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ABSTRACT

The demodulation performance of the different GNSS
signals, GPS L1C and GALILEO E1 OS, has already
been analyzed in open environments. This type of
environment is characterized by a permanent avkilab

of a direct line of sight (LOS) satellite signaldaweak
multipath power relative to the LOS signal power.
However, nowadays, there is an increasing demand fo
positioning services in urban environments, whédre t
satellite signal propagation channel is signifibant
different from the Gaussian channel and thus theived
signal may be notably affected.

The main differences between these 2 environmemets a
the diminution of the direct signal power due to
shadowing and/or obstacles blockage effect, and the
strong presence of multipath in relation to the Lsghal
power. Consequently, the received signal is the slithe
direct LOS signal and the multipath component, sl
results into an equivalent received signal with caver

and a phase changing constantly.

The aim of this paper is thus to analyze the denatidn
performance of the GPS L1C and GALILEO El1 OS
signals when they are transmitted through a mobile
channel. More exactly, this paper studies the lefdBit
Error Rate (BER), of Word Error Rate (WER) and of
Ephemeris Error rate (EER) with respect to the Citi0
each of the previously defined GNSS signals.



The mobile channel is modeled as a channel prayidin
received signal following a Loo distribution [12[hree
different phase tracking methods are analyzed: g Bh
ideal phase estimation from an ideal channel estma
and a phase estimation obtained from a real channel
estimation.

[.INTRODUCTION

The study presented in this paper is part of aPhhesis
whose main objective is the optimization of the
demodulation performance of the GNSS navigation
message ephemeris data. One of the basic stepis &fit.

D. thesis is the analysis of the current perfornsamictwo

of these new GNSS signals, GPS L1C and GALILEO E1
OS. This analysis was done from the current public
available signal documents: GALILEO E1 OS ICD Draft
1[2] and IS-GPS-800 [1].

Several studies of the performance of the currefutare
GNSS signals, GPS L1 C/A, GPS L2C, GPS L5, GPS
L1C and GALILEO E1 OS have been realized over the
years [3][13][14][15]. Almost all these studies kain
common the assumption of an AWGN channel as a model
for the transmission channel. This choice was cetap}
justified because the main environments where the
satellite positioning process was applied were open
environments. These kinds of environments are mainl
characterized by the constant availability linesigfht
(LOS) satellite signal, and by a negligible multipa
power relative to the LOS signal power. Therefdhe
received signal can be simply modeled as a sigithl av
constant power determined by the satellite-receiver
distance and the only noise taken into accounthés t
thermal noise which is generally modeled as an AWGN

However, the growth of popularity of the positiogin
services has made these traditional open envirotamen
change. Nowadays, the majority of applications are
vehicular or pedestrian applications in villagases and
even indoor buildings. All these new scenarios have
several characteristics in common and thus can be
represented with the same mathematical model
representing the transmission channel: all of themm
referred as mobile environments/channels.

The main characteristics of these environmentstlage
following: the LOS signal is quite attenuated araties
significantly in time, and the presence of multipas
strong and can no longer be neglected in relatothé
LOS signal power. Therefore, the received signahis
addition of the attenuated LOS signal plus the ipaih,
which results into an equivalent signal with a poaed a
phase constantly changing, because the additiotheof
multipath on the LOS signal can be a constructive o
destructive effect.
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Nevertheless, these scenarios have already beérzasha

in the terrestrial and satellite communicationsniea
Therefore, this paper reuses the most adapted
mathematical model among the different mathematical
models proposed for the analysis of satellite
communication. More specifically, this paper hassgn

the model presented by Perez-Fontan et al. [9]MB]¢ch

is mainly a three-state model representing the high
dynamic range of the received satellite power, whos
transitions states are controlled by a first-ortiarkov
chain and the state frame length. Finally, the \ejant
received signal amplitude and phase are modeldd avit
Loo distribution whose parameters depend exclugival

the current model state among the 3 possible states
Nevertheless, this paper only analyses the periocean

the LOS conditions state. The justification and die¢ails

of the model are presented in the next section.

In addition to changing the transmission channeteho
another important variation taken into account lig t
carrier tracking technigues. In an AWGN channek th
phase is supposed constant or having small and slow
variations, whereas in a mobile channel the praseyell

as the power, change more quickly. Therefore, these
tracking performance is much more important in this
latter case and it influences a lot more the deriadidn
performance. Thus, it is interesting to explore rfemns

of tracking the signal phase such as the phaseatstn

of the pilot channel. This means that this papeyaes
the demodulation performance of the different GNSS
signals using three different types of phase tragkthe
traditional PLL, the ideal phase estimation of hikot
channel and a first proposed estimation of thetpilo
channel.

Moreover, the phase and power variations of theived
signal depend on the speed at which the receiveesmo

In fact, the speed determines the time needed by th
receiver to cover a state frame length and theatraris of

the multipath. And these variations of the multipat
component are responsible for modifying the phasg a
power of the equivalent signal. In this paper, tase
where a car travels at velocity of 30 km/h has been
analyzed.

Finally, this paper not only presents the BER, Bitor
Rate, of the GPS L1C and GALILEO E1 OS signals, but
also shows the WER, Word Error Rate, and EER,
Ephemeris Error Rate since these two last figures o
merit, mainly the latter one, are the most impdrtarues

for a user. The reason is that they give the péagenof
time where a receiver is capable of recoveringstitellite
position and the clock parameters, which is theyonl
required transmitted information to obtain its own
position.



This paper first gives a brief description of theot
studied GNSS signals and continues by presentieg th
mobile channel and justifying the chosen matherahtic
model. Third, it defines the different phase tragki
methods analyzed and follows with the justificatadrthe
assumptions of the study. Fifth, the paper dessribe
scenario or case used in the simulations and aoegiby
presenting the results of the comparison between th
demodulation performance of the different phasekirey
methods and between the demodulation performance of
the two GNSS signals. Finally, the paper summarizes
conclusions extracted from the previous results.

1. MAIN SIGNAL CHARACTERISTICS

The main characteristics of the GPS L1C and GALILEO
E1 OS signals which condition the demodulation
performance analyzed in this paper are the sigmahmel
relative power distribution, the symbol transmissiate
and the data message structure.

