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The siting of a GPS reference station on an airport
is achieved by minimizing the influence of the environ-
ment on the pseudorange measurements, while comply-
ing with the operational installation constraints. The
CNS Research Laboratory (URE-CNS) of the ENAC has
started a study that aims at providing siting guidelines
for the French Civil Aviation Authority. The first step
of this study consists in implementing a GPS end-to-end
simulator that will be used to establish the basic rules
for the choice of the best location of the station on an
airport with regards to multipath effects. Therefore, the
initial goal of the simulator is to analyze the measure-
ment errors induced by simple obstacles (ground, build-
ings, aircraft ...). The aim of this paper is to present
the simulation software which is being developed and
the initial results that were obtained. The simulator is
comprised of three cascaded modules. The first mod-
ule computes the satellite positions at every input epoch.
The second module simulates the propagation channel.
It is derived from the MUSICA tool (MUIltipath SImu-
lation for Civil Aviation) that was previously developed
by the ENAC for classical navaids multipath simulation.
It generates the disturbed GPS signal delivered by the
antenna of the station to its receiver front-end. Then,
this signal is handed to the last module, that simulates
a generic GPS receiver and delivers the range measure-
ment errors induced by the perturbations introduced in
the propagation channel. The initial results show the ef-
fect of simple reflecting objects, such as the ground and
metallic surfaces.

I. INTRODUCTION

The pseudorange measurements made by a GPS re-
ceiver are disturbed by a sum of different errors such
as satellite clock bias and SA, atmospheric propagation
errors, tracking loop noise, and errors induced by the
multipath propagation of the signal. The amplitude and
phase of the reflected and diffracted signals reaching the
antenna depend on a high number of factors. Among
them are the nature and size of the diffracting obstacles,
the relative location and orientation of the receiving an-
tenna with respect to these obstacles, the pattern and po-
larization of the antenna, and the processing operations



performed within the receiver. Therefore, the multipath-
induced errors affecting the measurements made by two
distant receivers are different. As a consequence, the

dictions based on mathematical models. Although both
tools have major drawbacks, they are complementary.
Indeed, while the actual measurements correspond

pseudorange corrections broadcast by a Local Area DGPS to real life situations, the variety of the field observations
reference station can contaminate the measurements made is restrained by physical constraints, and the assessment

by the user receiver with multipath errors that are proper
to the reference station.

The multipath errors affecting the pseudorange cor-
rections transmitted by the reference station can be re-
duced in several ways, including careful siting, good an-
tenna design, and adequate signal processing. The study
reported in this paper is focused on the selection of the
siting location of the receiving antennas of an LADGPS
reference station.

As a general rule, the presence of obstacles around
any radionavigation aid on an airport ground must com-
ply with the requirements stated in [ICAO, 1996]. More-
over, [ICAO, 1983] defines Obstacle Clearance Surfaces
that specify the maximum height of obstacles for the
safe operation of aircraft on the airport. Furthermore,
each operating country can define its own rules to reduce
the threat of obstacles perturbing the radiated signals.

The current version of [ICAO, 1996] specifies the
controlled traffic areas to be defined around the antennas
for a safe operation of the classical navaids such as ILS,
VOR and MLS. Two types of areas are defined. The crit-
ical area is a specific area on the ground surrounding the
transmitting antenna where the presence of any vehicle
is forbidden during the navaid operation. The sensitive
area is an area surrounding the critical area where the
presence of any vehicle is controlled in such a way that
the signal degradation is acceptable.

In addition, the French CAA has established con-
straint areas called 'servitude’ areas surrounding navaids
transmitters and receivers where the edification of any
possible obstacle is strictly controlled.

The location and size of the critical and sensitive ar-
eas, and of the servitude areas, for the safe and efficient
operation of LADGPS reference stations have yet to be
defined by ICAO. These areas and their traffic control
rules will be such that the effect of obstacles will not de-
grade the service level under the minimum performance
requirements for the LADGPS reference station [RTCA,
1998].

