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Abstract 
 
With the state of the art innovations of navigation 
systems, GPS is becoming a very important part of daily 
life. Indeed, GPS is a very helpful and precise navigation 
system however its performance is fairly vulnerable due 
to the environment noise, which may cause GPS signals 
loss and attenuation. Hence this is hard to rely much on 
this technology. 
 
Compared with GPS, the INS is a self-contained 
navigation system, which has jamproof performances but 
the sensors induce errors which are growing with time. 
 
These two navigation systems integrated together can 
compensate each other’s weakness providing a continuous 
data acquisition using an adapted filter. This integrated 
solution of GPS/INS gives an accurate solution which is 
low-cost and jamproof. 
 
This paper presents a low-cost GPS/INS platform 
developed with Micro Electro-Mechanical System 
(MEMS). Fast prototyping tools such as Matlab/Simulink 
are utilized to implement/validate the algorithm. This 
platform is consist of an assembly of different PC104 
cards such as acquisition card, GPS card, Ethernet card, 
mother board… stacked up together providing the link 
between the sensors, the algorithm and the host computer.   
 
The software including INS, GPS data acquisition and the 
Kalman filter is loaded and processed on the PC104 based 
computer. This platform is totally self-embeddable and 

can be used independently without any external 
hardware/software supports. The algorithm utilized can be 
adapted to different grade of inertial sensors by changing 
few parameters.  

1. Introduction 
High precision Inertial Navigation employing the 
expensive inertial sensors is contained to high technology 
applications like satellite, probe, missiles… but the 
emergence of low-cost MEMS in the market has 
facilitated the development of new applications. 
Therefore, inertial systems are expanding its market to 
more common applications such as car navigation, video 
games and robots. 
 
If combined with GPS, inertial navigation system can be a 
very precise device delivering data even when the GPS 
signals are blocked. During the GPS loss, inertial sensors 
such as MEMS can provide position, velocity and 
acceleration until the GPS can find a new available 
satellite constellation. In that case, the precision is not the 
finest but with the Kalman filter running, the drift caused 
by the sensors errors can be compensated when the GPS 
signals are found. 
 
The MEMS platform is totally embeddable providing a 
totally autonomous system when powered with an 
embeddable power supply. The platform utilized is based 
on a PC104 bus computer by which  we can integrate all 
the needed hardware devices.  
 
The paper is organized as the followings. The section two 
gives a global view of the platform: the devices utilized, 
the software used to communicate and the algorithm 
structure. The section three shows the MEMS test results 
including simulation and real time acquisition followed by 
a qualitative analysis. Section four shows the results by 
utilising the same algorithm with different sensors which 
demonstrates the versatility of the algorithm. Finally, the 
results are shown in the paper and the future advancement 
of the project are also discussed in the conclusion.  
 
 



 

2. Hardware and Software  
A good link between the hardware and the software is a 
key issue for the design of the platform. This link is 
provided by the xPcTarget interface (Simulink) which 
gives a correct and quick link for the communication 
between the host computer and the PC104. 
 

2.1 Hardware 
The platform is composed of seven different stages 
stacked up together through the PC104 bus. This 
configuration makes the individual element independent 
from each others and provides a good synchronization for 
the data transmission.  
 
On the top stage there is the inertial sensor (MEMS) 
which is not PC104 compatible but the information is sent 
via an external bus to the acquisition card. This stage 
provides the specific forces and angular rates 
measurements given by the MEMS. 
 

 
Figure 1: GPS/INS Platform Prototype 

 
On the next stage, there is the GPS receiver which obtains 
and transmits the position and velocity solutions to the 
algorithm via the PC104 bus. 
 
Following the GPS receiver, there is a 16-bit-acquisition 
card which collects the data from the MEMS via the 
external bus. 
  
Under that, a PC104 compatible power card delivers the 
power and voltage required to each other cards. 
 
Then, a PC104 compatible network card is added to build 
a TCP/IP connection to a host computer. This connection 
is used for two important tasks: first, to send the programs 
for the real time processing and second, to acquire and 
record the data processed in real time.  
 

This platform is also equipped with a graphic card making 
able to display all the data processed by the PC104 in real 
time on a distinct screen. 
 
On the bottom stage, there is the PC104 motherboard 
where the algorithm is loaded and executed. 
 
The benefit provided by PC104 compatible devices is that 
the data are already synchronized because of the unique 
PC104 bus linking all the devices. 
 

