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ABSTRACT
A land navigation system integrating a low cost GP
receiver and Dead Reckoning (DR) sensors is develop
The DR sensors consist of an odometer and a vibratio
gyroscope. A Kalman filter is developed, which uses 
the available information and estimates an optim
solution for position, velocity and sensor errors. Posit
accuracy is tested under signal masking conditions. F
test data shows an average of 5.3% of distance travele
cross-track error, under satellite blockage.

Investigations are carried out in a tight coupling mode
GPS-DR integration. In this mode, the DR estimat
velocity aids the receiver-tracking loop, which is a seco
order Frequency Lock Loop (FLL). Simulation wa
ION GPS '99, 14-17 September 1999, Nashville, TN 537
conducted to observe improvements in acquisition 
tracking due to velocity aiding. Later, experiments w
performed using a GPS simulator and also using real 
Initial results show a 2dB improvement of acquisit
performance and lowered the reacquisition search tim
decreasing the search-frequency range. Trac
performance was also found to have improved by the
aiding.

INTRODUCTION

GPS has made land navigation applications afford
and dependable. However there are many situations w
GPS solution is either unavailable or unreliable. 
former situation occurs when GPS signals do not r
the antenna due to shading effects resulting from high
buildings and underpasses present in urban environ
The second situation arises from the bad geometry o
satellites in urban canyons. One of the impor
requirements in land navigation is the head
information and this is also unreliable when the veh
has low dynamics. These situations dem
improvements in the navigation solution provided by
GPS receiver. One of the methods to achieve this 
augment GPS with additional sensors like an odom
rate gyroscope etc.

Kim et.al., (1996), Ren and Dedes (1995) 
Weisenburger (1999) have used dead reckoning sens
augment GPS for various applications. Krakiwsky et
(1988) discussed a Kalman filter strategy to integrate 
reckoning, map matching and GPS positioning. Ren
Dedes (1995) demonstrated the concept of integrating
cost sensors with non-linear smoothing of G
measurements. Kim et al (1996) examined the integr
of a piezoelectric gyroscope with GPS and subseq
gyroscope error compensation techniques. Weisenb
and Wilson  (1999) used a Fibre Optic Gyroscope (FO
speed signals from an ABS system and different
corrected GPS to achieve reliable navigation in urban
typical highway conditions.
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All these concepts use the complementary nature of G
and DR systems. GPS has a very good long-term stab
and poor short-term stability because of SA (Select
Availability) where as, DR systems comprising 
odometer and gyroscope in general have relatively g
short term stability and poor long term stability becau
of inherent drifts in the sensors.

The augmentation of GPS with in various configuratio
have been discussed earlier, one such method being
integration of GPS with IMU (Inertial Measuremen
Unit). Kriegsman et.al., (1977) demonstrated such
concept. However, the cost of such a system would
very high and not suitable for commercial land navigati
applications.

Abbott (1995) discussed various errors in differe
sensors and their effect on the navigation solution.  T
sensors used are calibrated with aid from GPS and
quality of calibration will be limited by the accuracy o
GPS. Removal of the SA by using DGPS corrections w
improve the calibration of the DR sensors.

In this paper we discuss an implementation of integrat
involving a low cost GPS receiver (NAV 2000) with low
cost DR sensors (odometer and Gyroscope). First, 
choice of sensors is justified and then differe
architectures for data integration are described.  Fina
the test set up and test results along with some simula
results are described.

LOW COST SENSORS

An objective of this integrated system was to keep 
cost very low so as to make it viable for car navigatio
Low cost sensors with suitable characteristics w
chosen for integration. The sensors used for 
experiment are an NAV-2000TM GPS receiver (Acco
1998) developed by Accord, a piezoelectric gyrosco
from Murata and a standard odometer. The receiver 
12-channel single frequency L1 C/A code GPS recei
with standard features.