The perturbations caused by a complex airport en-
vironment on the pseudorange corrections transmitted
by a Local Area DGPS reference station are difficult to
determine because the transmitting satellites are in con-
stant movement and because small obstacles can gener-
ate significantly disturbing signals. Therefore, it is nec-
essary to elaborate a powerful tool to help the civil avi-
ation authorities to select the best locations to install the
reference stations. The functional principle of the siting
tool can either be based on signal disturbance measure-
ments at preselected locations or on computed error pre-
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of all the safety critical situations is not possible in prac-
tice. On the other hand, the conformance of the simula-
tions to reality is limited by the adequacy of the mathe-
matical models, but initial results can be obtained faster
for a very high number of representative situations, in-
volving typical simple objects.

Therefore, the complete siting tool is built in two
steps: first, a simulator is implemented, then a measur-
ing instrument is developed, and both components are
used in parallel to achieve our goal.

Several papers were published to report the work
carried out on environmental effects on GPS measure-
ments. Some researchers have used the Uniform Theory
of Diffraction to model GPS signal strength and phase
shift generated by the obstacles [Gomez S. et al, 1995],
[Lippincott et al., 1996], while others have used a para-
bolic equation technique [Walker R. et al, 1996]. Some
studies, such as [Perez Fontan F. et al, 1998] were ap-
plied to civil aviation, and others focused on airport op-
eration [Braasch M., 1992], [Weiser M., 1998].

Our work intends to combine propagation simula-
tion and receiver simulation to provide straight predic-
tions of measurement errors. The software treats multi-
path as a perturbation of the whole transfer function of
the propagation channel. The signal is not modeled as
a discrete sum of delayed and attenuated replicas, but
as a transmitted signal modified by the transfer function
of a global propagation channel. Therefore, our pro-
gram takes into account most of the effects degrading
the pseudorange measurements.

The aim of this paper is to describe the simulation
software which is being developed by the URE-CNS of
the ENAC for the prediction of the errors induced by
obstacles on the code and phase measurement made by
a LADGPS reference station, and to present the initial
results obtained from its execution. This software uses
the successive positions of the GPS satellites to compute
the disturbed signal received by the antenna of the sta-
tion, which is in turn fed to a computer model of the re-
ceiver that delivers the measurement errors. The signal
reaching the antenna is computed using a kernel devel-
oped by the ENAC for classical navaids called MUSICA
[Roturier B., 1996]. This part of the software is based on
the Uniform Theory of Diffraction (UTD).

In this paper, we first describe the key points of the
software architecture such as the computing techniques
and the software design. Following this, we present the
essential channel characteristics that we have used to de-
sign the software, then we recall the principles of the
UTD and explain how we applied this technique to GPS



signals in airport environments. Next, the receiver model
is presented, then the initial results provided by the soft-
ware are shown. Finally, a conclusion is drawn from this
study.

II. SOFTWARE ARCHITECTURE

The approach chosen for the development of the soft-
ware is a compromise that aims at reducing both the
development and execution times, and maximizing the
portability of the program.

As a consequence, we chose to develop the software
in MATLAB. First of all, as the MUSICA UTD kernel is
a MATLAB program, and as numerous utility packages
are available for digital signal processing, we decided to
write all the procedures in MATLAB. Development is
easier than with an assembled programming language,
and the program scripts can be run on any machine set up
with the command interpreter and the proper toolboxes.
But, as some routines are very slow, precisely because
instructions are interpreted, we decided to produce com-
piled libraries from the slowest parts of the program.

Keeping up with our strategy, we defined the struc-
ture of the program so that the time required to obtain
the desired simulation results is reduced. Therefore, the
simulator comprises three cascaded modules that com-
municate data to each other through the hard drive.

As shown in figure 1, the first module reads an al-
manac file and computes the position of each satellite
referencedin the almanac in the WGS-84 reference frame,
for a given set of epochs. These positions are stored in
a file on the hard drive of the computer for further pro-
cessing.

Transmission | - NSTELLATION | Satellites position
time D

D Almanac

Figure 1: Data flow for the constellation simulator.

SIMULATION (WGS-84)

The second module reads the positions of the satel-
lites from the file, and computes the signal delivered by
the antenna of the reference station to its receiver front-
end module, taking into account the effect of all the sur-
rounding obstacles, as outlined in figure 2. The com-
puted signal is stored in a file on the hard drive.
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Figure 2: Data flow for the propagation simulator.

