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ABSTRACT 

This paper presents results from the experimental 
evaluation of a state-of-the-art fiber-optics gyroscope. 
The purpose of our experiments was to evaluate the suit-
ability of this gyroscope for enhancing dead-reckoning in 
mobile robots. The evaluated gyroscope was the “Auto-
gyro Navigator” made by Andrews. For a 4×4 m square 
path the dead-reckoning error when using this gyro was 
less than ±1.2° in orientation and about 10 cm (4 in) in 
position. 

1. INTRODUCTION 

One of the foremost problems in 
mobile robotics is the determination of 
the robot’s momentary location and 
orientation (collectively called “posi-
tioning”). While there are many differ-
ent methods for positioning [Borenstein 
et al., 1996], almost all mobile robots 
use at least one method, called “dead-
reckoning.” Dead-reckoning is the col-
lective term for all those positioning 
methods that do not use external bea-
cons or other references. The most 
widely used form of dead reckoning is 
odometry – positioning based on count-
ing wheel revolutions. Other possible 
components of a dead-reckoning system are accelerome-
ters and gyroscopes. 

Gyroscopes measure rotational rate, which can be in-
tegrated to yield changes in orientation. It is widely un-
derstood that the foremost problem with gyros is their 
inherent “bias-drift” (also referred to as “drift rate” or 
“drift”), which, after integration, results in unbounded 
growth of the desired orientation measurement. A thor-
ough treatment of all types of gyroscopes is given in 
[Everett, 1995], while a good theoretical and experimental 
evaluation of two low-cost gyroscopes is provided in 
[Barshan and Durrant-Whyte, 1995]. 

A relatively new type of gyroscopes, called, fiber-
optics gyro, has recently become available for a cost of 
about $1K, which makes them attractive for mobile robot 
applications. The drift-rate of these fiber-optics gyros is 
as low as that of high-quality conventional mechanical 
gyros costing fifty times as much. Because of their low 
drift rate fiber-optics gyro allow several minutes of mo-
tion before a new bias-drift measurement must be made. 
In Section 2 we discuss methods for measuring bias drift 
with gyroscopes and we present some results. Komoriya 
and Oyama [1994] tested a fiber optics gyroscope made 

by [HITACHI] on a mobile robot and pro-
vide some experimental results for that gyro. 

In our experiments we used another 
commercially available fiber-optics gyro-
scope, the Autogyro Navigator (or, as we 
will call it in short: Navigator), which is 
made by Andrew Corp. [ANDREW]. This 
device cost $900 in early 19971. This Navi-
gator, shown in Figure 1, is especially de-
signed for land-based navigation. It is a sin-
gle-axis interferometric fiber-optic gyro-
scope based on polarization-maintaining 
fiber and precision fiber-optic gyroscope 
technology [Borenstein et al., 1996]. Table I 
provides the basic technical specifications, 
while a more in-depth discussion of the tech-
nology used in the Navigator is given in [Al-
len et al., 1994; Bennett and Emge, 1994].  

One less appreciated problem with fiber-
optics gyros is the non-linearity of their scale factor (SF). 
The SF is a fixed value that is specified by the manufac-
turer and that tells the user how to convert the gyro’s out-
put values to degrees-per-second. Section 3 addresses 
these issues in more detail. Experimental results from 
using the Navigator on a mobile robot are presented in 
Section 4. 

                                                        
1 Shortly before this paper went to press we learned 

that Andrew Corp. sold its gyro division to KVH Industries 
[KVH]. KVH now markets the Autogyro Navigator under 
the name E-Core RA/RD 2000 and the price is US$1,950.  

 
Figure 1:  The Andrew Autogyro 
Navigator fiber-optics gyroscope. 
(Courtesy of [Andrew].) 
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2. STATIC BIAS CALIBRATION  

The first and easiest-to-measure performance criterion of 
a gyro is its static readout as a function of time. Figure 2 
shows a plot of rate measurements for the Navigator, 
while the gyro is stationary. One obvious interpretation of 
the test results in Figure 2 is that the bias drift is related to 
sensor temperature.  