The gyroscope used as DR sensor is a piezoele
vibrational gyroscope from Murata (ENV–05H), whic
measures the angular velocity of the vehicle. Such 
cost vibrational gyros typically have bias and scale fac
instability. They have significant temperature sensitiv
and require constant calibration (Geier, 1998). T
angular rate measured from the gyro has to be integr
over time to compute the vehicle heading.

A standard odometer using Hall effect principle was us
for measuring the distance traveled. The cable adapte
the odometer was modified to fit for the test vehicle. T
odometer is of low cost and is a standard accessor
most automobiles.
sy
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Other low cost options include accelerometers, magne
compass etc. Accelerometers are not used as a li
inaccurate calibration can cause an unaccounted sm
residual bias, which will result in significant error growth
over time. Moreover, low cost gyros associated with th
accelerometers will result in poor alignment and as 
result gravitational acceleration can not be separated fr
the vehicle acceleration. A magnetic compass is n
preferred, as the calibration of the compass 
cumbersome and not a very practical option fo
automobile applications. On the contrary, an odometer
quite reliable and once calibrated, the parameters do 
change drastically under normal operating condition
Unlike a magnetic compass, an external electric 
magnetic field will not influence a gyroscope.

INTEGRATION ARCHITECTURES

The possible architectures for GPS-DR integration are:

1) Uncoupled mode: This combines the GPS and DR
data such that the integrated solution does not affe
either of the sensors and there is no feedback to eit
of them. This is suitable for high accuracy seconda
sensors.

2) Loosely coupled mode: Here the GPS is the primary
sensor that calibrates the DR sensors. The accur
of the system is determined by the accuracy of th
GPS alone. The data can be integrated at two levels

a) Navigation Solution Level: The navigation
solution, mainly position and velocity, are used
to calibrate the odometer and gyroscope. This 
discussed further in the paper.

b) Measurement Level: Here the data integration 
done at pseudorange and deltarange level. This
much more accurate than the previous case bu
more complex. Kim et al (1996) have discusse
similar integration techniques, where positionin
using two satellites and DR measurements 
explored.

3) Tightly coupled mode: The data from the integrated
navigation solution is used to GPS tracking loop
thereby reducing the bandwidth of the carrie
tracking loops in the GPS sensor module. Th
reduces the dynamic stress on the Carrier Tracki
loops and increases the sensitivity. Further discussi
of the same is done in the paper late

LOOSE COUPLING: POSITION DOMAIN

A complementary filter (Brown, 1992) in feed forward
mode is used for GPS-DR integration. A complementa
filter is used to combine data from two independent noi
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measurements of the same signal with complemen
noise characteristics.

In this case, GPS solution has long-term stability bu
characterized by large short term or high frequency no
High short-term stability and a slow drift, which can 
modeled as a low frequency error, characterize the 
system. These considerations make complementary 
an ideal fusion means for GPS-DR data.

A complementary filter structure is used to estim
various errors in GPS and DR using an appropr
Kalman filter (Gelb, 1974 Brown, 1992). Variou
parameters estimated using the Kalman filter and t
characteristics are described below:

Gyro Bias Error

Gyro bias affects the measurements from the gyro a
times. Even when the vehicle is stationary, the gyrosc
will read the bias value of angular velocity. This has 
accumulative effect on heading and over time, 
heading will drift away from its true value.

Gyro bias error becomes directly observable to the sys
when the vehicle is stationary or travelling in a straig
line. Ideally, gyro bias should be constant over tim
which can be modeled as a random constant but in rea
it is highly sensitive to the temperature variations. A
result, even a well calibrated system with a good ini
estimate of gyro bias and scale factor cannot provide g
estimate of position on its own for a long time. Therefo
a reasonable model for this error component will be a 
order Gauss Markov process. The process noise 
function of the temperature change in the system du
the sampling interval.

