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Abstract

In this contribution, an integration of seamless navigation system for the pedestrian is introduced. To overcome the
GPS outages in various situations, multi-sensor of GPS, INS, electronic barometer and compass are considered in
one Extented Kalman filter. Especially, the integrated system is designed for low-cost for the practical applications.
Therefore, a MEMS IMU is considered, and the low quality of the heading is compensated by the electronic compass.
In addition, only the pseudoranges from GPS measurements are considered for possible real-time application so that
the degraded height is also controlled by a barometer. The mathematical models for each sensor with systematic
errors such as biases, scale factors are described in detail and the results are presented in terms of a covariance
analysis as well as the position and attitude errors compared to the high-grade GPS/INS combined solutions. The
real application scenario of GPS outage is also investigated to assess the feasible accuracy with respect to the outage
period. The description on the current status of the development and future research directions are also stated.
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1. Introduction

Although GPS provides the continuous precise position
information on and around earth, it also has a serious
inevitable shortcoming, namely the signal blockage.
When GPS signal is being blocked by an obstruction
such as trees, tunoels, and buildings, the quality of the
position is drastically degraded. To overcome this problem,
GPS has been combined with other sensors such as
Inertial Navigation System (INS), speedometer, odometer,
etc. for continuous positioning especially in urban area.
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Among them, the integration of GPS/INS was heavily
studied for the past ten years, and proved as an opera-
tional system nowadays (Da, 1997; Grejner-Brzezinska
and Wang, 1998; Grejner-Brzezinska et al., 2005). Of
course, the GPS/INS integration had been studied in Korea
as well, and developed various algorithms in loosely/tightly
coupled mode and produced some operational system
like 4-S Van (Moon et al., 1999, 2000; Lee et al., 2006).
Indeed, the performance of integrated GPS/INS systems
still depends on the quality of GPS measurements because
the long-term accuracy of a stand-alone INS is not good
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anyway. Therefore, another sensor is needed for such
hostile environments.

In this paper, a preliminary result of the study on a
seamless positioning system using GPS, INS, barometer,
and electronic compass is presented. The purpose of the
study is to generate an optimal position and attitude by
the integration of those sensors especially for the personal
navigation. The system is designed for low-cost so that
a MEMs IMU (Micro-ElectroMechanical Systems; Inertial
Measurement Unit) is integrated for which the barometer
and the compass aid the low quality estimates of height
and heading. In addition, only the pseudoranges from
GPS measurement are considered for possible real-time
application. The system is designed as an open-architecture
to assure the possibility of augmenting the system by
additional sensors. GPS pseudoranges, velocity and attitude
from INS, height from barometer, and heading from the
compass are being used as measurement updates in the
Kalman filer.

As an initial step of the development, the mathematical
model to combine the various measurements is constructed
and a priori covariance analysis is performed through a
suitable algorithim such as a tight integration filter, In
fact, the modules used in this study mainly extracted and
modified from the earlier developed the AIMS system
(Airborne Integrated Mapping System), which combines
GPS phase and INS measurements in a tightly coupled
mode and provides a continuous in-flight calibration of
the INS solution and IMU measurement errors (Bar-Itzhack
et. al, 1988; Carlson, 2002; Moafipoor et. al., 2004). In
this way, the time for the development is saved and
stability of the filter was more or less assured.

To verify the developed mathematical model and
algorithm, a synthetic data is constructed based on
measurements of GPS phases and navigation grade
LN-100 as well as the positions and attitudes estimates
from AIMS with those measurements. In other words, the
raw data for MEMS IMU, barometer, and compass are
simulated by intentionally degrading the reference data
and solution. For example, one can construct the raw data
of MEMS IMU by adding appropriate systematic and
random etrors to the raw data of LN100. Similarly, the
height and heading for barometer and compass can be
simulated by adding corresponding instruments’ specs to
the height and “heading solutions from AIMS.
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From next section, a detailed description on the filter
design, mathematical models, and synthetic data construc-
tion is presented. A preliminary result with some analysis
with glimpse on the future research direction concludes
this paper.

2. Design of the Seamless Positioning
System

Figure 1 shows the tightly coupled filter architecture
for the seamless navigation system which is under
development. Four types of measurements are used in one
central Extended Kalman filter which predicts and updates
the states such as positions, velocities and attitudes. It
should be noted that the INS measurements are not
considered as measurement in the observation model.
That is, it is not the elements in the observation vector,
but the increments of velocities and angles from IMU,
are integrated as a form of attitude and position, and feed
into the filter to provide the approximation values.