A. Signal Channel Relative Power Distribution:

Both signals, GPS L1C and GALILEO E1 OS, are
received with the same level of power at the resmreiv
antenna output. However, they distribute this power
differently between the different channels formihgm.
Therefore, since the data channel and the pildalgks)
channel are uncorrelated, the total received pamaarbe
expressed as:

Total signal power = Data signal power + Pilot sigirpower

The power distribution over each channel is the
following:
Signal Data Channel Pilot Channel
GPS L1C 25% 75%
GALILEO E1 OS 50% 50%

Table 1: Signal Channel Relative Power Distribution between the
data and pilot channels of the GPSL 1C and GALILEO E1 OS

signals

B. Symbol Transmission Rate (Rp):

The symbol transmission rate is 2.5 times highertlie

European signal:

Signal

GPS L1C

GALILEO E1 Of

D

Symbol Tx Rate (Rp)

100 symb/s

250 symb/s

Table 2: Symbol Transmission Ratefor GPSL1C and GALILEO

E10S

C. Data M essage Structure:

The data message structure is completely diffefent
GPS L1C and GALILEO E1 OS. In fact, both the sind a
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frequency of the information units (word, subframe,
frame...) and the implemented channel code are difter
for each navigation signal.

This paper is not going to present a detailed datsan of

the data message structure of both signals sinee th
complete specifications can be found in the docusen
[1][8] and [2]. Nevertheless, some general charasties

of the messages are given:

e GPS L1C: Figure 1 shows the GPS L1C frame
structure
0 Frame period = 18s
0 Subframe 2 (ephemeris dat&) Size = 600
information bits
0 Channel Code over subframe 2: LDPC
= Channel Code Rate: r =1/2
= Systematic: The information bits are not
modified
0 Block Interleaver size (symbols): Applied on
subframes 2 and 9 38 rows and 46 columns

Subframe * Subframe 2 Subframe 3

B SN AL Al
7 N N \
el Clock & Ephemeris CRC Page n Variable Data CRC
(€ bits) (576 bits) (24 bits) (250 bits) (24 bits)
\\ \ = Al < J
\ ¥ Y
LDPC Encode LDPC Encode
(1200 symbols) (548 symbols)
/BCH Encod: A
{ ncode | N
(& By
| Interleave |
/ —
= TS
_— —

NAV Message
(1748 symbols)

TO
(52 symbols)

Figure1: GPSL1C framestructure

e GALILEO E1 OS: Figure 2 and 3 show the
subframe and page part structure of this message
0 Subframe period = 30s
0 Pages 1 to 4> Contain the ephemeris and
clock corrections
0 Page duration = 2s; Page size = 240
information bits; Each page is constituted by 2
page parts (odd and even)
o0 Page part period = 1s; Page part size = 120
information bits
0 Channel Code over a page: Convolutional
Code
= Chanel Code Rate: r = 1/2
= G1=1710;G2=1330
= Non systematic
- Each page contains 6 tail bits meaning
that the convolution code is used as a block
code: the size is fixed and the initial and
final states are known.
0 Block Interleaver size (symbols): Applied on a
page part®» 30 rows and 8 columns



T w6 | [T, EIE
gj:g") £1:3 Content IElaEe "iu"?e S;SCT“' E1-8 Content Ea; :;:e
o] o || [}
0 SuarePnze(TZ\\ResJ_SA?IS:warelﬂFCIRes 0dd | N 15 Resemed (112) Even| N
I Ragg ) B N | [ o | Resenes iy [ spme] chc res | out[
2 | Bsog Jre s K Resered 12 Een| N
3 hied Ber) N | | 16 | Resenean [sar]spae] cre Jres [ oas| ®
4 me@ Res | ea2 BueferifBes | 0dd| N 19 Reserved (1122 Bvzn| N
5 Page 6(172) Berl N | [ 0 | Resonean JsoR[spe] oRc Jres o]
5| Pased00) [Res [ 52 [sumefcre]res o] ¥ | [ 2 Pase 12 Ein| K
7 Page Tord{1) Even| N PR T e ) )
8 [Pase 7000 22 [Res [ sar [saaefcrefres fou] v | | 2 i Fvan| &
g Tagebor 10(12) Ber| 0 | [ | ey Lo el iliee] o
10 [Pases oo [Res [ 342 [same crefres [oaa| W | | 25 Page (1) Fen| K
i Reseved 1) | N | | 2 | Posesn Jres] smJspae]crefres | oat] K
12 Res (00)  Jsaasume] cre Jres fou] N ] | o Spare Page (1) Ben| K
13 Reszved (1] Bl N | | 2 [spae Pase (22 Res ] sor [spae]cReres [ oaa | ®
10 | Resened o JsaRlsome] cre Jres Jow] N | | » Spare Pae 1) Eien| N

30 [spae Page (22 2es [ IR Spare CRC Res ] 0|

Figure2: GALILEO E1 subframestructure

Page Part 1 Page Part 2

o o = |y - v —
|8 nlg 2
S | > _ O | 5 |Datalg o 5 B=|| 3
o= Dataj (1/2) & BlE i 2%l BRI
= = c |9 ol512 5 o] =
8|2 5 |2@8®n 2
> S o3 <3
(e o |2 14 4 =
111 112 6 111] 16 |40{22/2| 24 (8|6 (120

Figure3: GALILEO E1 OS page structure

1. MOBILE CHANNEL

In this section the main characteristics of the ieob
channel, the different types of mobile channel,tipe of
mobile channel suiting our needs, and the selected
mathematical model [9] are presented.

A. Main characteristics:

There are two main characteristics of the mobile

environments:

- The direct or LOS signal can be totally or pariall
blocked / shadowed during the transmission.

- The LOS signal multipath or echoes power is no
longer negligible in front of the LOS signal power.

B. Type of Mobile Channel:

The mathematical model simulated in this paperkeen
selected depending on the type of mobile chanrighgu
better the needs of this analysis. In fact, theseho
mathematical model correctly represents the trassion
channel when the demodulation performance is sedrch
but should be improved if the code tracking perfance

is inspected.

Two main parameters can classify the different sypé
mobile channel, the channel coherence bandwidif), (
and the channel coherence timat){. Therefore, before
determining the type of channel, these two pararsete
defined from the received signal expression.
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Being the multipath components or echoes the ridras;
reflexions, etc of the transmitted signal arriviag the
receiver's antenna by another path different frdme t
direct one, LOS path; these echoes can be modsled a
succession of transmitted signals arriving at déffié
delays. Moreover, due to the variability of the
surroundings, the movement of the transmitting |&&te
and the receiver, the delay and the attenuatiothef
echoes vary at each instant. Therefore, the reddiaad-
pass signal can be expressed as:

x(t) = Y a,Odt-7,(1)] 1)

With:

- X(1): received band-pass signal

- s(t): transmitted signal

- ap(t): Complex attenuation factor for th& path
- 14(t): Delay of the i path

The transmitted signal can be expressed using its
equivalent baseband complex envelope expression:

s(t) = Res ()e!** )

With:
- f. Carrier frequency of the signal
- s(t): Equivalent baseband complex enveloppe

Thus, if we express the equivalent baseband reteive
signal, r(t):

L) =Y a,(t)e Vs t-r,1)] 3)

Finally the equivalent baseband channel can beritlesic
as, cf, t):

c(r;t) = Zan (t)e—iznfctrn(t)a[r -r, (t)] )

Then, from this expression of the channel, the nbhn
coherence bandwidth and the channel coherencectime
be defined.

