where, by de-
veloping reasonably detailed models of the inertial platform,
they can provide valuable information in many robot position-
ing tasks (25,62). An inexpensive INS developed for a mobile
robot platform is illustrated in Fig. 22.

Figure 22. A low-cost INS comprising three gyroscopes, a triaxial
accelerometer and two tilt sensors, developed for a mobile robot plat-
form. (See B. Barshan and H. F. Durrant-Whyte, IEEE Trans. Robot.
Automa. 11 (3), 328-342, June 1995. Copyright IEEE, 1995.)

In a robotics context, the primary motivation has been the
need to develop a system capable of providing low-cost, high-
precision, short-time-duration position information for large
outdoor automated vehicles and mobile platforms. In particu-
lar, the interest has been in obtaining location information
for short periods when the vehicle is not in contact with any
beacon or landmark information. Rough terrain, variations in
wheel radius, tire slip, and body deflection cause the encoder
information to be unreliable for location estimation except
over very short sample intervals. Inertial sensing offers a po-
tential solution to this type of problem.

Positioning Systems

Another system that is potentially of great value for vehicle
localization is the global positioning system (GPS) (63). It is a
satellite-based radio navigation system that allows a properly
equipped user access to useful and accurate positioning infor-
mation anywhere on the globe. The fact that an absolute iden-
tification signal, rather than a direct measurement of range
or bearing, is used to compute location means that measure-
ments are largely independent of local distortion effects. The
position accuracy that can be achieved with GPS in 5 m in
the military band, and 50 m in the civilian band. However,
using a technique known as differential GPS, in which a sepa-
rate base receiver is employed, civilian accuracy may be im-
proved to 5 m. Although this is not as good as can be achieved
using high-frequency radar, it may still be adequate for some
applications. It is also worth noting that the cost of GPS re-
ceivers is remarkably low (about $1000). In Ref. 64, integra-
tion of GPS with INS is described for precision navigation in
aerospace applications. The cost of these hybrid systems has
been considerably reduced due to the dramatic drop in the
cost of GPSs, the expected mass-production cost being
$15,000, about one-third the price of a comparable system us-
ing RLGs.

A hybrid INS—GPS offers important benefits, especially for
military applications. The accuracy required of an INS can be
relaxed significantly when used in combination with a GPS
receiver. Overall system performance can be improved by fus-
ing INS data with GPS signals to correct for inertial drift er-
rors. Although GPS offers higher accuracy, most military
planners would not want to rely solely on GPS, since the GPS
satellites can be attacked by the enemy and the received sig-
nals are vulnerable to short-term interference and jamming,
unlike INS. The possibility of jamming increases the require-
ment for inertial accuracy. For weapons, in the event that the
GPS were jammed after launch, the INS must be sufficiently
accurate to complete the task by itself. Many hybrid INS—
GPS systems need the INS for short signal blockages that
occur during aircraft maneuvering, and for navigation
through clutter or adverse weather conditions. As an exam-
ple, an augmented GPS-based system outfitted with 0.1 deg/
h FOGs can tolerate a loss of GPS signals for 10 min and still
arrive within 30 m of its intended target (12).

Although GPS is excellent for navigation, it does not sense
dynamic changes rapidly enough for air vehicle flight control
systems. GPS provides location data but not in real time,
since it relies on satellite transmission received at certain in-
tervals. During the gaps between satellite updates, localiza-
tion by GPS is impossible.



Development of such accurate positioning systems would
allow unmanned autonomous transport vehicles, seekers, and
intelligent-vehicle highway systems for land navigation (65).
More widespread installation of hybrid INS-GPS systems on
emergency vehicles such as police cars, ambulances, and fire
engines is expected in the near future.

Industry and Mining

Gyros suitable for surveying tasks were developed in Ger-
many between 1947 and 1949. Later, the instruments were
improved for practical applications. Road mappers and sur-
veyors find gyroscopes useful in recording curves and grades.
Wellbore-logging systems in oil and gas exploration have used
gyroscopic devices to control the orientation of the shaft to
ensure that the drilling is performed in the correct direction
(66). Survey gyros are mainly employed for geodesy, subterra-
neous geometry, surveying tunnels and boreholes in under-
ground mine exploration, and shield excavators used in tun-
nel construction. Frequently, the rate gyros or gyrocompasses
are designed to allow the fitting of optical measuring instru-
ments or to allow combination with a theodolite (gyro theodo-
lite). In these applications, gyrocompasses are preferred, since
magnetic compasses would be disturbed by metal deposits.
Ligament-suspended surveying gyros attain accuracies of one
minute of arc within about 2 to 5 min in the absence of distur-
bances (57).

Other Applications

Vertical three-frame gyros with pen recorder attachments are
often used to analyze rolling and pitching movements of ships
and rocking motions of trains and to record the conditions of
railroad tracks. With a very accurate gyro, almost every fault
in the level of tracks can be detected. Other motion measure-
ment systems that employ gyroscopes are those used in sports
training or at remote buoys for long-term recording of wave
motion.