Basically, the filter is an augmented version of the
GPS/INS integration with barometer and compass. As in
the usual integrated system, the position and attitude are
determined mainly from GPS and INS, respectively.
However, the quality of positions and attitudes are much
poorer in this case, since a MEMs IMU and only
pseudoranges from GPS is used in the system. Especially,
the poor quality is expected to appear in heading and
height, thus the outputs from barometer and compass
mainly controls those quantities.

2.1 Measurement Model
In this section, the measurements model used in the
system is described. Mainly, the pseudoranges from GPS,

s | [aamotr | [ comes |

Navigation
Integration

|z, |z, |z,
v v v
Prediction Comection
(Time update) (Measurement update )
Kalman filter

Figure 1. Tight integration filter, Z indicates sensor obser-
vation,
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height from the barometer, and the angle from the
electronic compass compose the measurement.

The GPS measurements are used in the form of double
differenced pseudo ranges:

Pkl_p”_’_ Tkl ]kl+ekl (1)

i

where /f} is the double differenced range between the

stations i,j and satellites k,1, 7% is the tropospheric delay,

2 j
and I is the ionospheric effect.
Considering the station i is fixed, the equation (1) can
be linearlized as:

o)) o)) op);
Pl=p B T —Ldp + —dy, +—- iz FI el (D)
J A 0 7 ay 0 @ vy

where fj is the approximated double differenced range
which is calculated from the navigation solution from
INS measurements.

Since the output from the barometer is the pressure, the
height should be calculated by following formula:

_ 7 kT
Ph :POe mgh/k7 = h:“‘hl(Ph/})o), (3)
mg
where
P

, . atmospheric pressure at height h, P, : atmospheric
1013.25hpa, m : mass of
one molecule = 29 amu (atomic mass unit) = 29 x
1.66057%10-27 kg (29 is average molecular mass), g :
acceleration of gravity = 9.80665 m/s’,
constant = 1.380622x10%, J-k™,7": absolute temperature.

As can be seen in equation (3), the height can be
changed due to the change of the air density and
temperature over the surface of the earth. In addition,
average atmospheric conditions and standard temperature
and pressure are assumed for the height above mean sea
level. Therefore, the height from the barometer can be
seriously biased and should be modeled in the obser-
vation equation:

pressure at mean sea level =

k : Boltzmann’s

H = H+ B+ep; e,~N0,0%), @)

where,
H : height observation from barometer,
Hy : initial values calculated from INS or GPS,
B, : barometric height bias,

e, : Observation error with standard deviation of o}.

The output from the electronic compass is the heading
angle which can be directly modeled as:

6,=0"+e, e,~IN0,0%), (5)

Where 6° is the approximation value from INS, and

e, is the random error with standard deviation of o7.

2.2 Kalman Filter

As stated in the previous sections, four kinds of the
measurements are feed into a Kalman filter to estimate
an optimal solution for the positions and attitudes. Three
equations, namely the measurement equation, system
dynamic equation and initial equation constitute Kalman
filter. The derived measurements model of equations (2),
(4), and (5) in the previous section constitutes the mea-
surement/observation equation of Kalman filter which has
the general form of [4]:

2, = Hx, +v, v, ~N0,Y7). (6)

Here, the subscript k is the index for the epoch, z is
the measurement vector, H is the design matrix, = is the
state vector, and v is the observation error which is
assumed to be normally distributed with zero mean and
variance of .

The state vector considered in this study is composed
as follows:

z(t)= [NAV IMU GRAVITY LEVER— ARM BB IONO]7
(M

where NAV is the position, velocity, and attitude etror;
MU is the accelerometer bias, accelerometer scale factor,
gyro bias; Gravity is the error in the gravity vector;
Lever arm is the lever-arm, that is the position difference
between the GPS antenna and INS center; BB is the
barometer bias; and IONO is the ionospheric error.

Therefore, each component in the measurement equation
of Kalman filter can be constructed as :

Pkl . PO Kl ]%l

ij,1 .z’/ i

kel Okl ol

7= PMZ pu 17/‘/ . (8)
H~HU

0
aheadz‘,ng

0

heading -
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Note that dual frequency GPS pseudoranges, denoted
with subscript 1 and 2, are used in the observation vector.