First of all, (Af). is the inverse of the multipath spread of
the channel, ], [4]. T., is the channel impulse response
length or the spanning of the echoes, and thuss it
quantified by the time offset between the LOS sigmal
the last echo. Figure 4 shows thgdf a possible received
signal:



Received Signal ((B)

» Delay (7)

|
T |

|+

Figure 4: Spanning of the signal echoes channel impulse response -
Multipath spread of the channel

Therefore, it can be seen that depending on théalyor
chip duration in relation to ., the channel affects
differently the signal. In fact, if the symbol othip
duration is much larger than the multipath sprétadan
be considered that the received symbol is onlycedft in
amplitude and phase since all the echoes fall mainl
the transmitted LOS symbol duration; however, ié th
symbol/chip is smaller, the current transmitted ksgm
affects the to-be-transmitted symbols and thus an
intersymbol interference appears, ISI. The reasortHe
ISI appearance is that the echoes mainly fall datshe
transmitted LOS symbol duration.

To sum up, being T the chip duration and W the aign
bandwidth with T= 1/W:

 If W < (Af). the channel is frequency non-selective
and all the signal is affected equally by the npaith.

 If W > (Af). the channel is frequency-selective and
the signal is distorted by the multipath.

Concerning the channel coherence time, it can le@ se
from expression (4), that the delay, attenuatiom pimase

of each received echo vary for each instant of tiktere
precisely, although the echoes are completely iedéent
among them, they are not uncorrelated to themseétves
time. This means that the values of delay, phask an
attenuation of the'hecho at time;tare related with the
same values at time. tTherefore, theAt). represents the
duration of time in which the channel remains about
constant. This variation of the channel is ternfeding.
Therefore, if a symbol or chip duration of a signal
increases, the received signal will be more affktig the
fading. To sum up:

e If T < (At). the channel is slowly fading and is
considered invariant during the symbol duration (T)
e If T > (At). the channel is not slowly fading.

C. Determination of Mobile Channel Type:

In this subsection, the type of mobile channel Beging
the characteristics of the propagation channel ftom
demodulation performance point of view is deterrdine

The first characteristic to settle is to determihehe
channel is slowly fading. In order to do so, thiper
compares the channel coherence time with different
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symbol/chip durations. We first compute the signal

Doppler spreadg,, which is the inverse ofAf).. The
Doppler spread power is the addition of three tegitbk

vV 2 0 2 1 2
A e B o Bt o (5)
/\c ac Tch
With:

*  (VJAo): Doppler spread introduced by the mobile
motion.
* V4 = Mobile Speed with respect to the local
reference frame.
¢ A. = Coherence length which is usually of the
order of a signal wavelength)(
(Qdac): Doppler spread introduced by the satellite
motion
« Qg Satellite Angular Velocity
* a. Coherence Angle which is determined by the
structure of the scenario scatters.
* T = Channel self-Doppler Spread

Concerning the Doppler spread introduced by thellgat
motion, its typical value for a LEO satellite iscaih 1Hz
[16], and thus, since theg is smaller for a MEO satellite,
this term can be neglected in front of the Doppgleread
introduced by the mobile motion. Moreover, Tthe
Doppler spread of the received signal if neithee th
satellite nor the ground station move, is also nmatgn
comparison with the Doppler spread caused by theilsno
motion [16]. Therefore, the signal Doppler spread be
reduced to only one term:

V,

g,=-2

A
From this expression, it is possible to calculatesf given
symbol or chip period the maximum speed at whidah th
mobile should travel if the channel is slowly fagtin

(6)

(at),>T (6)
7
v < C ()
T,
With:
e T:symbol/chip period
» c: speed of light
» f. signal frequency carrier
Therefore, giving some examples in table 3:
Symbol/Chip Period Max Speed
20ms 34.3 km/h
10ms 68.6 km/h
4ms 171.38 km/h

Table 3: Maximum allowed speed of a mobilein relation to the
symbol/chip period for a slowly fading channel



To sum up, the channel is slowly fading for a mebil
travelling at speed of 30km/h even when the synchgd/
period is equal to 20ms. Therefore, from now orns th
paper always considers the channel to be slowindad

Once this paper has determined that the chanséudy
fading, it has to find out if the channel is fregag-
selective or frequency non-selective. Neverthel¢isss,
question no longer matters because, due to thedipg
spectrum signal construction and the slowly fading
characteristic, both channels, frequency-selectaral
non-selective, have the same mathematical modeh fro
the demodulation performance point of view.

The reason is the following: the mathematical mafed
frequency-selective channel is a tapped delawiiitie tap
spacing 1/W and tap weight coefficients{y} [4] whose
distribution is explained later, during the selectof the
suiting mathematical model. Moreover, this tappethy
line is truncated at L = [jW] + 1 for all practical
purposes. Figure 5 shows the diagram of such anelitan

sy(1) T LW

¢(t) ey(t)

1(t)

Figure 5: Mathematical model for a frequency-selective channel - A
truncated tapped delay line

Where:
_x k
(1) = ;ck (Vs (t W) (8)
Therefore, at the receiver correlator output:
N k
n(t) = Z|:Ck s (t __j* Corni (t)} 9)
=] W

With:
*  cpraft): PRN code of the satellite |

Therefore, since all the echoes are delayed afagt lone
chip period, their contribution at the prompt ctater
output is about 0, which means that at the cowelat
output the signal is equal to:

n(t) =c()s (t _%J* Corn (1) (10)

And this expression is exactly the same one asafor
frequency non-selective channel [4] which is ilrastd in
figure 6:
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50

14(t)
¢4(t)

Figure 6: Mathematical model for afrequency non-selective channel

Nevertheless, as has already been said before, this
statement is only true when the channel is sloabjirfg.

In fact, if the channel is slowly fading, it is cect to
assume that all the correlations between the PR® pi
codes and data codes, as well as the autocorredatib
the codes themselves are ideally orthogonal and
triangular. Therefore, none interference is gemerat
However, in the case where the channel is not glowl
fading, all the correlations and autocorrelatioristie
codes are distorted and thus lose their propeitidse
received signal phase is not perfectly tracked. pihat

and channel codes are no longer uncorrelated agid th
autocorrelation is no longer 1 at 0, and 0 outsiechip
length. Therefore, a lot of interferences appead an
much more complex and complicated model should be
generated to simulate this situation.