It is possible to build a look-up table based on the ap-
parent relation between drift rate and sensor temperature 
shown in Figure 2. Doing so may provide a notable im-
provement in many applications. For this reason, the 
Navigator comes equipped with a built-in temperature 
sensor that can be read during operation. However, we 
found that even with a bias drift look-up table the result-
ing bias-drift estimate is not as accurate as that obtained 
from the static bias test, described next. 

In many mobile robot applications there are stages in 
which the mobile platform is stationary before moving on 
to a new location. Under these conditions it is feasible 
that the system performs a static bias test. In this test gyro 
readings are taken for, say, 20 seconds, every time the 
mobile robot is known to be stationary. The average of 
these readings, denoted ωbias, is from then on subtracted 
from subsequent readings during travel. We have found 
that this method provides generally better results than 
determining ωbias from a temperature-based look-up table 
– provided the gyro is operating under steady state condi-
tions and provided the subsequent travel takes only a few 
minutes until the next static bias test is performed. 

3. SCALE FACTOR CALIBRATION  

As mentioned before, the linearity of the scale factor (SF) 
is an often-overlooked component of overall accuracy. 

The SF is a number provided by the manufacturer, which 
converts the output of the gyroscope (typically a voltage 
or a dimensionless number) to degrees per second (°/s). A 
perfectly linear SF would provide an accurate conversion 
that is exactly proportional to the rate of rotation at all 
operating rates of rotation. In practice, however, the SF 
varies slightly, depending on temperature, rate of rotation, 
direction of rotation, and possibly other factors.  

In order to measure the SF of the Navigator we con-
structed a test-bed based on an inexpensive stepper motor-
driven rotary table from [ARRICK]. We also developed 
software that allowed precise control of this rotary table – 
a non-trivial task that required the development of accu-
rate timing routines to implement precision step-intervals 
and precise acceleration and deceleration. 

  In a typical test we would mount the gyro at the cen-
ter of the table and rotate the table through 360° first in 
clockwise (cw), then in counter-clockwise (ccw) direc-
tion, at a fixed speed. At the beginning and end of each 
turn the table would be accelerated and decelerate as fast 
as possible without losing steps. Throughout this paper 
we will refer to such a precisely defined 360° rotation as a 
cw- or ccw-turn. We will use the term run to refer to a 
sequence of one turn in cw direction, immediately fol-
lowed by one turn in ccw direction. 

During each turn the gyro readings were integrated to 
yield the measured change of orientation, θmeas. At the end 
of each 360° turn, we computed the error 

Ecw = -θmeas, cw - 360°          (1a) 

for the turn in cw direction (θmeas was always negative 
in ccw turns), and  

Eccw = +θmeas, ccw - 360°         (1b) 

for the turn in ccw direction (θmeas was always positive 
in ccw turns) 

Once the error E for a particular set of parameters 
(e.g., temperature or rate of rotation) is know, it is possi-
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Figure 2: Bias drift and temperature versus time after 
power-up. 

Table I: Technical specifications for the Andrew 
Autogyro Navigator 
 
 
Parameter 

 
Value 

 
Units 

 
Input rotation rate 

 
∀100 

 
Ε/s  

Instantaneous bandwidth 
 

100 
 
Hz  

Bias drift at stabilized 
temperature Χ RMS 

 
0.005 

18 

 
Ε/s rms 
Ε/hr rms  

Scale factor non-linearity 
Size  
(excluding connector) 

 
0.5% 

115×90×41 
4.5×3.5×1.6 

 
rms 
mm 
in 

 
Weight (total) 

 
0.25 
0.55 

 
Kg 
lb  

Power Analog 
Power Digital 

 
< 2 
< 3 

 
W 
W 
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ble to correct subsequent rate readings by defining one or 
more correction factors. Furthermore, based on the actu-
ally measured θmeas we can define correction factors  

Ccw = 360°/|θmeas, cw| = 360°/|Ecw + 360°|   (2a) 

and 

Cccw = 360°/|θmeas, ccw| = 360°/|Eccw + 360°|   (2b) 

which can be applied to subsequent rate readings as 

ω* = ωraw × SF × Ccw/ccw         (3) 

where ωraw is the raw gyro reading (a dimensionless num-
ber) and ω* is the scaled and corrected rate in units of 
degrees-per-second (°/s). 

