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Abstract. The Global Positioning System (GPS) allows lo@atm object in
any part of the World with a certain degree of aacy. Some precision
activities need to operate with a sub-metric aagurfl]. In this article,
techniques are introduced to determine the magaitutd direction error of
GPS system. With this error vector it is possildecbrrect any low cost
standard GPS receiver to improve the positionaliaoy.
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1 Introduction

The functioning principle of the Global Positionir§ystem (GPS) is based on
measuring ranges of distances between the recaikethe satellites [2] [3]. The GPS
has an architecture that is divided into three sagm spatial, control and user’s [4].
The first is composed of 24 satellites over 20 #amd kms away from the Earth,
divided into 6 orbital levels and each satelliteige: is of about 12 hours. The second
segment is composed of Earth stations distributedral the planet, controlling that
satellites do not deviate from their trajectoryndily, GPS receivers are in the user’s
segment, which in general use two frequencies:tl1535,42 Mhz and L2 at 1227,60
Mhz [5].

The accuracy in longitude and latitude coordingesf 10-15 meters 95% of the
readings [6]. Sometimes, it is more precise, bdejiends on a variety of factors that
include from the deviation or the delay of the sigwhen cross the atmosphere, the
bouncing of the signal in buildings or its conceairmdue to the presence of trees,
low accuracy of clocks and noise in the receivemltitude the accuracy is reduced to
50% regarding the obtained in terms of longitudel &atitude [7]. Systems that
enhance positional accuracy are: the DGPS (DiftakiGPS), AGPS (Assisted
GPS), RTK (Real-Time Kinematic), e-Dif (extendedfBiential), amongst others.

a. In the DGPS system it must be paid an amount fer gérvice and for
corrections be valid, receiver must be relativelgam a DGPS station;



generally less than 1,000 km. The achieved accuranybe of a few meters
[7-10]. The correction signal can not be receivatlis a mountainous zone.

b. In the case of AGPS it is necessary to have mal@iéces with active data
connection or cell phone like GPRS, Ethernet or MAE]. It is used in the
cases where there is a weak signal due to a suliregiof buildings or trees;
this implies having a not much precise positioran8ard GPS receivers, in
order to triangulate and position, need a ceriaie bf cold start [12][13].

c. For use the RTK system, it is paid for the senadcel, besides, it is very
expensive to acquire the infrastructure. This isteghnique used in
topography, marine navigation and in agriculturaioanatic guidance in the
use of measurements of signals carrying navigatitts GPS, GLONASS
(Globalnaya Navigatsionnaya Sputnikovaya Sistemajl/a Galileo’s
signals, where only one reference station provid@section in real time,
obtaining a sub-metric accuracy [14].

d. The last case, e-Dif system, is autonomous antbitgss files with RINEX
(Receiver Independent Exchange) format, which weated to unify data of
different receivers manufacturers [15]. It genesa@tonomous corrections
regarding a coordinate of arbitrary reference amtrapolates them in time
[16]. It is a very consistent relative positioniagd its accuracy is of about 1
meter. The system’s objective is to study wastenftbe initializing process
to isolate the most important systematic errorst tharoduce the
corresponding equations to each satellite. It @ieable for a reduced time
of 40 minutes approximately; since later the systiererror changes, in this
case a new error must be calculated again. In megwhere differential
corrections aren't available and it is paid for gervice, like in South
American, African and Australian, this system baeamore interesting.

e. Besides, there exist raise systems that increasgany to sub-metric levels.
Those based on satellites SBAS (Satellite-Basedmfungation System),
based on ground GBAS (Ground-Based AugmentatioteBysand based on
aircraft ABAS (Aircraft-Based Augmentation Systefd]. Most of these
implementations are used in different applicatiamel some of them are
available for users without special permissionserithen, costs are high due
to the need of certain devices with special charitics or some
infrastructure in agreement with the accuracy |eweled at.