Gyro Scale Factor Error

Gyroscope scale factor affects the measurements 
when the vehicle takes a turn. If the vehicle moves i
straight line, this will not have any effect on the headi
This doesn’t have an accumulative effect like bias as 
error is introduced only during turns. This could be 
potential source of heading error if the user continue
turn in loops in situations where GPS is unavailable (l
in a covered parking lot).

Gyro scale factor becomes directly observable to a sys
when the vehicle takes a turn. Generally all gyrosco
have the same scale factor for clockwise and a
clockwise turns. As a result, if a vehicle takes eq
number of clockwise and anti-clockwise turns within
short span of time during which temperature variation
negligible, the heading error due to scale factor tend
be zero. The scale factor needs to be calibrated at
beginning and ideally would remain the same therea
But, similar to gyro bias, this also depends upon 
539
temperature and therefore needs to be estimated regula
Hence, a reasonable model for this error component w
be a first order Gauss Markov process where the proce
noise is a function of the temperature change in th
environment during the sampling interval.

Heading Error

Heading error consists of two components: bias error an
scale factor error. Bias error has an accumulative effect o
heading and the heading error grows with time if the bia
error is non-zero. On the other hand, heading error due 
scale factor error is a function of the heading change an
hence it is equal to zero if there is no change in heading.

Heading error  = Gyro bias error * time
+ Gyro scale factor error
* Heading change

As can be seen from the equation, if there is no change 
heading, heading error rate depends only on the gyro bi
error. There is no need to introduce additional noise i
this state.

Odometer Scale Factor Error

Unlike gyro scale factor error, this affects the
displacement of the vehicle whenever the vehicle is non
stationary. Therefore, it affects the measurements at a
times as long as the vehicle is moving.

Additionally, unlike gyro errors, this doesn’t directly
depend upon the temperature variation in the
environment. Instead it depends upon the wear and tear
the tire, tire pressure variation (low frequency error) an
vehicle speed (high frequency error). A reasonable mod
for this error would be a first order Gauss Markov
process.

Velocity Error

Velocity error is a state variable in the integrated system
which is affected by the odometer scale factor. Odomete
pulse count provides information about the displacemen
of the vehicle, which is updated by the velocity
measurements from the GPS. This state determines t
error in the predicted velocity by using GPS derived
velocity and taking into consideration all the error source
in velocity determination.

East and North Position Error

Errors in prediction of vehicle position in east and north
direction are modeled using two states. The position 
predicted using DR data and updated using measureme
from the GPS derived position.  These may be modeled 
random walk processes with appropriate characteristics.
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Shaping filters

Shaping filters are to be used to model correlated erro
measurement data. In the GPS derived measureme
shaping filter is required for the following parameters:

a) Heading error
b) Velocity error
c) East position error
d) North position error

All these errors are modeled as first order Gauss-Mark
process, the characteristics of which are described in 
next sections.

Measurements

GPS derived heading, velocity and position are used
measurements to estimate the filter states in the system

GPS Derived Heading

GPS derived heading is used as measurement to estim
some of the state variables namely, gyro bias, scale fa
and vehicle heading. GPS heading error is a function
the SA error in doppler measurements for all the satelli
used in velocity and heading computation. At lo
velocities when the SA range rate error is substan
compared to the velocity of the vehicle, the headi
information from the GPS is almost useless.

GPS Derived Velocity

GPS derived velocity is used as measurement to estim
the velocity error in the integrated system. In a receiv
the velocity is determined from satellite range ra
information, which is corrupted by non-white nois
namely, SA. As a result, the GPS derived velocity h
also non-white error in it, which needs to be model
using shaping filters. Though modeling errors in each 
the range rate measurements using shaping filters i
good possible solution, a simpler approach would be
model the overall affects of these range rate errors 
velocity using a first order Gauss Markov process wi
desired characteristics.