If several different correction factors have been identi-
fied, then Eq. 3 can be extended  

ω* = ωraw × SF × C1, cw/ccw × C2, cw/ccw × ...  
…. × Cn, cw/ccw   (4) 

Using this experimental setup and the notation of 
Eq. 1 we measured the performance of the gyro against 
changes in different parameters, and we defined correc-
tion factors, as discussed next. 

Our first concern was the expected non-linearity of the 
SF as a function of temperature. Since temperature infor-
mation is part of the output stream of the Navigator, it is a 
straightforward matter to build a look-up table that pro-
vides a scale-factor correction value for different tempera-
tures.  

To do so, the rotary table was programmed to perform 
many runs, as follows: Immediately before each run a 
static bias test of 20 seconds duration was performed, to 
determine the current bias drift. The thus measured bias 
drift was subtracted from all gyro readings in the subse-
quent run. Then the run (i.e., one 360° rotation in cw and 
one 360° rotation in ccw direction) was performed at a 
fixed steady state speed of 30°/s.  At the end of each run 
the errors Ecw and Eccw (see Eq. 1) were recorded and plot-
ted against the temperature of the gyro during that run. 
Starting to record this data shortly after power-up and 
continuing until the gyro reached steady state temperature 
assured that a wide range of temperatures was covered. 
Steady state temperature was usually reached after about 
two hours. Each run and its associated static bias test took 
about 48 seconds.  

Results for the temperature calibration of the Naviga-
tor are shown in Figure 3. Compared to our experience 
with an earlier model fiber-optics gyro the results for the 
Navigator turned out to be unexpectedly accurate, as evi-
dent from Figure 3. Because of the highly linear relation 
between temperature and scale factor we fitted a linear 
trend line to the data using the equation  

ET, cw/ccw = -0.52×Τ + 19.23        (5) 

where T is the measured temperature in °C.  

 Note that data sets for both Ecw and Eccw are plotted in 
Figure 3 and that both data sets are equally well described 
by Eq. 5. We can thus assume ET,cw ≈ ET,ccw for the Navi-
gator. Using the notation of Eq. 2 and substituting Eq. 5, 
a temperature correction factor was defined:  

 

CT, cw/ccw = 360°/| ET,cw/ccw + 360°| =  
360°/(379.23 - 0.52×T) (6) 

Our experiments showed that using Eq. 6 to compen-
sate for the effect of sensor temperature on the Naviga-
tor’s SF was very effective and provided accurate com-
pensation.  

It should be noted that when we discussed our results 
with the manufacturer of the Navigator, [ANDREW], the 
Andrew engineers explained that SF temperature compen-
sation similar to Eq. 6 was already applied by the proces-
sor inside the Navigator. Each Navigator, we were told, 
was calibrated at the factory so that the end user would 
not have to perform the calibration that led to our Figure 
3. In other words, the data sets of Figure 3 should closely 
resemble a horizontal straight line. The Andrew engineers 
suggested that the calibration at the factory might have 
gone wrong for our particular unit. However, even 
though Andrew offered a free re-calibration of our unit at 
their site, we chose to continue working with our unit 
using Eq. 6 for calibration.  

In order to evaluate the benefits of our SF correction 
with regard to temperature (i.e., Eq. 6) we performed nu-
merous tests on the rotary table. In each test run the mo-
mentary static bias was determined over a period of 20 
seconds, followed by a single run (i.e., a full cw and ccw 
turn). The results are shown in Fig. 6 for the Navigator 
after temperature correction. Note that each run was com-
pletely independent, there is thus no meaning to the lines 
connecting the data points. Nonetheless, we chose to plot 

Gyro Error vs. Temperature

Equation of trendline:
y = -0.5169x + 19.23
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Figure 3:  Errors resulting from scale factor non-linearity 
in the rotary table experiment with the Navigator gyro 
were found to be linearly proportional to the internal 
temperature of the gyro. 
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the connecting lines to make it easier to 
identify all cw and all ccw results. 