To sum up, if the channel is slowly fading, regasd! of

the channel coherence bandwidth, the frequency non-
selective mathematical model can be correctly setec
and implemented in the simulator from the pointigiv

of the demodulation performance. However, it woléd
interesting to analyze the demodulation performanfca
frequency-selective channel using the echoes wiRlake
Receiver.

D. Mathematical Channel Model:

The mathematical model selected to simulate the
transmission channel in a mobile environment, akvay
from the demodulation performance point of viewths
model defined by Perez-Fontan [9].

In fact, Perez-Fontan divides the generation of the
transmission channel into 3 different elements ddje

on the speed with which they influence the resgltin
signal. These 3 elements are: the very slow variatiof
the direct signal due to the shadowing or blocleffects,

the slow variations of the direct signal due to diféerent
degrees of shadowing of the same obstacle, anthtite
variations or fading of the direct signal due tce th
multipath [9].

In the following subsections the different types of
variations, as well as the final mathematical modeich
groups all of them, are presented.

D-1. LOSvery slow variations:

The very slow variations of the LOS signal are jprcetd
by different significant shadowing conditions. Thigans



that the LOS of the mobile to the satellite is lded by a
different type of obstacle, e.g., the LOS is blathky a
building, or by a tree or by nothing at all.

These slow variations are different
attenuations suffered by the LOS signal and are
represented by the selected mathematical model as
different states. In the Perez-Fontan model [9) th

number of states is equal to 3 and they are nasted a

- S1: LOS conditions
- S2: Moderate shadowing conditions
- S3: Deep shadowing conditions.

significant

The transitions between them are modeled as eofidsr
Markov chain where the mobile remains into the same
state for a period equal to the time required leyrtiobile
to cross the state lengthg{,ne. When the state length
has been crossed, the state transition probabildie
used to determine whether the mobile changes t# sta
remains into the same one. The transition prolisgsli
are stored into the State Transitions Probabilitgtri,
[P], where the element;Fndicates the probability of
passing from the stateto thej one. Figure 7 illustrates
the transitions of states:

Figure 7: First-order Markov chain for a 3 states model
representing the LOSvery slow variations

Nevertheless, in this paper, for a first study,yotiie
performance of the signal received in the S1 sisite
evaluated.

D-2. LOS slow variations:

The slow variations of the LOS signal are produbgd
small-scale changes in the shadowing attenuatiotinef
same blocking obstacle. In other words, the slow
variations are the shadow variations suffered leylt®S
signal when the mobile travels in the shadow ofshme
obstacle. One example is the different leaf anchdira
densities behind a group of trees.

The slow variations are mathematically represemhte@
log-normal distribution whose rhythm of variatios i
determined by the correlation distandef). In other
words, this distance determines the time betweem ne
independent samples obtained from the log-normal
distribution. Nevertheless, since more samples Ishbe
generated between them, an interpolator has to be
introduced in order to relate the two independeng- |
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normal samples with the intermediate samples betwee
them.

D-3. Multipath:

The multipath, which has been explained beforehim t
type of mobile channel subsection, is responsilfléhe
fastest variations suffered by the received sigidlis
effect, as has already been explained, is calldidda

The mathematical model representing this multipath
effect is a complex number whose amplitude follcavs
Rayleigh distribution and whose phase follows darm
distribution [4]. Therefore, in order to generateege
random variables, the most common form of doindsso
to generate two Gaussian variables, independert wit
each other, generating the real and the imaginamygs a
complex noise. Nevertheless, since the variatidwdsen
consecutives attenuations and phases is not indeptn
the generation of these Gaussian variables is digne
applying a low-pass filter with a cut-off frequenegual
to the Doppler spread. An adequate filter représgrine
satellite-mobile user communications is the Buttativ
filter [11].

B

H f 2 =
| Butt( )| 1+ (f / fC_Oﬁ j2k
With:

» B: Constant setting the filter gain to 1
» feo cut-off frequency
» k: filter order

(11)

D-4. Loo Distribution:

In the last 2 subsections, we specified the LOSwvslo
variations as well as the multipath, and we describbow
they can be simulated. However, these two elenars
be grouped into one more compact expression: sorand
variable which follows a Loo distribution [12], a
distribution representing a log-normal distributifom the
LOS signal and a Rayleigh distribution for the ripath.

_ 2,2
Inz-p) _r+2*| (2},
2d, 2o, | b

pr) = \/;ﬁféexr{-( (12)

Where:
* a: log-normal mean (dB)

* a= 20Ioglo(e*’)
e V¥:log-normal standard deviation (dB)
M 20Ioglo(em)
 MP: Average Multipath Power (dB) in relation to a
0dB hypothetical LOS signal power
*  MP=10log,,(2b,)

Thereforepn, ¥ and MP values define a Loo distribution.



Finally, the tap weight coefficients {&)} of the
frequency-selective  and  frequency  non-selective
mathematical models are used to introduce this Loo
distribution followed by the signal. Note that tfe,(t)}
mean power should be decreased for each growirexind
n in order to simulate the statistic power loss tuextra
travelled distance by the echo. Obviously, this eow
reduction is done over the mean value because$tarit
values, due to the Loo distribution, some echoeth wi
bigger index n can have bigger amplitudes than b8
signal or some previous echoes.

D-5. Final M athematical M odel:

The final received signal can have 3 differentestain
each state, the signal follows a Loo distributiohoge
parameters are defined individually for each state.

In other words, the simulator represents the LOS/ ve
slow variations, the LOS slow variations and the
multipath component by means of a signal followang
Loo distribution, whose parameters represent tfferdnt
blockage or shadowing and the fading. The Loo
parameters change for each state and satellitat@av
angle in order to simulate the entire range ofasituns of
the considered scenario: buildings, trees, etcallyinthe
transition between states depends on the mobikdsiee
frame length and the state transition probabilitiegrix.

IV.PHASE TRACKING METHODS:

One of the characteristics introduced by the mobile
channel is a much faster and more random than usual
variation of the received signal phase. Thereforehis
paper, in addition to analyzing how the typical &ha
Locked Loop reacts to this new type of channelttzro
phase tracking method is inspected and its perfocma
guantified: the channel estimation. Three differestrier
phase tracking methods are evaluated on this study:

1- Traditional Phase Locked Loop
2- Ideal Pilot Channel estimation
3- Proposed Pilot Channel estimation

A. Traditional Phase Locked L oop:

The PLL implemented in this simulation is the tydic
PLL whose parameters have been defined by [17]. The
PLL is only applied over the pilot channel and fzams
integration time of 20ms. The equivalent noise
bandwidth, B, is equal to 10Hz and the filter is of'3
order. The carrier phase loop discriminator chogen
conduct the simulation is the Q pilot channel dator
output.
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Moreover, a phase lock detector has been implerdente
order to know when the PLL is no longer capable of
tracking the signal and what is the percentageimé t
where this loss of lock occurs. The phase lock aete
model applied was defined in [18].