The third module reads the signal samples and com-
putes the code and phase pseudorange measurement er-
rors made by the receiver. These measurement errors are
stored in a file on the hard drive. The data flow for this
module is summarized in figure 3.

D Sampled signal s(n)

Internal noise model

RECEIVER
Measurement errors D

Loops parameters SIMULATOR

Nb bits/sample

Figure 3: Data flow for the receiver simulator.

Each one of the three main modules is set up as an
independent executable program that can be run from
the MATLAB command window, communicating data
with the other modules through the hard drive. There-
fore, the propagation and the reception functions can be
run separately with different values of their own configu-
ration parameters without requiring their joint execution.

Finally, we tried to make full use of the properties
of the mathematical models employed in the software in
order to minimize the execution time.

The main simplification was derived from the prop-
erties of the propagation channel. As shown in the next
section, its characteristics are constant during an interval
which is larger than the time of stabilization of the track-
ing loops. Therefore, we could determine the evolution
of the steady-state tracking error induced by obstacles
with a time step larger than the internal receiver sam-
pling period.

In addition, we did not implement all the sequential
digital operations performed by the receiver after the ar-
rival of a new signal sample. Instead, PLL and DLL er-
ror equations are used, delivering the steady-state mea-
surement errors using the input signal, as presented in



[Van Dierendonck, 1992].

IIT. PROPAGATION CHANNEL
CHARACTERISTICS

In order to elaborate the adequate scheme to simu-
late the effect of the ground obstacles on the range mea-
surements, a model of the equivalent transfer function of
the disturbed propagation channel is determined.

In the GPS case, as the transmitter is mobile, the
transfer function between the transmitted and the received
signal varies with time. Therefore, the propagation chan-
nel is modeled as a time-variant linear filter [Proakis J.,
1995].

The impulse response of the propagation channel,
denotedh(T;t), represents the response of the channel
due to an impulse applied at tinhie- 7 and received at
timet. Denotings(¢) the signal transmitted at timethe
received signat(t) can be expressed as the result of the
filtering of s:

+00
r(t) = / s(t — T)h(r;t)dr (1)

— 00

In the deterministic case, the signal can be modeled as
a sum of discrete multipath components, so the channel
can be represented as:

N(t)

h(r;t) = Z an(t)gn (T — T0(t))

n=0

(2)

where

e N isthe number of paths followed by the signal to
reach the antenna. This number varies with time.

e g, is the transfer function associated with path
In general, the phase shift caused gy on the
transmitted signal does not depend linearly on fre-
guency.g,, is representative of a dispersive medium.

e «a, is the attenuation affecting replica
e T, is the delay associated with path

The model presented in (2) is not ideally suited for our
receiver simulation as the number of valid paths varies
with time and requires a dynamic algorithm working on
N, a,, andr,. Instead, the propagation channel is mod-
eled using its Fourier transform in denotedH (f;t).
This model can be interpreted as the frequency effect of
the channel on the transmitted signal, for a given posi-
tion of the satellite at time.

Figure 4 shows an example of the variation of the

propagation channel in the GPS frequency band as com-
puted with our simulator.
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Figure 4: Ezample of variation of the module and
phase of the propagation channel around the L1 fre-
quency. The transfer function was obtained from
the simulation of a signal reflected by wet soil.

Figure 5 shows the evolution of the group delay of
the propagation channel over frequency as computed us-
ing our simulator. As we can see, the medium does ap-
pear to be dispersive in the GPS bandwidth, as the group
delay varies over frequency by almost 5 meters. This is
in line with the model presented in (2).

x107° DISTORTION OF GROUP DELAY
10 T T T T

GROUP DELAY ERROR IN SEC.

.
1.579 1.58
x10°

L L L L L
1574 1.575 1.576 1577 1.578

FREQUENCY IN Hz

-6 L L L
157 1571 1572 1573

Figure 5: Example of variation of the group delay of
the propagation channel around the nominal group
delay when the signal is reflected by the Farth’s sur-
face. The group delay varies almost by 5 meters in
the GPS C/A band.