GPS Derived Position

GPS derived position may be used to estimate some of
state variables in the filter, namely east and north posit
errors. Dominant error source for non-differential GP
derived position is SA whereas for differential GPS it 
multipath effects. A good solution would be to model th
range errors from each satellite using first order Gau
Markov process. However, that would require many sta
to be considered. An alternate approach is to assume 
position errors have correlated noise due to SA and
function of DOP and can be modeled using a first ord
Gauss Markov process with desired characteristics.
5
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TIGHT COUPLING

There is a large amount of literature on tight coupling 
applied to INS for example Carroll (1977). However, ver
little has been said about tight coupling using DR. Her
the possibility of providing velocity aid to the carrier-
tracking loop is explored. Since the code tracking deriv
aid from the carrier tracking and is considerably mor
robust, aiding of code lock loop is not considered in th
paper.

The motivation behind tight coupling is to increase th
availability of the navigation solution by increasing th
sensitivity of the GPS receiver, which depends on th
amount of noise present in the system. Noise power in 
receiver depends on the bandwidth of the tracking lo
filter. This bandwidth can be reduced during acquisitio
and tracking by utilizing the information from the DR
sensors.

The doppler shift of a satellite signal in a receiver is du
to the satellite dynamics and the user dynamics in the li
of sight direction. The satellite dynamics is fairly smoot
and can be computed from the rate of change of satel
position and the user dynamics can be estimated from 
DR sensors in a GPS-DR integrated system. T
projection of these dynamics in the line of sight directio
can be computed from the satellite-user geometry.

The exact knowledge of the carrier frequency (dopple
reduces the search frequency range and hence the t
required for signal acquisition. Theoretically, this
improves the acquisition sensitivity by 2 dB (Kay, 1998
In practice, this can be achieved by storing the positio
estimate, gyroscope bias and scale factor, odometer sc
factor along with satellite ephemerides and later usin
them to compute the carrier doppler. However this has
drawback that the DR sensor parameters especially 
gyroscope bias changes with time and temperature.

Analysis of a Frequency Lock Loop (FLL)

In an FLL, reference oscillator vibration and Allan
variance induced frequency jitter are small and negligib
The components that contribute to the frequency err
significantly are thermal noise and dynamic stress (War
1996). FLL 1-sigma tracking threshold is given by

)Hz(T/0833.0f33.0 et ≤+σ=σ                          (1)

where

σt is the 1-sigma thermal noise frequency jitte
(Hz)

fe is the dynamic stress error (Hz) and

T is the pre-detection integration time.
40
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The thermal noise frequency jitter is given by (Ward
1996)









+

π
=σ

00

n
t N/C*T

1
1

N/C

FB4

T2

1
                               (2)

Bn is the Loop Bandwidth (Hz)

C/N0 is the carrier to noise power ratio (Hz) and

F is 1 at high C/N0 and 2 near threshold.

From Equation (2), it can be seen that the thermal noi
frequency jitter is independent of the order of the filter
Either increasing C/N0 or reducing loop filter bandwidth
can reduce the frequency jitter. The aim of the tigh
coupling is to reduce the bandwidth as much as possib
without affecting the dynamic performance.

Figure 1: FLL thermal noise jitter with respect to the
tracking loop bandwidth for various C/N0 (T=0.01, F=1)

The frequency error due to dynamic stress is assumed
be a bias error. The error is given by (Ward, 1996)

1

1

0*360

1
+

+

=
n

n

ne dt

dR
f

ω
 (Hz)                                        (3)

where
n is the filter order
ω0 is the loop filter natural frequency (Hz)

and

1

1

+

+

n

n

dt

dR
is the maximum line of sight jerk stress

(degree/sec3).

From Equation (3) it can be seen that the error is inverse
proportional to the filter natural frequency, which in turn
is directly proportional to the bandwidth of the loop filter.
Also with higher dynamics the frequency error increase
When the tracking loop is unaided, there is a tradeo
between the thermal noise jitter and the allowed dynami
54
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without loosing lock. If the tracking loop has to keep lock
at high dynamics, it would require large loop bandwidth
such that the dynamic stress related frequency error i
small. However, that allows more thermal noise through
the loop filter and the thermal noise frequency jitter
becomes large.