Finally, the only source of error implemented ire th
simulation is the thermal noise. Therefore, theayit
stress error, the vibration induced phase noise thed
impact of the oscillator clock Allan deviation pleasoise
have been neglected. For the dynamic stress eirer,
hypothesis is justified for a car, since the reeeig fixed
at some point of the vehicle and does not suffeiden
movements. For the Allan noise and the vibratidhsir
impact is marginal in front of the thermal noisetlé
analyzed C/NO values [19].

B. Channel estimation:

The objective of the channel estimation phase inack
process is to estimate the phase and the amplitude
introduced by the channel and to equalize thenrderato
maximize the SNR of the signal.

The mathematical expression of the channel estimagi

displayed next. Assuming that the signal at theeixer
ADC output is:

rlk] = ¢ k] + k]

c =c /@

(13)
(14)

Where:

» r[K]: received signal

* s[k]: transmitted signal

* ¢ Complex number with amplitude and phase of the
equivalent propagation channel impulse response.
The phase variation due to the satellite-receiver
distance variation is not reproduced here.

* n[k]: Additive Gaussian Noise after RF/IF filtering

Note that this paper assumes that signal was tigesim
with a phase equal to zero and that the receivgdaki
phase is completely introduced by the channel.

And assuming that the system is capable of well
estimating the valuecintroduced by the channel, the
estimation is:

Cest_k = Cest_k| @jHeSLk (15)
Ces =
Cest_k =G - eestt__ﬂ - |;:| (16)

The equalization of the channel is done by muliigthe
received signal with the conjugate of the estimmafij:



VK] = Coq  TF[K] = Cogy , Ly, C[K] + K])

VIK] =c, > SIK] + Coge  CNIK]

Obviously, the represented case above is the idea)
when for each sample the system is able to estithate
true channel equivalent impulse response with morer
However, in reality, the system will divide the &nin
periods, and will use only the samples of one pet®m
estimate the channel equivalent impulse responghi®f
time period. We call this channel equivalent impuls
response estimation of one period of time, channel
estimation period. And, depending on the estimation
technique implemented, these channel estimatioiogeer
can be either a constant value, or an interpolativna
function, etc. Moreover, each channel estimatiaioges
only applied over the period of time samples used t
calculate the estimation channel period. Finallpy a
channel estimation period is sure to not to beguegince

all the possible estimation techniques are alwé#gted

by the AG colored noise present in the channel.

(17)
(18)

To sum up, this paper will analyze the performanicthe

ideal channel estimation and the performance of one

channel estimation method. And this channel estonat
method consists in averaging samples of the redeive
signal over specific periods of time in order taab a
representative complex value of the attenuation thed
phase of the channel equivalent impulse responseafth
period of time.

Nevertheless, before presenting the actual
estimation methods, the signal mathematical exess
for a GNSS received signal having the pilot andadat
channel in-phase is presented:

rik] = sy[k] + s,[K] + n[K] (19)

s [K] = ¢, [&'* [8"[K]

| (20)
s:[K] = ¢, &% d,, [6"[K]
Where:
» g4K]: Data channel signal
*  gK]: Pilot channel signal
« c’K]: PRN code for the data channel
« c"[K]: PRN code for the pilot channel
* dpn Symbol m value
* ¢ Complex number with amplitude and phase of the

equivalent propagation channel impulse response.

The phase variation due to the satellite-receiver
distance variation is not reproduced here.
* n[k]: Additive Gaussian Noise after RF/IF filtering

Therefore, in the GNSS signal case, the channel
estimation is made over the pilot channel sincesit
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affected exactly in the same manner as the dataneha
but it is not distorted by the symbol value.

B-1. Ideal pilot channel estimation:

In order to analyze which is the limit or lower lmolof
performance of the pilot channel estimation, thelysis

of the demodulation performance in the ideal chhnne
estimation case has to be studied. Therefore,isnctse,
this paper is going to assume that the system lis tab
provide an exact estimation of the amplitude andsph
introduced by the channel for each sample of theati

B-2. Proposed pilot channel estimation:

The pilot channel estimation technique proposedhis
study is probably the simplest and worst technithe
exists, therefore the BER, WER and EER obtaineddcou
be considered as upper bounds.

The proposed estimation consists in: first, averggh
group of pilot samples in order to obtain an averaglue
representative of the channel period. Second asf] la
applying the estimation on the data samples whieh
been collected at the same instant as the pilopkesm
used to calculate the average. The average catiulist
accomplished by:

N-1

Cost = Cavg @lgavg = NZO Cy @IHH (21)
n=

Therefore the resulting signal after the equalirais:

VK] = s,[K] (€, [& % (22)
vkl =d, @, &, % @ik +n k] (23)
ny'[K] = ng[K] (&, (&% (24)

One last remark about the pilot channel estimasaat
this estimation has to be done over a period o tivithin
which the channel does not vary. If the channehgkes,
the estimation introduces a lot of errors due te th
significant difference between the estimated valaed
the true ones. Note that this restriction is edeiato the
imposition of the maximum symbol or bit period far
slowly fading channel. Therefore, for a given mebil
speed, the maximum time length used to generatlta p
estimation channel is fixed.

V. ASSUMPTIONS OF THE STUDY:

In this section, the assumptions made by this paper
order to simplify the simulations providing the
demodulation performance are presented and judtifie



There are 3 main assumptions: the assumption afesh
code tracking, the absence of the synchro-framegso
and the perfect achievement of an acquisition mE®ce
whenever the PLL has lost its lock. Each of these i
discussed below.

A. Seamless code tracking process assumption

In order to simplify the analysis, the contributiofithe
delay tracking process on the sampled value is veoho
In fact, the hypothesis taken by this documenhét the
DLL has already been applied and has lead to segerf
estimation of the delay value.

This hypothesis is justified because the code inack
threshold is lower than the phase tracking threshts],
therefore this paper assumes that for the analieesls
of C/NO, the code tracking is perfect or achievdthva
negligible error.

The consequence of this assumption is easily obdeyn
the mathematical expression of the signal. Starting
the noiseless LOS conditions model of the correlato
output:

(7 +(k+DT,) = Ad(k+D)T,) IRz - 7) [Gos§ &) (25)
Where:
* ri(n): Sampled signal at the correlator output at
timen

* A: Amplitude of the data symbol

e Tp: Duration of the data symbol

« d(n): Bit n of the data message

» 1. Delay introduced by the channel

* 0. Phase introduced by the channel

* R(x): Correlation function of the GPS L1C or
GALILEO E1b PRN code.