The transfer function is characterized through its vari-
ations int andr [Proakis J., 1995]. In our case, the trans-
fer function of the channel is a deterministic process as
it represents a finite number of replicas with computable
features. However, the transfer function of such a chan-
nel is generally modeled as a stochastic process. These
properties can be generalized to our deterministic case.



The rapidity of variation of the channel as a func-
tion of 7 is characterized by the variations of the multi-
path intensity profilé:(7;t), for a fixed value of. The
radius of correlatiorT’,,, of h(7;¢) as a function ofr is
called the multipath spread of the channel.

We can analyze the frequency variationd&(f; ¢),
Fourier transform of.(7; t) in 7. The bandwidth of the
spectrumH (f;t) is the frequency domain equivalent of
T',. This parameter is denote¥lf, = ﬁ and is called
the coherence bandwidth of the channel.

Figure 6 shows an example &f(f;t). As we can
see, the coherence bandwidlty. is about as large as
the GPS bandwidth.

X 10 MODULE OF TRANSFER FUNCTION

L L L L L L L L L L
1.571 1.572 1573 1574 1.575 1.576 1.577 1578  1.579 1.58
FREQUENCY IN Hz X 10°

Figure 6: Example of variation of the transfer func-
tion of the GPS propagation channel +10 MHz
around L1. This function was obtained from the
simulation of a signal reflected by wet soil for a re-
ceiving antenna located 50 m above the ground.

The rate of variation of the channel as a fonction of
time shift¢ is characterized by the variations iofr; t)
as a function of for a fixed value ofr. The radius of
correlationAt, of h(r;t) is called the time of coherence
of the channel.

The variations of the Fourier transform afr;t)
in ¢, denotedH (7; \) characterize the impacts of the
movements of the mobile on the frequency components
of the received signal. Its correlation radiBg = ﬁ
is called the Doppler spread of the channel.

The time of coherence of the chanm¥. is at least
of a few seconds [Renard A., 1998]. Therefore, we can
assume that the time of coherence of the channel is larger
than the time required by the tracking loops to reach
their steady-state value. This property is used to sim-
plify the simulation process: the characteristics of the
channel are assumed to be constant during the time of
stabilization of the tracking loops.

IV. UTD AS APPLIED TO GPS

The purpose of the propagation module is to com-
pute the theoretical value of the electromagnetic fields
sensed by the antenna. To this end, a deterministic tech-
nigue is used to compute the value of the fields, based on
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the Uniform Theory of Diffraction (UTD). This method
was developed at the ENAC in the framework of the
elaboration of the MUSICA software (MUItipath SImu-
lation for Civil Aviation) to study the effect of multipath
on the signals radiated by the classical radionavigation
aids such as ILS or VOR.

The method employed is an asymptotic technique
that solves the Maxwell relations established in any point.
The technique assumes that

e The simulated obstacles are in a small number,
and the position, the nature and the shape of the
objects are well defined.

e The surface of the obstacles is smooth, although
slightly rough surfaces can be modeled as smooth
surfaces with a lower reflexion coefficient.

e The size of the objects is large compared to the
wavelength of the considered signal.

e The phase center, polarization and radiation pat-
terns of transmitting and receiving antennas are
known.

e The dielectric parameters of all the propagation
media, including the obstacles, are known.

e The geometry of the obstacles is defined by a set
of polygones with a given shape and convex revo-
lution ellipsoides.

Figure 7 shows an example of the application of the
ray-tracing software to GPS with airport structures.

Figure 7: Example of ray-tracing involving reflection
and diffraction off a B-T47 .

The computation of the electric field component is
based on the ray theory. The electromagnetic ray is the
portion of space that contributes significantly to the trans-
port of the electromagnetic energy. This volume can be
assimilated to the first Fresnel zone.

There are 5 types of rays, sorted by decreasing power:

¢ the direct ray



the reflected rays

the knife-edge diffracted rays

the point diffracted rays

the creeping rays

Direct
~

Diffracted

Reflected

Creeping

E

Figure 8: Illustration of the different considered
rays.

The rays that reach the receiver can have followed a
complex path, resulting from several successive interac-
tions with obstacles. However, only the rays that carry a
significant energy to the receiver are considered.

The interaction between the electromagnetic wave
and an object is computed in two steps: first the rays are
traced, then the reflexion and diffraction coefficients are
computed.