Errors produced by the GPS system affect in theesaay the receivers located
near each other in a limited radius [1]. This iraplthat errors are strongly correlated
among near receivers. Thus, if the error produneshe receiver is known, it can be
spread towards the rest in order to make them ciotieir position. This principle is
only applicable to receivers that are exactly tlene; since, if different, their
specifications change so the signal processed byratividual is not the same to that
processed by another one. All GPS differential méshuse the same concept [17].
DGPS requires a base station with a GPS receivargrecise known position. The
base compares its known position with that caledaby the satellite signal. The
estimated difference in the base is applicable tioethe mobile GPS receiver as a
differential correction with the premise that anmyot receivers relatively near
experiment similar errors [6].



In this article it is carried out a detailed an#&ysf the way to calculate direction
and magnitude error of a standard GPS in ordeuild b DGPS system. In Section 2
techniques to calculate errors are analyzed. Ini@®e8 algorithms and techniques
used are described. In Section 4, the last oneclusions and future work are
presented. Acknowledgment is mentioned at the éddaument, before references.

2 Techniquesfor error analysis

The experiment carried out is based on the priaaiflthe adopted methodology by
the DGPS but with a low cost standard GPS recelneorder to get measurements,
three Garmin 18X USB GPS receivers are used coedé¢attwo notebooks. The base
station is composed of a notebook and two of theetlGPS receivers; the mobile for
the notebook and the remaining GPS receiver. iflkebletween the base station and
the mobile one is a wireless connection from ptorgoint link.

In this context, in the base system measurementa the GPS receivers are
obtained and after a certain period of time, whishnecessary for the system
stabilization, two positions are estimated. Theitwss’ estimation is carried out with
a Kalman filter, since an estimation problem withrsany noisy redundant data is a
natural application for the Kalman filter; this @lls using some of the redundant
information to remove the effects from the erronrses. The Kalman filter is used to
eliminate the white Gaussian noise [18]. Receias placed at a known distance
(4.53 meters) between themselves (relative positin At the end of this stage, a
cloud of points is obtained with the positions deted by the receivers. In Fig. 1 itis
observed the cloud of points from both receiversvali as each of the estimated
points with diferent shape and color that corregptom the GPS 1 and GPS 2
receivers. The estimated point from GPS 1 is setkas anchor point of the whole
experiment. From this, all necessary calculatiaescarried out with the objective of
finding the GPS system error.
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Figure 1. Estimated points for GPS 1 and GPS 2.

With both estimated positions, it proceeds to dateuthe distance between them.
If the estimated distance is different from theuatone (more/less a threshold) it is



detected that there is a positioning error. Indhse of Fig. 2, the estimated distance is
lesser than the actual one. The actual distan@presented by the green point at the
intersection of the straight line and the circurafee (Intersection point 1).
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Figure 2. Intersection of straight line and circumference.

Besides, Fig. 2 shows a circumference with a radgqusal to the actual distance
measured with a tape measure from GPS 1 to GP$hzaiter in the estimated point
for the GPS 1. A circumference is chosen, as GB&2e at that distance but in any
point of the circumference (it is observed a shafpalipse because of a latitude grade
has a different measurement in meters that haadedn longitude).

This is the working principle that the GPS systeseauto get the receiver’s
position [1].

After calculating the distance of the estimatednpoiand contrasting it to the
actual one, a positioning error is deduced. Onég khown that there is an error, its
compute its magnitude and direction. On the onalhtre two estimated points are
learnt with which the straight line is drawn andiethbonds them. Equation 1
belongs to the straight line that crosses theseptuitats

(-21) _ (x-x1)
(v2-y1) (x2-x1)

where thex represents the component of Longitude andyttiat of Latitudexl,
yl, X2, andy?2 are the components of point 1 and 2 respectively.

On the other hand, it is known that the GPS 2 issame point of the
circumference with center in the GPS 1 and of mdhe distance that is defined at
the moment of positioning the two receivers. Equra belongs to the circumference
with center in x1,y1) of radiusr.