Therefore, if the delay estimation is accurate ghonot
to affect the final sampled value, the former egpi@n
becomes:

T=T71 (26)

(27)

To sum up, if the code tracking is accurate enotigé,
demodulation process is not affected by it. Howgewer
degraded code tracking
message BER and also the pseudorange measurement. |
this paper, we assume ideal code tracking.

[ (F+(k+3T,) = Adk+3T,) = A, , (eodg—d)

B. Seamless synchro-frame process hypothesis

This paper also assumes that the synchro-frame has
already been achieved. The synchro-frame process
consists in searching the beginning of a page birame
in the continuous stream of received bits. Thersfonce
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increases the decoded data

this first identification has been done, all théimation
can be recovered since all the fields, pages, farmi,
are easily located inside the stream of bits (frtm
demodulation of certain fields).

The main consequence of this assumption is thathall
page parts or subframes are recovered and nohermfis
lost. Therefore, the simulation will not bother on
synchronizing the frame since it always knows where
find the beginning of the frame.

Note that this assumption corresponds to the cdsrev
the user receiver has already tracked the signélhas
already achieved the synchro-frame, then entexs ant
building or a zone with loss of the direct path gth an
increase of multipath effects) where tracking idl st
possible and thus where there is no need to sdhech
synchronization again. In other words, the only mai
change is a decrease of the g¥dlue since the available
signal power is smaller than before entering thésvn
environment.

C. Perfect acquisition process after PLL loss of lock

This paper assumes that whenever the phase loektdet
indicates a PLL loss of lock, the receiver immegliat
begins an acquisition process. This acquisitiorcgse is

considered to last 1 second, since the reacquisitiche

signal is much faster than its initial acquisititine search
range is reduced to the surroundings of the lastvikn
phase, delay and Doppler frequency. Moreover,gajser

assumes that this reacquisition process is alwelyieweed

perfectly.

The main consequence of this assumption is thenmoimi
loss of bits due to the phase tracking error. bt,fa real
acquisition process could have some problems oldcou
not be accomplished at all, situation which wikhdeto a
major loss of bits and thus to an increase of tBRB

VI.SIMULATION BLOCK SCHEME

The simulation implemented in order to calculate th
BER, WER and EER associated to the channel code of
each navigation signal is shown in figure 8. A brie
description of the figure is given below:

Raw Data Generator:Creates the message content
(dummy information) and generates the CRC-24Q
associated to this data. It reproduces the congtarts
from the frame n to the frame n+1 if necessary.

Encoder: Applies the LDPC code for GPS L1C and the
convolutional code (171,133) for GALILEO E1 OS.
Interleaver:Interleaves the page part or the subframes.
Synchro-symbolsOnly implemented for GALILEO E1
OS. Inserts the synchro-symbols for each page part.



Signal Physical Materialization:Converts the binary
message (0/1) into a physical one (+1/-1) readyedo
transmitted into the channel.

Channel Tx SimulationGenerates the errors introduced
by the mobile channel during the signal transmissio
Synchro-Frame: Detection of the beginning.of the
frame/page part. This process is always perfectly
achieved.

Deinterleaver:Deinterleaves the subframes/ page part.
Decoder: Application of the FEC. The implemented
decoding algorithms are [5] for GPS L1C and theeNit
algorithm [6] [7] for GALILEO E1 OS.

CRC verification: Executes the CRC verification as
specified in [1] and [2].

Information Extractor: Extracts the information if the
CRC verification succeeds.

BER, WER and EERCalculates the BER, the WER and
the EER of the transmission.

CRC
Verification|
Generator t

!
N e o i V=S

Raw Data

Interleaver L Deinterleaver

Synchro Synchro

Symbols Frame

L Signal Physical ! Channel Tx |
Materialisation Simulation

Figure 8: Simulation Block Scheme

VII. SSIMULATED CASE

This section presents the simulated case and scenar
chosen for this paper in order to obtain a repiesier
demodulation performance, BER, WER and EER, of the
GPS L1C and GALILEO E1 OS signals in a mobile
environment. Table 4 summarizes the case.

The satellite elevation angle and the mobile speddes
have been chosen in order to simulate a representat
situation of a car searching position service iatarban
environment. Nevertheless, the satellite elevatiogle is
low and a receiver should normally expect to aegaind
to track satellites with a higher angle, but, isthaper,
we prefer to present a lower bound of the perfogean
than giving an average or optimistic value.

Moreover, note that the Doppler spread is deterchime
the mobile speed, derivation of expression (7).idRess
both the PLL integration time and the channel estiom
time have been chosen so that the channel is almost
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constant over these durations: from table 3 we robse
that for a symbol duration of 20ms the maximum gijo
at which the mobile can travel is about 34 km/leydifiore
for a velocity of 30 km/h the channel is constamtZ0ms.

Satellite Elevation Angle 30 degrees
Mobile Speed 30 km/h
Doppler Spread ~ 44 Hz

Simulation State S1: LOS conditions

Log-Normal Parameters a=0.45dB; y=1.9dB

Rayleigh Parameters MP =-16.9 dB
PLL integration Time 20 ms
Channel estimation Time 20 ms

Table 4: Simulated case characteristics

Finally, the simulation only takes place in the LOS
conditions state, and the law distribution paramsetee
taken from the values provided by the DLR in ananrb
environment for the L-Band [9].

VIIl. SIMULATION RESULTS FOR DIFFERENT
TRACKING METHODS

The first simulation results illustrated in this pea
compare the demodulation performance of the diffiere
phase tracking methods presented previously.

In order to conduct this comparison, first the BRI
later the EER of the GPS L1C signal are presergethé
PLL phase tracking, for the ideal pilot channelmation
and for the proposed pilot channel estimation.

Remember that for all the simulations, the applied
conditions have been defined in the section VII #mel
exact configuration of the PLL has been descrilvethé
phase tracking methods section. Moreover, note ttiet
power of GPS L1C and GALILEO E1 OS signals is
increased by 0.5 dB due to their transmission tiinaine
mobile channel. This gain is expressed by the no¢dme
log-normal variable. The following figure illustes the
results of the BER comparison:

B l‘ —¥-Ideal Pilot Channel Estimation
F | = Proposed Channel Estimation
| —PI

1O;‘A 24‘.2 24i 4 ZJ 6 24,8 2‘5 2;.2 251.4 25.6
C/NO total (dBHz)
Figure 9: Comparison between ideal pilot channel estimation,
proposed pilot channel estimation and PLL tracking method for

GPSL1C: BER vs C/NO (dBH2)




In Figure 9, it can be observed that the differente
performance between the PLL and the proposed
estimation method is quite small; about 0.2 dB&BER
equal to 10, and a difference of about 0.15dB for a BER
equal to 1d. Moreover, it can be seen that the ideal pilot
estimation channel outperforms the results of thé, P
needing 0.6 dB less to obtain a BER equal {6 4010*.
This means that the receiver should have the dgptci
obtain the desired level of BER with a lower C/Ndlue

if a better pilot estimation channel is applied.
Nevertheless, it is possible that for this particudase the
proposed estimation channel is the best one amoag t
current existing estimation techniques, althoughisit
possible to do better theoretically.