Ray tracing is performed according to the Fermat
principle which states that rays follow the shortest path.
Therefore, the rays correspond to the local minima of
the time of propagation.

The program searches for all the stationary paths
with an order of interaction lower or equal to 2 if the
objects are isolated in space, or 4 for the objects placed
on an infinite plane through the use of the imaging tech-
nique.

The transfer functiorf (f;¢) is computed through
the evaluation of the amplitude and the phase of the elec-
tric field carried by each pertinent ray from the transmit-
ter for a set of plane waves with frequencies distributed
in the GPS bandwidth.

Using the transfer functiof/ (f;¢) determined by
MUSICA-UTD for a particular satellite, the propagation
module computes the spectrum of the baseband signal
received by the antenna. This is done using the equiva-
lent of (1) in the frequency domain at tinae

The simulations are decomposed in intervals with a
duration lower than the time of coherence of the channel.
Therefore, this duration is such that we can assume that
the characteristics of the channel do not change. Thus,
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we assume that the satellite has a fixed position during
the interval.

V. GPS RECEIVER SIMULATION

The last step of the evaluation is to use the disturbed
input signal to determine the effect of the ground ob-
stacles on the pseudorange measurements delivered by
the reference station receiver. This is done through the
simulation of the internal operations performed by the
receiver. However, an accurate implementation of these
operations would reproduce the performance of one par-
ticular receiver among hundreds of other realizations.
Therefore, we chose to implement a generic receiver
with a high number of configurable parameters.

Most of the operations performed inside a receiver
are simulated. The signal delivered by the propagation
simulation module is perturbed by additive noise with
a user-defined level. Next, the effect of the front end
filters is reproduced using typical digital filters models
with variable parameters. Then, the sampled signal can
be quantized with a configurable number of bits. Finally,
a model of the code and phase tracking loops is applied.

Due to the long time required to implement and run
a sequential model of a receiver, and the lack of ade-
quacy of the equivalent linear models of the tracking
loops for this study, it was decided to determine the track-
ing errors using error equations of the loops control sig-
nals. Indeed, this technique allows for a fast determina-
tion of the final steady-state errors of the tracking loops
without considering their transition states.

The baseband equivalent signal entering the track-
ing loops is
cr(t) = (fx)(t) (3)
where

e f is the complete baseband equivalent filter rep-
resenting the effect of the propagation channel
and the action of the front-end filtegs f = hxg.

e cis the transmitted code

Figure 9 shows an example of the deformations af-
fecting the signal entering the tracking loops.
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Figure 9: Exzample of baseband received waveform.

For a given satellite position at timg the steady-
state estimate®, and7, are such that the signals con-
trolling the DCOs of the tracking loops reach a stable
zero lock point:

Vero(t) =0
{00 @

These control signals depend on the incoming signal
¢y and the locally generated carriers and codes. There-
fore, the receiver simulator searches for the code and

carrier phase shift estimates that yield stable zero-crossings

of the DCO control signals.

Analytical expressions of these signals can be given
using classical expressions based on modeld2)an
be written as

=3 ant)ey, (- ma(t)) sin (2 fot — (1))
= (5)

wheref,, (t) is the phase shift experienced by the carrier
on each path.

The error signal controlling the DCO of the Costas
loop can be written as the product of thand( chan-
nels [Doris D., 1997]:

Vprr(t) = Vi(t) x Vo(t) (6)
where
N(t) )
o Vit Zan Ry, (70— Tu(t)) sin (00—0n(t))
N (1) )
. Volt) 22% (BRy, (o7 (1)) cos (Bo—0u (1))

e Ty is the PLL estimate of the carrier phase.

e O, is the PLL estimate of the carrier phase.