The dynamic equations show the behavior of the states
in terms of the linear (linearized) differential equations.
Basically, the dynamic equation for the navigation solution
(positions, attitudes) is obtained from the linear pertur-
bation of the navigation equation. Since the dynamics of
the navigation equation are available in many literatures,
it is not derived here but the resulting equations are
presented. For detailed derivation of the equations, refer
to Jekeli [4]:

S = b — 8(, + WP — (S8, + )6 +5g"

= Croa’ +a" Xy" — (2, + )6 +69", ©)
W=, XY — O, + 8, (10)

where superscript n denotes the quantities are coordinatized
in n-frame, &" is the velocity error, &" is the accele-

ration error, da” is the accelerometer sensor error, 2}, ,

Table 1. IMU error specifications

IMU400C-100
Acceleration 85 me
Bias 8.5e-3*g
= 8.3132e-2
IMU Acceleration 1%
Error Scale Factor 1.0e-2
1 deg/s
Gyro Bias 1*7/180
= 1.745¢-2
0.1 m/s/ Vi
Velocity A
0.1/60 = 1.667e-3
2.25 deg/vh
Attitude 2.25*7/180/60
= 6.5450e-4
0.05 m/s/ vh
Random Acceleration vk
walk Bias 0.05/60
= 8.333e-4
Acceleration 0.0
Scale Factor 0.0
0.85 deg/ Vi
Gyro Bias 0.85%1/180/60/3600
= 6.8682¢-8
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2" are the skew-symmetric matrices corresponding the
rotation of the n-frame and e-frame with respect to
i-frame, respectively, dg" is the error of the gravitational
acceleration, 4" is the orientation error, &, is the gyros
sensor error in indicated angular rates, &}, is the
orientation error of the n-frame with respect to the
i-frame.

For the dynamics of other states such as IMU sensor
errors and ionospehric error, mainly the random constant
model and random walk is used (Table 1). Considering
the equations (9), (10), error specs on Table 1, the

~ dynamic equation given below can be constructed.

z, =P Tt Wy, w~ (0,6 ), (12)

where &, ., is the state transition matrix, w, , is the
random error for the system with zero mean and variance
of Q._,.

The initial equation of Kalman filter has the form of:

ey~ (0, ), (13)

Ty =2, 1€,

where z, is the initial value and e, is its error with zero
mean and variance of F.

The uncertainty of the initial value used in this study
is described in Table 2.

Table 2. The variance of the initial values for the states

states Initial value
op 100.0
oy 1.0
%4, 0.015x7/180 = 2.6179¢-4
25 0.05x7/180 = 8.7266e-4
O AueB 8.5¢-3 g = 8.3132¢-2
T Ao 1x107
O GyroB 1x7/180 = 1.745e-2
oy 2.5x107°xg = 2.4451e-4
oy 0.05
op 100.00
O oo 0.05

B144 #3585 20064F 9H
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3. Feasibility Test

Since the hardware of the system is still under develop-
ment, a test data set is artificially generated by degrading
an existing raw IMU data from high-degree IMU
(EN-100) for feasibility test. One way to accomplish that
task is to take the estimates of IMU systematic errors,
such as biases and scale factors from AIMS, then remove
these effects from the LN-100 raw data, and assume these
data as the true values. Then, we add proper systematic
as well as random errors correspond to the low-degree
IMU specification to the LN-100 raw data. Figure 2
shows the detailed procedures to construct the test data.

Run AIMS and LN-100 specification J

I T

Take out the estimated systematic errors at the |
level of raw data ‘

}

— -

Treat the error corrected raw data as truth ‘
Deteriorate the raw data by adding systematic and
random errors based on the low degree IMU

I

Calculate the navigation solution from the
degraded IMU data

Figure 2. The procedure for degradation of IMU raw data.

AIMS (reference)

" GPS/INS
" Carrier phase model

" { N-100 specification

Seamless navigator

AIMS j

GPS/INS

GPS/INS/Barometer/Compass

Code range model Code range model

IMU400C-100 specification IMU400C-100

Figure 3. Analysis of the system with respect to AIMS
solution.