@)

(c=x1f + (v - y1)f =12, )

As it was mentioned before, the GPS 2 receiver rbasin some point of the
circumference with center in the estimated point ®PS 1 and with the same



distance with which GPS 2 receiver was placedhtndase presented, it is observed
in Fig. 2 that the estimated point for GPS 2 israethan the actual distance at which
the receiver is placed on ground. Knowing aboutettpgations that define the straight
line crossing both estimated points and the racincsimference equation equal to the
GPS 1-GPS 2 distance with center in GPS 1, itasgeded to approximate, by means
of the intersection of the straight line and thecwinference. This intersection is
presented as a polynomial of second degree. lath@matically solved and a, b and ¢
coefficients are obtained (equations 4, 5 and Guafon 3 only presents an auxiliary
estimate in order not to repeat it in the otherrafiens and to make the rest of the
equations more legible. With these coefficientauee by means of Bascara (equation
7) the roots are found (two because of being obsg@aegree) from the polynomial.
From the two roots found, one is chosen and thregettion points are calculated.

divisor = yz2 =2y, + yl2 ) (3)
a=1+(x22_2x2x1+x12). @
divisor
b==2y + (_ 2x22yl +4x,xy, — 2x12J’1) _ ®)
! divisor
( 2.2 _9 2, .2 2)
c=y2 —24 X 1 X TEN . )
1 divisor
~b+J[p* - 4ac)
c= ! ac . -
a

It is worth mentioning that in order to minimizeetlestimates and be able to
normalize, everything is transferred to a same @méters) and it is displaced to (0,0)
in order to later obtain the difference betweemesed points 1 and 2.

After having obtained the two roots, only one iketainto account. The nearest
to the estimated point of GPS 2 in some of its comemts is chosen, in this case in
Latitude, since the other one is meaningless dumetiog too far away (on the other
side of the circumference).

resul t = root C oser(y,, roots.root , roots. root,);

latitude

Finally, the other component (Longitude) is obtdirepending on the Latitude
found in the previous point as seen in equation 8.

)* (resultlatitude - yl )j ) (8)

resultlongitude = xl + [(XZ - xl _
™0



The corrected point (green) is already there, asshn Fig. 3, being this exactly
in the intersection of the straight line and thewnference, as it has been planned.
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Figure 3. Corrected point (intersection point 1).

With these operations the error magnitude is knbufnit is also necessary to get
the direction of the found error. Error directicsncbe given in any of the four senses
and their combination. Four base cases are det&at@dwhich other four are derived
like is observed in Table I:

TABLE L DETERMINATION OF ERROR DIRECTION

estimated
latitude | longitude

greater | greater
greater | lesser
greater | equal
lesser | greater
lesser lesser
lesser equal
equal | greater
equal lesser
equal equal

latitude | longitude
actual

The way to read the table is top-down. For exaniplthe second case, estimated
latitude is greater than actual latitude, but eated longitude is lesser than actual. In
the case where actual and estimated componentsqaed, like in ninth row of the
Table I, there is no correction.

Therefore, in order to get the error directionsipproceeded to verify which side
of the corrected point the estimated point ish# straight line from estimated point 1
to 2 is horizontal or vertical, some of the compuseare null, in the horizontal case,



Latitude is eliminated and in the vertical the Linde; that is, there are no
corrections in these components since they aresgoired.
Finally, in Fig. 4 it is observed the resulting tarcfor the study case introduced.

Figure 4. Resulting vector.

3 Algorithmsand used techniques

For the analysis of data, combinations of diffetechniques and algorithms are used
in order to find a better result. In a first progieg stage, applied mathematics covers:

+ Static Kalman: is a set of mathematic equation$ ginavide an efficient
recursive solution of the method of least squardss solution allows
calculating a linear, unbiased and optimum estimatdhe state of a process
in each moment of timet)(with base on the available information at the
momentt-1, and update, with the available information at th@mentt, the
estimator value.

e Dynamic Kalman: is that system in which thkevariable value to be
estimated has a value that changes throughouintiee(tc,,, # x, ), but these
states have some known relationship with the ingtandi+ 1. For example,
if an object position is measured, it can be ptedithat the position will be:

X, =x+tAt*vy.
where/A¢ is the passed time and the speed aniristPosition can be
obtained by a GPS, for instance, and speed withdalitional measurement
element such as the accelerometer.