Presented at ION GPS-98, Nashville

e Ry is the intercorrelation between the punctual
code and the incoming code

In the absence of velocity aiding, the error signal
controlling the DCO of a classical Early-Late coherent
DLLis

N(t)

)= 2 ealde

(B, (7o —Tn(t) +2)

Vprr(t i(Bo—6n.(1)) (7)

= Ry, (fo—ma(t) = 3)]

In the same case, the error signal controlling the
DCO of a classical non coherent DLL is

2

N(t) A
VDLL Zan an<7'0—7'n(t)+5>
N(®) Al
— 1> an(®)e IRy, (%0 —Ta(t)+ 3> (8)
n=0

A few precautions have to be taken when computing
the final tracking using this technique:

e The tracking error due to noise can not be ob-
served directly, instead its level has to be deter-
mined using classical equations

e The signal to noise ratio has to be monitored to
detect the situations where the loops lose track of
the signal

e When the error signals show several zero-crossing
values, like for example when the direct and the
reflected signal are separated by a time delay greater
than the Early-Late gate delay, the simulated re-
sult may not correspond to reality as the loops
may lock on the reflected signal

e The error equations have to be adapted to be able
to model complex DLLs that use a linear combi-
nation of several correlation values

VI. INITIAL RESULTS

The simulator was initially tested in a well-known
obstacle setup involving a ground plate. The goal of this
stage is to evaluate the conformance of the simulated
values to theoretical predictions.

Although the propagation module is able to compute
the signal from all the visible satellites, the initial results
presented here were obtained using one single satellite
signal.

In addition, as the receiver simulation module is not
properly validated at the time this paper is written, only
the waveforms reaching the tracking loops are analyzed
and the error estimates are not reproduced.



The setup comprises an orbiting satellite, a ground
plate, and a receiver located several meters above the
ground plate. The nature of the soil was changed from
metal to wet and dry soil. In each case, the transfer func-
tion was analyzed for a satellite located 5 deg and 75 deg
above the horizon. The height of the receiving antenna
was set to 3 m and 50 m. The predicted values showed
good agreement with the observed values.

The next results show the waveform obtained when
the ground is modeled as a metallic plate or wet soil 50
meters underneath the receiving antenna.

With the metallic plate, as the reflexion coefficient
of metal is constant and equal to 1, equation (2) can be
written as:

h(r;t) = a(t)d (1 — 10(t)) + a(t)d (t — 11(t)) (9)
The Fourier transform of (9) im is:
H(f31) = a(t)e™ 7™ + a(t)e™2 ™ (10)

The transfer function exhibits extreme fading situa-
tions as predicted from (10):

| H(f5t) "= a(t)® (2 + 2cos (21 f(r1 — 10)))  (11)

The received signal for that situation is plotted in
figure 10.

x 1078 INCOMING FILTERED CODE
T T T

THnnletn ol

0.2

AMPLITUDE IN V

LU UL L wu i
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2.05 21 2.15 22 225 2.3
TIME IN SEC X107

Figure 10: Comparison between the received and the
transmitted waveform when the only obstacle is a re-
flecting metallic plate for a receiving antenna placed
50 m above the plate.

This situation generates a periodic loss of lock of
both loops and can be detected from the observed power
level of the signal.

In a more realistic case, the ground plate was mod-
eled as wet soil. The reflexion coefficient takes on a
complex value, and the received waveforms are com-
pared in figure 11.
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Figure 11: Comparison between the received wave-
form with multipath (solid) and the received wave-
form without multipath (dashed). The only obstacle
is a reflecting wet soil for a receiving antenna placed
50 m above the plate.

As we can see, the transitions of the signal affected
by multipath are disturbed and the DLL will strike a
compromise between the direct and the reflected code
transitions.

VII. CONCLUSION

The CNS Research Laboratory is developing a tool
to help the French Civil Aviation Authorities select the
best locations to install LADGPS reference stations on
airport platforms.

The first element of this tool is a simulator that can
predict the measurement errors induced by typical generic
obstacles.

This simulator is a software that combines a satellite
constellation simulator, a propagation channel simulator
and a receiver simulator.

The multipath generated by the obstacles are mod-
eled by their effect on the transfer function of the chan-
nel using the Uniform Theory of Diffraction. Samples of
the transfer function around the L1 frequency are taken
with a time step larger than the internal receiver sam-
pling period to improve the execution time.

The receiver simulator delivers the steady-state mea-
surement errors of the carrier and code tracking loops for
a set of typical receiver implementations.

The initial results obtained show good agreement
with the theoretical predictions.

On-going development aims at increasing the num-
ber of test cases of the simulator and verifying the pre-
dicted values from field measurements.
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