In Figure 9, the simulation of the PLL phase tragktase
when the C/NO is equal to 25.5 dBHz did not havg an
erroneous demodulated bit. The quantity of trartswhit
bits was equal to 14200000.

Figure 10 illustrates the same comparison as thedi9
but with the EER results:

10" Mo

—¥-Ideal Pilot Channel Estimation
iy —>-Proposed Channel Estimation
—— Phase Locked Loop

3 0.6 dB 0.2dB

0.6 dB

24 242 24.4 246 24.8 25 252 254 256
C/NO (dBHz)

Figure 10: Comparison between ideal pilot channel estimation,
proposed pilot channel estimation and PLL tracking method for
GPSL1C: EER vs C/NO (dBHz)

The same observation as for figure 9 can be made. T
PLL phase tracking method still outperforms theposed
pilot channel estimation with a gain difference0o2 dB
for a EER equal to Iband 0.15 dB for a EER equal to
103, Therefore, the gain differences are the same ases
for the BER, but for EER values being ten times lfana
Moreover, the ideal pilot channel estimation methsd
still better than the PLL: this fact reinforces thaion of
the existence of a real pilot channel estimatiorthiog
having a better demodulation performance than the P
demodulation performance.

In this case, the simulation of the PLL phase fragkase
when the C/NO is equal to 25.5 dBHz did not havg an
erroneous demodulated ephemeris. The quantity of
transmitted ephemeris was equal to 24000.

Finally, one last observation is that the PLL hesar lost
its lock during all the simulations and for all the

22nd International Meeting of the Satellite Division of
The Institute of Navigation, Savannah, GA, September 22-25, 2009

2886

considered C/NO values. Therefore, this paper isggto
compare the demodulation performance of GPS L1C and
GALILEO EZ1 signals with only the PLL results sinttes
method is the most common phase tracking method
applied nowadays.

IX. SSIMULATION RESULTS FOR DIFFERENT
SIGNALS

In this section the demodulation performance of @RS
L1C and GALILEO E1 OS signals is compared. This
comparison is made through simulations calculathmy
BER, WER and EER of the signals when they are gdck
using a PLL.

Moreover, in addition to displaying the curves
representing the different GNSS signals BER, WER an
EER as a function of C/NO at the antenna outputHeir
transmission into a mobile channel, the figureso als
illustrate the performance of these signals forAaMGN
channel when a perfect tracking is achieved. Tisalt®
for an AWGN channel have been taken from [13].
However, since the results of [13] are expressexda a
function of the B/NO, in order to relate the BER, WER
and EER values as a function of the C/NO, 23 dBa\zeh

to be added to the GPS L1@/HO values and 24 dBHz to
the GALILEO E1 OS ones as has been specified in the
reference. However, since the mobile channel adds a
average power of 0.5 dB, mean of the log-normal
variable, in order to have a fair comparison of the
degradation introduced by the noise and the mobile
channel in relation to the results of the AWGN afen
with ideal tracking, the C/NO values of this lattdrannel
have been decreased by an offset of 0.5 dB. Thanme
an addition of 22.5 dBHz to the,/O0 for GPS L1C and
23.5 dBHz for GALILEO E1 OS.

The simulated mobile channel case or scenario #sage
the PLL configuration have been explained in prasio
sections.

The following figure illustrates the results of tBER
comparison:

.| @&L1C - AWGN Channel Perfect Tracking
5] =% GAL - AWGN Channel Perfect Tracking
== L1C - Mobile Channel, PLL

—GAL - Mobile Channel, PLL

27 275 28 285 29

X
L

23 235 24 245 25 255 26 265
C/NO total (dBHz)

Figure 11: Comparison between GPSL1C and GALILEO E10S-
BER vs C/NO total (dBHz) for a mobile channel with PLL tracking



The first observation from the figure 11 is thatS5P1C
outperforms GALILEO E1 OS in terms of BER into a
mobile channel scenario. More specifically, thara igain
difference favorable to GPS L1C of 2.4 dB for a BER
equal to 16 and 3 dB for 18. Moreover, it can be
observed that this difference grows with increasiiyo
values since the slope of the GPS L1C curve ispstee
than the GALILEO E1 OS curve. Note that the slope o
the curves is determined by the channel code
implemented in each signal. Moreover, apart frora th
slope, the channel code also plays a part into the
determination of the absolute values of the curves.

Nevertheless, this outcome was expected since @RS L
already had better BER results in an AWGN channel.
Moreover, it can be observed that, since the trapki
process was considered perfect for the AWGN channel
simulations, the degradation introduced by the nkhn
and the noise is different for both signals. Intfabis
degradation between channels is worse for GALILEO E
OS than for GPS L1C: whereas for GPS 0.7 additidBal
are generally required to obtain the same BER $evel
between the mobile channel and the AWGN channel, fo
GALILEO 1.1 dB are normally needed.

However, a priori, this degradation should be eiguto

be worse for GPS L1C. The reasons are that, detpte
fact that GPS L1C provides more percentage of dbed t
amount of power to the pilot channel, the final dbte
C/NO value provided by the system for tracking plilet
channel through a PLL is lower for the GPS L1C than
GALILEO E1 OS when both signals obtain the same
BER value. Therefore, the tracking performance haf t
noisy mobile channel is worse for GPS since thareabf

the mobile channel and the nature of the noiseegtal

for both signals, and thus a worse degradatioerimg of
demodulation should be expected for GPS. For exampl
in order to obtain a BER of T0for an AWGN channel
with a perfect phase tracking process, the GPS L1C
receiver needs a total C/NO of about 24.4 dBHz wher
GALIEO E1 OS needs 26.9 dBHz. This means a pilot
channel power of about 23.15Hz for GPS and 23.9 for
GALILEO, therefore the tracking performance is weors
for GPS.