2.2 Software 
There are two distinct procedures detailed in the 
following section, one for the simulation and one for the 
real time acquisition. The equations utilized by the 
software are implemented into the different blocks of the 
shown on the figure 2: 

Figure 2: Program Structure: INS and Kalman filter 
 
For the simulation, the reference trajectories are generated 
by the software Microsoft Flight Simulator®. The 
information provided by the software can be saved 
directly in an ASCII format file which is compatible to 
Matlab/Simulink. The useful data provided by the 
simulator are the following: 
 
- Position expressed in terms of ‘latitude’ [deg], 
‘longitude’ [deg] and ‘altitude’ [ft] 
 
- Velocity expressed in terms of ‘North Velocity’, ‘East 
Velocity’ and ‘Vertical Velocity’, all in [ft/s] 
 
- Attitude angles expressed in terms of ‘pitch’ [deg], ‘roll’ 
[deg] and ‘heading’ [deg] 
 
The IMU simulator is a program designed to generate the 
angular rates and specific forces for a simulated flight 
trajectory by using the already-known position, velocity 
and attitude angles. The IMU data generation takes into 
account the gravity and the Earth’s rotation. In general,  
for the sake of a better understanding this program is like 
a reverse procedure of the INS calculation which provides 
the position, velocity and attitude angles from the sensors 
measurements. To avoid redundancy, only the INS 
process will be explained.  
 



 

To have a realistic simulation of the MEMS, the noises 
and bias for the three axes of the accelerometers and 
gyroscopes have to be taken in account. This equation 
shows how those parameters are added to the raw 
measurement in the algorithm: 
 

)()( εδ rrrr
++×+= xXMIX truesmes

                           [5] 
 
Where: 
 

mesX
r

 = measured variable of the sensor, 
[m/s2] for accelerometer and [rad/s] for gyroscope 

trueX
r

 = noise free variable (same units as Xmes) 

SM    = scaling factor matrix 

xδ
r

 = bias on the sensor measurement 
ε
r   = noise of the sensor measurement 
I  = identity matrix 
 
The corresponding Simulink model for the introduction of 
the perturbations is shown on the figure 3: 
 

 
Figure 3 : Accelerometers and Gyroscopes model 

 
In this model the bias and the noise vectors are added to 
the error free data. Then, the matrix is multiplied by a 
scale factor to obtain the simulated raw data. The values 
for those parameters are provided by the manufacture 
specification datasheet. 
 
This IMU model takes the main characteristics of the 
MEMS in consideration. However, it still can be 
improved with other characteristics such as influence of 
temperature and non linearity as long as the information is 
provided by the manufacturer. 
 
The rest of the program is the same for both simulation 
and real time acquisition. The raw data coming from the 
MEMS or simulated with the IMU simulator are 
processed directly by the INS algorithm which performs 
all the calculations to obtain the position, velocity and 
attitude angles. The following equations are used in the 
model and they are integrated with a method using 
quaternion: 
 

{ } { }( )[ ]NN
E

NE
I

NN
E

NpBB
I

B
N

N

N

E

2SS

C

vωω

gav

][][

 ][][

+−

+=⎥
⎦

⎤
⎢
⎣

⎡ •

   (1) 

[ ]{ } [ ]{ } B
N

NN
I

BB
I

B
N

B
N CSSCC ωω −=&

         (2) 

[ ]{ }NN
E

N
E

N
E SCC ω=&

                                         (3) 

[ ] [ ]NN
E

NN
Zh vu ∗=&                                               (4) 

 

Where: 

 

BB
I ][ a  is the measured acceleration vector; 

Np ][g
 is the gravity vector at the surface of the earth; 

NN
E ][ ω  is the transport rate 

Nρ ; 

BB
I ][ ω  is the measured angular rate vector; 
[ ]NN

Z u  is the vertical unit vector of the Navigation  
I is the  inertial frame; 
NCB is the transfer matrix from the Body frame to the 
Navigation frame; 
ECN is the transfer matrix from the Navigation frame to 
the Earth frame; 
E is the Earth Centered Earth fixed (ECEF) frame; 
N is the Navigation frame; 
B is the Body frame (vehicle-fixed frame); 
S{a} is the anti-symmetric matrix of the vector a. 
 
The first equation (1) shows how to get the velocity 
propagation of the navigation frame in the navigation 
frame (N) referred to the Earth frame (E) from the IMU 
output and the gravitation model. 
 
The second equation (2) explains the propagation of the 
Body frame (B) compared with the Navigation frame (N).  
 
The third equation (3) is the propagation of the position 
matrix. 
 
The fourth equation (4) represents the propagation of the 
altitude. 
 
The whole equation allows the calculations of PVA from 
the IMU raw measurements independently. This means 
that no correction to the measurements have been done 
yet. 
 