With external aiding, the loop bandwidth can be reduced
without compromising on dynamics. However, only the
velocity, and not the acceleration or jerk, aiding is
available from the DR sensors. A third, second and first
order filters are sensitive to jerk, acceleration and velocity
respectively. Therefore, a first or second order filter with
reduced bandwidth is used when the tracking loop is
externally velocity aided. In a second or third order filter,
there will be a significant residual acceleration or jerk
errors, which will limit the reduction of loop bandwidth.

The above discussion assumes that the clock has goo
stability. In case the clock has poor stability, then an
additional term corresponding to the clock error has to be
incorporated in the expression for FLL frequency jitter.
This is independent of the loop filter bandwidth and hence
a more serious source of error, which cannot be reduce
by aiding.

Tight coupling Realization

If valid aiding is available from external sensors, the loop
filter bandwidth can be reduced. This requires the receive
to be in loose coupling mode until the DR sensors are
calibrated. When the aid is available, the order and/or the
bandwidth of the loop filter can be changed as suitable for
tight coupling. The doppler is estimated from the satellite
ephemeris, clock frequency offset, user position estimate
and user velocity.  Pseudorange is estimated from the
estimated position from DR, clock frequency offset and
clock phase error.  These values are used in the carrie
lock loop and code lock loop with reduced bandwidth
depending upon the accuracy of estimates in the externa
aiding and clock stability.

Presently, the doppler is estimated from the externa
aiding once in 10ms. For higher dynamics (i.e., larger
acceleration and jerk stress), the aiding has to be at 
higher rate as odometer gives only velocity output.
Otherwise the bandwidth has to be increased to cater fo
higher uncertainty in the acceleration and jerk.

TEST SETUP

The test setup consists of a GPS core based o
ADSP21060, a floating point DSP from Analog Devices.
This module is interfaced to a Murata Rate Gyroscope via
a 12 bit ADC and a standard odometer. The gyroscope i
aligned to the vehicle axis through physical inspection.
The output of the gyroscope is sampled at a rate of 100H
and averaged over a period of one second for loose
1
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coupling. Similarly, the odometer pulses are accumula
for one second. In loose coupling mode, the integratio
information from the sensors is performed at a rate 
Hz, which is quite adequate for automobile applicatio
The integration software resides inside the processor's
chip memory. The data was collected in a Suzuki m
van and processed offline. The data was collected in
open environment with minimum obstruction to satel
signals.

The sensor data-sampling rate is the same for 
coupling, but the averaging time and accumulation tim
for gyroscope and odometer respectively are reduce
10 ms so as to reduce the latency.

TEST RESULTS

Loose Coupling

Figure 2 shows a trajectory of a field trial from the G
derived position using a dark shaded line. The li
shaded line corresponds to the integrated GPS
trajectory. It can be seen that both the trajectories alm
overlap in most places.

Satellite blockage was simulated by making the G
derived position unavailable between the points A and
This segment of the route is highlighted in the Figure
The satellite blockage period was 100 seconds du
which the vehicle traveled a distance of 1.6 k
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Figure 2: Trajectories of GPS derived position and G
DR derived position in field trial 1

The trajectories of GPS and integrated GPS-DR solut
for a sample data set is shown in figure 2. It can be 
that the errors between the two trajectories are neglig
until the GPS solution is disabled.
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Figure 3: Cross track error growth during simulated GP
outage in a section of the route in field trial 1.