In fact, this worst tracking performance is shownthe
different degradations of the BER between the AWGN
channel and the mobile channel suffered by each &SNS
signal at a determined total C/NO value at whicthbo
signals obtain the same BER. More specificallys thi
degradation is represented by a vertical shifthef ¢urve
points. For example, into an AWGN noise, for a BER
equal to 10, GPS needs a C/NO equal to 24.4 dBHz and
GALILEO 26.9 dBHz, whereas, into a mobile channel,
GPS L1C obtains for this same C/NO level a BER bigg
than 107, and GALILEO E1 OS achieves a smaller value.
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Nevertheless, if we want to determine the C/NOafd0”
BER value, the additional C/NO required by GPS Li4C
much smaller than the additional C/NO of GALILEO
because the slope of the curves is much steepdbRP&
L1C. That slope depends on the signal channel esde
was said before. Moreover, each time the total CANO
incremented in order to rise the data channel C4N@
decrease the BER, the pilot channel C/NO is also
increased; this means that since GALILEO E1 OS sieed
bigger amount of C/NO in order to return to thé* BER
value, its tracking performance will still improvia
relation to the GPS one.

To sum up, although having a bigger C/NO valuedtep
track the mobile channel and the noise, GALILEO®
suffers a worse degradation than GPS L1C in terms o
C/NO for a determined BER value. The reasons age th
GPS L1C channel code and the higher percentageaif t
amount of power distributed to the pilot channel@PS.

Figure 12 illustrates the same comparison as thedill
but with the WER results:

=3=L1C - AWGN Channel, Perfect Tracking g

=¥~ GAL - AWGN Channel, Perfect Tracking H

== L1C - Mobile Channel, PLL i

GAL - Mobile Channel, PLL
T

o
L

3 T T
10 23 235 24 245 25 255 26 26.5 27 275 28 285 29
C/NO total (dBHz)

Figure 12: Comparison between GPSL1C and GALILEO E10S-
WER vs C/NOtotal (dBHz) for a mobile channel with PLL tracking

From this figure 12, the same conclusions as ferBER
can be extracted. GPS L1C outperforms GALILEO E1
OS in terms of WER as a function of the C/NO at the
receiver antenna output for this mobile channelr &o
WER of 10° there is a difference of 3 dB and for>16f

3.5 dB. The same degradation effect is also obdesne

its reason is the same as before.

The last figure, figure 13, illustrates the resoltshe EER
comparison. In this figure, it can be observed thatgain
difference between the signal GPS L1C and GALILEO
E1 OS is equal to 3.6 dB for an EER equal t6 a0d 4.1
dB for an EER equal to 0

Moreover, this figure confirms all the observationade

in the previous graphics: first, GPS L1C outperferm

GALILEO E1 OS in terms of EER as a function of the

C/NO at the antenna receiver output for this mobile
scenario. Second, the degradation of demodulation
performance introduced by the noise and the mobile



channel in relation to an AWGN channel with perfect
tracking is worse for GALILEO E1 OS.

10
E
10" \ ! ™\
\ \
5 \
X \
\ R
3.6 dB
10? \ \
I ) .- | Fl
i \0.7dB T25dB
i \ 11dB
\ \
\
X
\ -
10 \ = L1C - AWGN Channel, Perfect Tracking H
X == GAL - AWGN Channel, Perfect Tracking [{
\ =+=L1C - Mobile Channel, PLL i
2 ©GAL - Mobile Channel, PLL
O35 24 =5 35 255 5 27 275 28 285 29 295

Cnotaa (dBHz)
Figure 13: Comparison between GPSL1C and GALILEO E10S-
EER vs C/NOtotal (dBHZz) for a mobile channel with PLL tracking

Finally, the following tables summarize the gain
difference in terms of C/NO (dBHz) between the two

GNSS navigation signals for the demodulation
performance:
: BER

Signal Canal 103 107
GPSL1C M obile 24.8 25.1
GALILEO E10S M obile 27.2 28.1
GPSL1C AWGN 24.1 24.4
GALILEO E10S AWGN 26.1 26.9

Table5: BER asafunction of thetotal C/NO (dBHz) for GPSL1C
and GALILEO E1 OSin a mobile and an AWGN channel.

: WER
Signal Canal 102 10°
GPSL1C M obile 24.75 25.1
GALILEO E10S Mobile 27.75 28.6
GPSL1C AWGN 24.1 24.4
GALILEO E10S AWGN 26.6 27.5

Table 6: WER asa function of thetotal C/NO (dBHz) for GPSL1C
and GALILEO E1 OSin a mobile and an AWGN channdl.

: EER
Signal Canal 102 103
GPSL1C M obile 24.75 25.1
GALILEOE10S M obile 28.35 29.2
GPSL1C AWGN 24.1 24.4
GALILEOE10S AWGN 27.1 27.9

Table 7: EER asafunction of thetotal C/NO (dBHz) for GPSL1C
and GALILEO E1 OSin a mobile and an AWGN channel.

Note that all the AWGN channel values should be
increased by 0.5 dB since they have been decrdased
this exact quantity in order to make a fairer coriguen to
the mobile channel values since this channel ise®dn
0.5 dB the power of any signal transmitted through.

Moreover, the C/NO value for the GALILEO E1 OS
signal at an EER equal to ‘i@s not displayed on figure
13 but can be obtained from [13].
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X. CONCLUSIONS

This paper has analyzed the demodulation perforeahc
different GNSS signals, GPS L1C and GALILEO E1 OS,
in a mobile environment with a low satellite eléwat
angle, 30 degrees. This means that the performance
obtained is rather a lower bound since in most<#se
tracked satellite will have a higher elevation anghd
thus the received signal will be less influenced thg
multipath component.

The simulations have shown that GPS L1C outperforms
GALILEO E1 OS in terms of BER, WER and EER by a
gain difference in terms of C/NO. For example, idey to
obtain an EER equal to 0GPS L1C needs about 4.1 dB
less than GALILEO E1 OS.

Moreover, through the comparison between the
demodulation results for an AWGN channel with petrfe
tracking and the results for the chosen mobile @genit
can be concluded the following. For the transmissio
the mobile channel, GPS L1C signal needs to add a
smaller quantity of dB to the C/NO values of the GW
channel than GALILEO E1 OS does, in order to obtain
the same BER, WER or EER values for both chantieds,
mobile channel and the AWGN channel. The main
reasons are mainly the different channel code
implemented for each signal and the different itigtion

of power between the pilot and data channel.

Besides, different tracking methods have been agdly
for this particular scenario, resulting in a better
performance for the PLL tracking method in comparis
to the proposed pilot channel estimation technique
performance. More specifically, the PLL requireouatb
0.2 dB less in terms of C/NO than the proposed mélan
estimation method in order to obtain the same BER a
EER values. The proposed pilot estimation methaties
averaging of the pilot samples and this method can
probably be considered as the simplest estimatiethoal.
Finally, the ideal pilot estimation method outpenfis the
PLL in about 0.6 dB in terms of C/NO. Therefore,
theoretically, there is or there could be a pilbamnel
estimation method which provides a better performean
than the PLL phase tracking technique.
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