The gravity model takes in consideration of the Earth’s 
mass and Earth’s rotation:  
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Where:  
 

pN
I gr

 is the Plum-bob  gravity vector 

 N
I gr

 is the gravity vector 
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 is the Earth’s rotation rate 

N
I rr

 is the distance vector from center of the Earth to the 
mobile 
 
The Earth’s rotating rate is also taken into account. For 
this reason, when the sensors are static, they can measure 
the Earth’s rotating rate: ωE ≈ 15.04deg/hour. 
 
Concerning the attitude angles the equation is the 
following: 
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Where: 
 

B
IBω  is the gyroscopes measured value 
B
IEω  is the Earth’s rotating rate 
B
ENω  is the transport rate i.e. the rotation rate of the 

Navigation frame with respect to the Earth’s frame 
B
NBω  is the attitude rate: rotation rate of the Navigation 

frame with respect to the Body frame 
 
The equation (5) shows the composition of the rotation 
vector for Body frames. This is the process to obtain the 
gyroscopes measures by using the attitude rates, the 
transport rate and the Earth’s rotating rate. 
 
When the GPS signals are available, corrections provided 
by the Navigation filter are taken into account during the 
INS process. Currently the role of the Navigation Filter is 
played by a Kalman Filter that provides the necessary 
corrections to input into the INS. 
 
The role of the Kalman filter in our application is to 
estimate and correct the IMU measurements (position, 
velocity and attitude angles) with the aid of the GPS 
position and velocity. The Kalman filter uses the 
estimated state from the previous time step and the current 
measurements to compute the estimated state of the 
current time step.  
 

This is a general representation of the Kalman filter cycle 
which content two important parts, the prediction and the 
measurement update: 
 

 
 
Where: 
 
x) k is the estimate of the state at time k;  
Pk,k is the error covariance matrix (a measure of the 
estimated accuracy of the state estimate).  
 
The Navigation filter and the INS algorithm are 
continuously being modified and improved. Therefore, it 
is essential to be able to change some parts of the 
algorithm rapidly. From this point of view, Simulink is a 
very convenient tool for fast prototyping. The algorithm 
can be easily modified and with the real time workshop 
tool, the whole algorithm can be re-make in C, complied 
and then loaded on the platform. The xPcTarget library of 
Simulink provides the necessary drivers to read directly 
the data from the different cards. This library can create 
the interface with the host computer to read and command 
the platform in real time.  
 
While from a different point of view, Simulink is not the 
ideal software to run this algorithm due to all the 
operation needed to pass from the Simulink version to the 
C version loaded into the platform. This sequence of 
operation can cause some unexpected problems 
decreasing the performances of the algorithm. Therefore, 
a C-code version of the whole algorithm package is 
currently under development..  

 
3. MEMS Results 
 
The following section will present the test that has been 
made for both simulation and real time acquisition with 
the MEMS sensors. 

3.1 Simulation 
The Figure 4 represents the trajectory processed in 
simulation. The blue line is the reference trajectory 
generated by the flight simulator and the red line 
corresponds to the solution calculated by the algorithm. 
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Figure 4 : 3D Position of MEMS simulated sensors 

 
Position: The Kalman filter update rate can be observed 
clearly on the graph: every 10 ms, the Navigation filter 
provides a new estimation of the position errors. The 
maximal error that is located on an axis is around 5 
meters. This period correspond to the high dynamic 
period during the flight. 
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Figure 5 : Position Error for MEMS’ Simulation 

 
P matrix: This matrix gives the information about the 
Kalman filter estimations performance. Its convergence 
means that the estimations are close to the reality. The P 
matrix of this experiment shows that all the parameters 
estimations are converging quickly. This proves that the 
kalman filter is working well giving a good estimation of 
the parameters. 
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Figure 6 : P Matrix for MEMS’ Simulation 

 
Velocity: The results show that the error from the low-
cost MEMS (Simulation) never exceeds one percent of the 
total value. Considering the MEMS characteristics, the 
velocity errors shown are good.  
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Figure 7 : Velocity Error for MEMS’ Simulation 

The experimental results validate the algorithm design. 
This algorithm converges quickly and the final results 
provide a good estimation of the initial trajectory.  
It is also important to notify the limitations of the model. 
In this situation, the noise, biases and all the major errors 
are added manually. That means that the values of the 
added noises are known exactly however which is 
impossible in real time world.  
 