During the satellite blockage, the position solution w
computed from DR. After 100 seconds of GPS outag
cross track error of 60m was found, which correspond
3.8% of the distance traveled. The error in the estimat
sensor bias and scale factors caused an error gr
during the GPS outage. Once the GPS derived solu
became available, the GPS-DR position closely follow
the GPS trajectory.
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Figure 4: Trajectories of GPS derived position and GPS
DR derived position in field trial 2

Figure 4 shows the GPS and GPS-DR trajectories f
different field trial using dark and light shaded lin
respectively. Once again GPS outage has been simu
between the points A and B for a duration of 100 seco
The total distance traveled during this time period w
930m.
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Figure 5: Cross track error growth during simulated GP
outage in a section of the route in field trial 2.

Figure 5 shows the GPS outage section of the field
trajectory. It can be seen that once again there is an
growth due to residual sensor errors. After 100 secon
GPS outage a cross track error of 80m was found, w
corresponds to 8.6% of the distance traveled.

Epochs

Figure 6: Estimated gyro bias during field trial 1

Epochs in Sec

Figure 7: Estimated gyro bias during field trial 2
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Figures 6 and 7 show the estimated gyro bias during 
entire duration of the first and second field tria
respectively. The gyro bias variation up to 20/sec was
found during those periods, which is well within th
specification of the used gyro sensor.

Table 1 shows the effect of GPS blockage at vario
sections of the field trials and corresponding cross tra
error . On an average of 5.3% error growth was observe
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1 100 1600 60 3.8
2 100 930 80 8.6
3 100 1300 45 3.5
4 200 2500 130 5.2

Table 1: Cross track error during GPS blockage at
different sections of the field trial route

Tight Coupling

A second order FLL was simulated with and witho
carrier aiding and with random acceleration. Initially, th
loop bandwidth was chosen to be 1.0 Hz. Figure 8 sho
the variation of doppler with this loop bandwidth.

The FLL carrier was then aided externally and the lo
bandwidth was reduced to 0.1 Hz. The doppler variati
with this reduced bandwidth is shown in Figure 8 with
dark shaded line. It can be seen that with external aidi
the doppler variation is much smaller in magnitude.

Figure 8: The variation of carrier doppler with and
without aiding for a second order filter at a C/N0 of
10dB-Hz
543
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Figure 9 shows the practical reduction of bandwidth unde
low dynamics for a second order loop filter with a loop
bandwidth of 1.2Hz. The satellite doppler offset was
computed in the carrier lock loop (Rambo (1989)).  The
power spectrum of the carrier doppler offset without aid i
shown in green and with aid is shown in blue.

Figure 9: power spectral density of carrier doppler offset
with and without aiding at low dynamics

At higher dynamics, the senescence of the DR data shou
be considered before use. The pre-detection integratio
period may have to be reduced. From the Figure 9, it ca
be seen that there is around 3dB improvement in trackin
sensitivity for low dynamic situations. During
reacquisition, the exact knowledge of the doppler yielde
an improvement of 2dB in sensitivity during the field
tests.

CONCLUSIONS AND FUTURE WORK

An integrated system consisting of a NAV 2000 GPS
receiver from Accord, a low cost piezoelectric vibrationa
gyro from Murata and a standard odometer wa
developed. Field trials were performed with this system
and the data were processed offline. GPS outages we
simulated at various sections of the field trials and a
average cross track error growth of 5.3% of the distanc
traveled was found.

Tight coupling of the GPS and DR sensors were tested b
external carrier aiding to the receiver FLL. It was found
that the receiver’s tracking sensitivity improved by 3 dB
by the aiding. Similarly, the acquisition sensitivity also
improved by 2 dB due to external aiding.

However, the system has to be well integrated and prop
synchronization of DR data collection for aiding at higher
rates has to be achieved. Since the FLL itself is mildl
sensitive to dynamics, lower quality sensors can be use
without much degradation in performance.
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To assess the absolute performance improvements, 
results have to be verified against a true reference such
a digital map. The improvement in the reliability of the
solution in both loose coupling and tight coupling mode
by using DGPS is yet to be studied.
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