Gyroscopes are utilized as steadiers, stabilizers, and jitter/
motion compensators for equipment such as hand-held video
camcorders, ground cameras, lenses in satellites, binoculars,
and other optical instruments. On the larger scale, gyroscopes
are used to stabilize and compensate for the random motion
of millimeter-wave seekers in long-range rocket systems, com-
munication or shipboard satellites, radar-tracking antennas,
antennas on remotely piloted vehicles, and weapon platforms.
They are also used for the stabilization of the line of sight in
various instruments.

Geophysical applications include measurement of the
earth’s rotation, continental drift, and earthquakes. A recent
example is a Zerodur glass RLG manufactured by Carl Zeiss
(67). This gyro is capable of achieving a relative resolution of
0.1 ppm over long periods of time. This allows high accuracy
in determining the fluctuations in the earth’s rotation, which
is of importance to geophysicists who use such fluctuations to
study the earth’s interior structure, continental drift, and the
occurrence of earthquakes. A 1.2 X 1.2 m block of Zerodur
glass with a thickness of 180 mm and a weight of approxi-
mately 600 kg comprises the body of the RLG. The use of
Zerodur stabilizes the length of the laser beam path and guar-
antees the required measuring accuracy by virtue of the
nearly zero thermal expansion coefficient of the material. In-
side the Zerodur block, there are four 1 m long longitudinal
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bores for the laser beam. A closed square resonator is pro-
duced by four deflecting mirrors fitted at each of the corners
of the block. The principle of operation is otherwise the same
as other RLGs. The gyro is installed in a subterranean cave
on the Banks Peninsula in New Zealand.

Another device for measuring the rotation of the earth, a
superfluid gyroscope designed like an ac superconducting
quantum interference device (SQUID), has been demon-
strated by R. Packard and his colleagues at the University of
California, Berkeley. In their demonstration, the metrologists
measured earth’s rotation with a precision of 0.5% (68). In a
superfluid, fluid circulation is quantized, which can be ex-
ploited to measure tiny rotations. In the Berkeley experiment,
the flow of superfluid helium through a ring-shaped vessel is
interrupted by a very thin barrier containing a sub-um-sized
pinhole. When the vessel is rotated, the helium must squirt
back through the hole to maintain constant circulation in
space. By monitoring the squirting, it is possible to measure
the rotation of the earth.

Researchers at Stanford University and NASA have devel-
oped an experiment, known as Gravity Probe B, involving
very precise gyroscopes for testing two unverified predictions
of Albert Einstein’s general theory of relativity (69-71). The
experiment is based on measuring how space and time are
affected by the presence of the earth (“the geodetic effect”),
and how the earth’s rotation drags space-time around with
it (“frame dragging”). These effects are detected by precisely
measuring tiny changes in the direction of spin of four gyro-
scopes. The gyroscopes will be contained in an earth satellite
orbiting at an altitude of 400 miles directly over the poles.
Since the gyroscopes are free from any disturbance, they pro-
vide an almost perfect space—time reference system.

Gyroscopes have also found some applications in medicine.
The alignment and rotational motion-sensing properties of gy-
ros can be used for diverse medical applications such as pre-
cise positioning of surgical instruments, analyzing back mo-
tions for orthopedic diagnosis, orthotics, and prosthetics, and
measurement of human movement and diagnosis of motion
disorders. For example, measuring the tremors associated
with Parkinson’s disease aids in diagnosis and treatment of
the disease.

Enhanced pointing technology for computers has been de-
veloped in the form of a three-dimensional mouse equipped
with a very small gyroscope (the GyroEngine), which is no
longer restricted to the desktop and can be operated in free
space (72,73). This is useful for three-dimensional applica-
tions such as airplane design.

Other miscellaneous applications include flight simulators,
flight training systems, measurement of wave motion, and de-
velopment of smart tools such as carpenter’s levels for instru-
mentation.

Ref. 74 provides a detailed literature and patent survey on
gyroscopes and their applications.

FUTURE TRENDS

Current gyro technology is progressing along several fronts.
On one front, traditional spinning gyros are made smaller,
lighter, and more reliable. In some cases, optics is integrated
with mechanics, resulting in optomechanical gyroscopes.
However, new types of gyroscopes with no moving parts have
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greater potential importance. Conventional flywheel gyro-
scopes are being replaced by solid-state gyroscopes with no
moving parts that are smaller, less expensive, more versatile,

ru

gged, accurate, and reliable. Computer chips are replacing

mechanical components, which wear out and are expensive to
fabricate. Advances in optical fiber research and solid-state
technology have a direct impact on the development of mod-
ern gyroscopes. It is expected that by the turn of the century,
gyroscopes will be more widely used in the control systems

of

automobiles, trucks, and emergency vehicles, among many

other applications.
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