Another crucial aspect is that all those parameters are 
dependent of many different issues such as temperature, 
humidity, pressure, sensor non-linearity etc. Usually, an 
estimation of the action of the main parameters is 
provided by the datasheet but it is not always simple and 
convenient to replicate all those effects. 
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3.2 Real Time Experiment 
The experiment shown in the this (?) section is a stand 
alone test that has been made with the low-cost sensors. 
The purpose of this test was to test the performances of 
the MEMS without any aiding devices such as GPS 
assistance. The trajectory is a very simple trajectory made 
inside a building which we know precisely the length. The 
figure 8 corresponds to this trajectory: 
 

 
Figure 8 : Real time acquisition trajectory (MEMS) 

 

After processing the algorithm, the results are as shown in 
the figure 9: 
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Figure 9 : Real time INS solution (MEMS) 

The results coming from this experiment are provided in 
the table 1 [2]. 
 
 

 Real MEMS 
Total Distance 15.97m 8.30m 

Total Error 48.02% 
Latitude Dist. 8.23m 5.32m 

Longitude Dist. 13.67m 6.36m 
Test Duration 20.36s 

Table 1 : Comparative Table 

During these experiments it is possible to observe various 
characteristics of the sensor. The result shows that these 
sensors produce an error which is growing with time 
making it barely reliable for a long duration stand alone 
condition. 
 

This experiment has been performed several times and it 
has been possible to show the repeatability of the results. 
This experiment also demonstrates that this device is 
completely self-contained. It works inside as well as 
outside always giving the same accuracy in the results.  
 
Something important with MEMS is that it cannot set 
initial conditions itself. So if used alone, it has to be 
manually initialized to initial position, velocity and 
acceleration.  
 
4. Other sensors 
 
A lot of tests have been made with another type of 
sensors. The purpose for these tests was to validate the 
whole algorithm, to test its performances and to develop a 
new C-code version of it. The algorithm has been 
validated in both Simulink and C-code version with these 
sensors. As it was aforementioned the algorithm is 
versatile and the integration of the new sensors to the 
algorithm was made by changing just a few parameters 
which are mostly related to the sensors characteristics 
itself.  
 
The results shown in the next section are related to a real 
time road test made in a parking lot. The dynamic of the 
trajectory is low and the total length is approximately five 
minutes. The figure 10 represents the whole trajectory: 
 

 
Figure 10 : Real time acquisition  trajectory (other 

sensors) 

For this test, the algorithm was processed with the C-code 
program which is faster and more accurate than the 
Simulink version. The solution calculated is the integrated 
GPS/INS solution and the results are the followings: 
 



 

 
Figure 11 : Latitude and longitude errors (other sensors) 
 
Position: The position error is represented in latitude and 
longitude error. The maximum errors found for this 
trajectory are around ±2x10-6 radians which correspond to 
approximately 0.5 to 1 meter. 
  

 
Figure 12 : Velocity errors (other sensors) 

Velocity: The velocity errors are represented in meter per 
seconds. The maximum errors in this experiment are 
around 2 meter per second and seams to occur when the 
dynamic is high. These errors can be caused because of 
the low data acquisition frequency (limited to 100Hz for 
this sensor) so when the dynamic is high, some data are 
lost causing a lot of errors.  
 
Attitude angles: The attitude angles errors are 
represented in radians. The maximum errors are around 
0.002 radians (0.1°) for the roll and pitch and around 0.05 
radians (1°) for the heading. The roll and pitch error are 
very small because of the nature of the trajectory. This 
test was made with a car on a plain road so the roll and 
pitch are not changing a lot during the whole trajectory.  
 

 
Figure 13 : Attitude errors (other sensors) 

 
5. Conclusion 
 
The results from the MEMS test shows that the position 
of the solution directly depends on the time duration of 
the simulation. This also explains the reason that such 
grade of sensor needs to be corrected with an aiding 
device, in this study, GPS plays this role. 
 
Nevertheless, if this sensor is used for a limited time span, 
it can be helpful for its jamproof characteristic and it can 
still provide a signal when GPS is unavailable. In a few 
words, MEMS can be an alternative to GPS when the 
signals are blocked. 
 
The results from this paper show that the algorithm is 
working well but there is still some work to do to improve 
it. For example, there is still no sensor compensation such 
as bias compensation which could reduce a lot of the 
drifting effect on the MEMS. Also, the MEMS do not 
provide the initial position, velocity and attitude angles so 
they have to be set up before running the algorithm. In a 
near future, an initial alignment process will be added to 
the algorithm making it able to initialize all these 
parameters by itself. The GPS signals used by the 
algorithm as an aiding device can be improved too with 
the integration of a RTK solution which is also under 
development. 
 
The next goal for the project is to test the program with a 
different low-cost MEMS sensor on a real fly test to see 
the performance of the whole algorithm in a high dynamic 
environment. 
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