To analyze the developed system, the navigation solution
is computed from the integration of the LN-100 raw data
and GPS phases through AIMS software. Since the accuracy
of the solution from the AIMS is verified many times in
previous studies, it is considered as a reference/truth
solution in this test. With respect to the truth solution,
the solution from AIMS using only GPS code and
low-degree IMU, and the solution from the developed
seamless positioning system using GPS code, low-degree
IMU, barometer, and compass are compared (Figure 3).

In the following figures, the results from two cases are
compared with respect to the reference solution. The first

Ground Track
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Figure 4. The horizontal position error with respect to the
reference solution.
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Figure 5. The vertial position error with respect to reference
solution.
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Figure 6. Attitude error with respect to the reference solution.

one denoted as P-C, and it is the difference of the
solution from the integration of GPS code and low-degree
IMU with respect to the reference solution. The other one
is denoted as P-Cbc, and it is the difference of the
integrated solution of GPS code range, low-degree IMU,
barometer and compass of the developed seamless
positioning system with respect to the reference solution.

As can be seen in figure 4-6, the seamless positioning
system performs much better than the GPS/INS system
as expected. It should be noted that the pitch/roll is
coupled with heading, so that some portion in pitch/roll
could show partly degraded results caused by the large
improvement on heading. Using the developed system,
the position accuracy of better than 1 meter, and the
attitude better than 1 degree is achievable in most of the
time. Indeed, the accuracy is much poorer at the beginning
because the filter needs some time to be stabilized. Based
on the analysis, one can see that about 100 seconds are
needed for the system to be stabilized.

4, GPS outage

Since the purpose of this study is to develop a seamless
positioning system, intentional GPS outage in the data is
assumed and the remaining data is processed in the
system. To investigate the effect of the outage duration,
30, 60, 120, and 240 seconds of GPS gaps are simulated
and the results are presented in Table 3. As expected, the
position with barometer and compass shows much better
performance in case of the GPS outage than that with
INS only. Especially, the up component remains very
stable with high accuracy due to the height information
from the barometer.

144 583587 20064F 9K

Similarly, the accuracy of the attitude from the
integrated system is better than that from the INS only,
and the heading is maintained with good accuracy
because of the compass. Obviously, the accuracy of the
horizontal position and roll and pitch is not enough for
the independent navigation. Therefore, it would be
necessary to integrate other systems or develop algorithm
to compensate the horizontal position, pitch, and roll. For
example, a body motion modeling is being currently
conducted for this purpose by analyzing the IMU output
and modeling the motion with a differential equation.

5, Conclusions and Future Study

In this study, the initial analysis on the seamless personal
positioning system is presented. Four sensors, namely
GPS, INS, barometer, and compass are considered in a
Kalman filter to generate a continuous navigation solution.
The measurements from those equipments are mathematically
modeled to include systematic errors such as biases and
scale factor errors as well as the random white noises.
Therefore, the system generates navigation solution with
estimates on the systematic errors. Comparing the results
to the precise reference solution from AIMS, it was found
that the position accuracy of lmeter and attitude of 1
degree is achievable. In the test of GPS outage, however,
the horizontal position and pitch and roll are seriously
degraded since those are mainly affected by IMU only
while heading and height are compensated from compass
and barometer, respectively. For example, the horizontal
position and attitude deviates up to 22 meter and 0.2°,
respectively even with barometer and compass in GPS
outage of 60 seconds. For this problem, a human body
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Table 3. Position and attitude error during GPS gap (comparisons are based on the AIMS solution)

30sec 60sec 120sec 240sec
Mean Std Mean Std Mean Std Mean Std
N [m] 5.127 3971 31378 21.265 155.934 105410 982.272 749.159
INS Only E [m] 2.793 1.542 13.683 8.561 53,143 28.249 120.384 65.219
U [m] 0.798 0.359 2.921 1.748 12.488 7.608 54.986 33.987

R [°] 0.121 0.050 0.255 0.118 0.422 0.217 0.663 0.244
INS Only P[] 0.191 0.084 0.267 0.101 0.398 0.209 0.694 0.332
H [°] 0.815 0.270 1.518 0.555 4.964 15.973 8.206 17.650

motion modeling is being currently conducted. Based on
the sensors output with various body motion such as
walking, running, and turning, the motions could be
either mathematically modeled or defined by a look up
table. It is expected that this body motion modeling will
significantly improves the performance of the system
especially in GPS outage so that provides continuous
navigation solution with proper accuracy.
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