To summarize the results of Fig. 6: 
For a full 360°-turn in either cw or ccw 
direction the error in the amount of rota-
tion as measured by the gyro was typi-
cally less than ±0.2° and less than 
±0.25° in all cases.  

4. EXPERIMENTAL RESULTS 
ONBOARD A MOBILE ROBOT 

All of the experiments described in this 
section were performed on the Univer-
sity of Michigan’s Cybermotion K2A 
mobile robot called “CARMEL” (see 
Figure 4). Our first series of experi-
ments, described in Section 4.1, aimed 
at measuring the accuracy of the gyro 
without attempting to use the gyro read-
ings to improve the dead-reckoning ac-
curacy of the robot. A second set of ex-
periments, described in Section 4.2, aimed at using the 
gyro readings to improve the dead-reckoning accuracy of 
the robot. The difference between these two aims is far 
from trivial. 

4.1 Experimental measurement of gyro 
performance only 

In all of the experiments CARMEL was programmed to 
move along a 4×4 m square path with a total rotation of 
360° in both cw and ccw direction. At the end of each cw 
or ccw lap a precise absolute position and orientation 
measurement was taken to compare the actual total rota-

tion of the robot to the rotation derived 
from the gyro readings. We estimate the 
accuracy of the absolute measurement to 
be ±2 mm in position and ±0.2° in ori-
entation. The result of each mobile robot 
test was thus an error that expressed the 
difference between the actual amount of 
rotation and the amount of rotation 
measured by the gyro. We will refer to 
this error as the “return orientation er-
ror”  Eg. 

In the beginning of each lap a 20-
seconds static bias test (see Section 2) 
was performed. Then an initial absolute 
position measurement was taken and the 
robot ran through the lap. At the end of 
each lap another absolute position 
measurement was taken and compared 
to the orientation derived from the 
gyro’s measurements. The maximum 
speed during straight-line segments was 
0.4 m/s and the maximum speed during 
the four 90° turns was 30°/s. The total 
travel time for each lap was 64 seconds. 

Results from a 16-hour test with 40 runs (each run 
comprising one cw and one ccw lap) with the Navigator 
mounted on CARMEL are shown in Figure 5. For com-
parison we have included the return orientation errors 
resulting from odometry only (the lines labeled Eodo_cw 

and Eodo_ccw in Figure 5. Note that these errors (averaging 
-2° and -6° for the cw and ccw laps, respectively) are 
much larger than what one could reasonably expect from 
the Cybermotion K2A platform using odometry only. We 
attribute these large errors to the poor mechanical shape 
our 10-year old CARMEL is in. Nonetheless, the return 
orientation errors based on the gyro readings are con-
tained within ±1°. 

 
Figure 4:  The University of 
Michigan's mobile robot CARMEL 
(based on a Cybermotion K2A).  
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Figure 5:  Experimental results from using the Autogyro 
Navigator onboard CARMEL. 
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4.2 Experimental evaluation of gyro-
enhanced dead-reckoning 

This section explains how the data from the Navigator 
was used to correct the K2A-platform’s built-in odometry 
system. This task is non-trivial because of some peculiari-
ties in the K2A’s user interface. Specifically, the K2A’s 
odometry system is inaccessible for the user during mo-
tion. For this reason it is impossible to correct the K2A’s 
heading variable with more accurate gyro-derived heading 
data while the platform moves. The K2A heading variable 
can only be corrected when the platform is stationary. 
Consequently the robot may follow an erroneous trajec-
tory based on its inaccurate odometry. For example, we 
found that in a 10 m  straight-line motion segment a head-
ing error of over 1° may accumulate as the robot actually 
follows a slightly curved trajectory (likely due to unequal 
wheel diameters and misalignment of wheels). As we 
noted before, this unexpectedly large error is likely due to 
the poor mechanical condition of CARMEL. 

To overcome the problem of not being able to send 
odometry updates to the onboard controller we imple-
mented multiple controllers during straight line and turn-
ing motion. These controllers are described next. 