» Kalman with adjustment of error standard deviat{on): the deviation is
modified and checked in order to see which adjetteb. This measure is
calculated as the square root of variarekich is at the same time the sum
of the squares of each error (Table Il) as showrgunation 9. It is worth
mentioning that from Table Il the only error thatriot taken into account is
that of signal P(Y) arrival; since work is carriedt without the precision
code.

O, =3 +5 4252 +2° + 1P +0.5°m=6,Tm . )



TABLE II. GPSERROR SOURCE

Source Effect
Arrival of signal C/A +3m.
Arrival of signal P(Y) +0.3m.
Ionosphere +5m.
Ephemeris +25m.
Satellite clock error +2m.
Multipath +1m.
Troposphere +0.5m.
Numerical errors +1m.

Now, error standard deviationJf. ) in the ree€iw position is estimated,
but having into account additionally the PDOP (Rosi Dilution of
Precision) and the numerical error; therefore, Fi2OP is added to the
calculated deviation from typical errors, since &ach measurement taken,
this varies according to the instant geometry dklbtes. The result of
standard deviation used for the Kalman filter igatépn 10.

0, =\|PDOP**g> +a>, =\/PDOP**6.7* +’m.  (10)
From this comes the fact of applying Kalman withuatment of standard
deviation, since it fluctuates for each piece dbimation coming from the
receivers in each moment as geometry of satellaess.

» Points average: one of the media limitations ig ihe affected by extreme
values, very high values tent to increase it whitey low values tend to
reduce it, this implies that it may stop being esgntative of the population.
It is analyzed but not implemented in the solution.

» Fuzzy logic: it is used to determine the error éeghat a position has. Rules
that determine the error a position presents degeck to analyzing some
parameters like: PDOP, SNR (Signal-to-Noise Ratioy difference of
tracked satellites. The fuzzy system output weighés Kalman filter gain,
providing more weight to more precise positions drelother way round.

o Filters allow discarding measurements with muchs@obr error that
influence over the final result of an estimation af position. Thus,
measurements having many errors do not slant tla¢ éstimation towards a
position far away from the actual one. The appiicabf these filters can be
made as measurements are not very far away inamdat is supposed that
the Vehicle in which the mobile receiver is plaatmks not move at high
speed; this implies that values do not change aflgidHigh/low step filters
are used in an analogical way to the electronierfil

Since the tool is thought to operate in differedacps of heterogeneous
characteristics, relations and configurations aedun order to be able to customize
the use according to needs. Relations and contignsaused are the following:

» Degree/Meters Relation in Latitude: given the asytiy in different places

on Earth, the distance that a Latitude degree megsaries.

» Degree/Meters Relation in Longitude: ditto to Ladié.



e Cold Start Time: a start time is considered sosffstem can be stabilized. In
this time, samples of the device are taken and; ahlts end, estimation is
carried out. The objective is to reduce or softgstesmatic and random errors
of the GPS system.

» Receivers’ distance thresholtican be determined, in an accurate way, the
whole interval of the distance measurement betwbenbase devices. As
positioning is relative and its distance is knowrgan be added a * value,
since there exists a possibility that an elemendistance measurement be
not accurate enough. Besides, it reduces the catipodl load because of
not having to process data if distance is withim@aHowed threshold.

4 Conclusion and futureworks

The technique developed allows to obtain magnitade direction error of the
GPS system. This correction is used by anothervexcéo correct its own position
and thus increase the positional accuracy withattreof measuring the most precise
distances.

The experiments carried out with different setslafa provide positions that are
used to measure distances and error fluctuateslimeter the 95% of measurements
and in some cases in £ 0.20 meters. In aditiorh thi¢ techniques used it is posible to
prevent peaks of errors measures over 15 meters.

The principle is based in mathematical, geometfizattions and filters.

As future work, the aim is to increase the accuramyl reaching a maximum error
of positioning of £ 0.10 meters. This increase dadude the use of another
additional signal. Besides, further measurement$ vd carried out in order to
analyze data and to deduce its behavior. Adititeetiniques like bayesian networks,
neuronal networks, genetic algorithms and clustesill be analyzed in order to
improve the accuracy obtained until the moment.
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