4.2.1 Gyro-enhanced straight-line motion 

For straight-line motion we designed three different con-
trol loops: 

1. The desired linear velocity is prescribed by our control 
program and maintained by the K2A built-in controller. 
We achieve acceleration and deceleration by ramping 
up or down the prescribed speed.  

2. When approaching the end-point of the prescribed 
straight-line segment, a position control loop is invoked 
that modifies the prescribed linear speed to allow accu-
rate stopping within ±2 mm of the desired end-point. 

3. A steering correction control loop, closed by gyro data, 
produces small steering corrections designed to main-
tain the true heading of the robot constant. This is a 
counter-intuitive procedure for a synchro-drive plat-
form like the K2A, because straight-line motion is ide-
ally implemented by simply powering the drive motor 
and leaving the steering motor unpowered. Nonetheless, 
the overlaid steering control works well and maintains 
platform heading within ±0.3°. 

After completing each straight-line motion segment the 
position of the robot is computed based on the linear dis-
placement measured by the K2A odometry system and the 
final orientation measured by the gyro. The thus gyro-
corrected position/orientation is downloaded to the K2A 
built-in odometry system for use in subsequent motion. 

4.2.2 Gyro-enhanced on-the-spot turning 

In on-the-spot turning motion two different control loops 
are used: 

1. The desired rotary velocity is prescribed by our control 
program and maintained by the K2A built-in controller. 
We achieve acceleration and deceleration by ramping 
up or down the prescribed rotary speed. 

2. When approaching the final heading of the prescribed 
pure rotary motion segment, an orientation control loop 
is invoked that modifies the prescribed rotary speed to 
allow accurate stopping within ±0.1° of the desired end-
point. The orientation control loop is closed through the 
gyro, not the K2A’s odometry system. 

4.2.3 Results from gyro-enhanced odometry 

Experimental results of the system described above are 
shown in Figs. 7 and 8. Figure 7 shows the return orienta-
tion errors after completing the bi-directional square path. 
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Figure 7:  Return orientation errors after completing the 
bi-directional square path. K2A odometry was corrected 
with gyro data after each motion segment. 
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Figure 8:  Return position errors after completing the bi-
directional square path. K2A odometry was corrected with 
gyro data after each motion segment. 
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Figure 8 shows the associated return position errors for 
the same 20 consecutive runs.  

The return orientation errors are within ±1.2°, slightly 
larger the ±1.0°-measurement error of the gyro seen in 
Figure 5. The reason for this discrepancy is the K2A’s 
internal odometry computation, which works with a reso-
lution of 0.3°. Consequently any odometry result obtained 
from the internal K2A odometry system (such as the re-
sults in Figure 7) will have an additional error of up to 
0.3° due to the limited resolution. 

All but one return position error fall into a square of 
10×10 cm (4×4 in). For comparison we have included 
Figure 9, which shows the return position errors of our 
K2A platform in the same experiment, but without gyro 
corrections. We should emphasize, however, that these 
very poor odometry-only results are mostly due to the 
poor mechanical condition of our K2A platform. 

5. CONCLUSIONS 

In this paper we presented results from three groups of 
experiments with the Autogyro Navigator fiber-optics 
gyroscope made by [ANDREW]. The experiments were 
performed with the gyro mounted on a) a rotary table, for 
base line tests, and on a mobile robot, for “real-world” 
tests. In the third group of experiments the gyro data was 
used to correct odometry errors on the mobile robot and 
the overall dead-reckoning accuracy of the robot was 
evaluated.  

The rotary table experiment showed that the Naviga-
tor’s measurement error for 360°-turns was consistently 
within ±0.25° under ideal laboratory conditions. When 
mounted on a mobile robot the gyro errors after traveling 
through a 4×4 m square path (with a total of 4×90° = 360° 
turning) were within ±1.0°. When the gyro data was used 

to correct the robot’s odometry the odometry errors were 
within ±1.2° in orientation and within roughly ±10 cm in 
position.  

The accuracy produced in our tests with the Navigator 
(±1° for a 360° square path) compares favorably to the 
rotational accuracy obtained from odometry on most other 
mobile platforms (see [Borenstein and Feng, 1994] for 
comparison data from other platforms). 
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