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Résumeé

Le systeme de positionnement Galileo est un nouveau systeme de oavigetsatellite en
cours de développement pour I'Union Européenne, qui devrait étre opérationfelLe.
Tout en fournissant un service de positionnement autonome, Galilems&opérable avec
les systémes de navigation par satellite déja existants cdemgsteme ameéricain GPS
(Global Positioning System). En effet, un utilisateur pourra, avecaoepteur compatible,
obtenir une position quelque soit le systéme utilisé. De plus, Galilpour objectif de
garantir la disponibilité de certains services tels que le@cgecommercial (CS) par exemple
ou le service public réglementé (PRS). Mais Galileo fournitiaagsc le service Sécurité de
la vie (SOL), un message d’intégrité permettant de détermirénfermation satellite est
fiable, afin de I'utiliser pour des applications critiques tetjas le transport aérien, maritime
ou terrestre.

Afin de fournir une position, une synchronisation et une information d'irégunécises,
en accord avec les besoins des utilisateurs, le systemedGadiit posséder des signaux et
une architecture performants. L’étude de la conception degresusi, leur génération et leurs
performances constitue le coeur de cette thése. En effet, ibpj@atipal de ce travail est
l'optimisation de la charge utile et des signaux Galileo afiobtdhir les meilleures
performances possibles du point de vue du récepteur.

Une analyse compléte du systeme Galileo, de la charge utilécapteur est d’abord
effectuée. Elle montre que des distorsions peuvent affecter geaugi pendant leur
génération, leur propagation et leur traitement dans le récefesrdistorsions, dues aux
instabilités d'horloges, aux non-linéarités de I'amplificateur, altbages ou aux trajets
multiples (multitrajets), réduisent la performance des signaux, agticydier lors de la
poursuite du code ou lors de la poursuite de la phase de la porteuse. Pour éviter ces distorsions
ou pour réduire leur impact, les signaux Galileo doivent présenter certainegtgmdmme
une enveloppe constante ou une large bande par exemple. Il est doncntganayser ces
contraintes pour la conception d'une charge utile et de signaux performants.

Une étude est ensuite menée afin de déterminer si les signéil®o Geoposés par la
GJU (Galileo Joint Undertaking), en particulier en bande E5 ¢ EL{-E2), présentent ces
propriétés et ainsi veérifient les contraintes de conception.

La modulation Interplex et la modulation ALTBOC (Alternate Bin®ffset Carrier)
sont les solutions proposées pour multiplexer, respectivement, lesnsigdaet E5. Les
expressions théoriques et les performances de ces modulationeapsées afin de montrer
gu’elles transmettent les signaux avec une enveloppe constante aetndettréduire les
distorsions dues aux non-linéarités de I'amplificateur.

Récemment, de nouvelles formes d’onde ont été proposées pour trangensityeal
« Open Service » de Galileo en bande E1, toujours avec l'objectif d’obtemredleures
performances. Ces nouveaux signaux sont basés sur la combinaisor ldiéairsignal
BOC(1,1) avec un signal « Binary Coded Symbol (BCS) » ou avec une aurpmteuse
BOC. Ces signaux sont alors appelés Composite BCS (CBCS) ou GmnROE (CBOC).
Ces nouveaux signaux, concus afin de réduire I'impact des multitrajesssperformances,
sont étudiés tout au long de la chaine de transmission afin de eporifd vérifient les




contraintes de conception et s’ils peuvent étre transmis aveodalation Interplex. Leurs
performances sont aussi évaluées et comparées a celle du B@@él,1), grace a des
observables qui caractérisent les performances en réceptioobsssables sont la fonction
d'autocorrélation, la densité spectrale de puissance, le coeffitisatation spectrale et
I'enveloppe d’erreur due aux trajets multiples.

Pour terminer, des simulations permettant d’évaluer l'influelesedistorsions dues aux
équipements de la charge utile et du récepteur, sur les signaleo @akur leur performance
en réception, sont présentées. En particulier, l'influence des haridgesamplificateurs et
des filtres est évaluée grace notamment au calcul de l'eteephase dans la boucle de
poursuite du récepteur.




Abstract

The Galileo positioning system is a satellite navigation systerne built by the European
Union (EU) and operational by 2013. While providing autonomous navigation and
positioning services, Galileo is at the same time interofeekaith the American positioning
system GPS. A user will be able to obtain a position, whatever thgatian system used,
with the same receiver. Moreover, one aim of the Galileo sysseto guarantee the
availability of some services such as the Commercial Se(@G&) or the Public Regulated
Service (PRS) for example. But Galileo could also provide amyribgemessage for the
Safety-Of-Life (SOL) service, allowing to determine the aielity of the satellite
information, which is essential for critical applications suchaias maritime or terrestrial
transports.

To provide high precision position, timing and integrity information and tetmser
needs and public obligations, the Galileo system should present high pederaignals and
architecture. The signals design, their performance and theiragieneare the heart of this
thesis. Indeed the main objective of this study is the optimizatioheoGalileo signals and
generation to obtain the best performance from a receiver point of view.

A thorough analysis of the Galileo system, from the payload tarebeiver, is first
realized. It shows that impairments can affect the signalsxgluheir generation, their
propagation and their processing in the receiver. These impairmeu¢s to clocks
instabilities, amplifier non-linearities, filtering or multighacan reduce signals performance,
particularly during the code delay tracking and the carrier phasengaclo avoid these
distortions or to reduce their impact, Galileo signals should present somealpagroperties,
like a constant envelope or a wide band for example. It is therefipa@tant to analyze these
constraints for the design of high-performance payload and signals.

One of the objectives of this thesis is to study if the proposeteGalgnals, especially in
the E5 and E1 (former E1-L1-E2) bands, possess these properties iaitkegoverify the
design constraints. The Interplex modulation and the ALTBOC (AlterBanary Offset
Carrier) are the solutions proposed to transmit respectivel@atiteo E1/E6 and E5 signals
with a constant envelope in order to reduce the distortions due aotbidier non-linearities.
The theoretical expressions and the performances of these modulagoss aarefully
analyzed.

To have better performance, recently, new signals waveforms hawepb@@osed to
transmit the Galileo Open Service signal in the E1 band. Theseaesiorms are based on a
linear combination of the BOC(1,1) sub-carrier with a Binary Coded®y (BCS) signal or
an other BOC sub-carrier. They are called Composite BCS (CBE€®omposite BOC
(CBOC). These new signals, designed to reduce the multipath irapacxamined to verify
their compliance to the design constraints and to the Interplex ecidmir performance are
evaluated and compared to the baseline BOC(1,1) performance thangarés fof merit,
which characterize the receiver performance, like the autdaton function, the power
spectrum density, the Root Mean Square (RMS) bandwidth, the spectratieepevefficient
and the multipath error envelope.




Finally, simulations results are presented. They permit to eeatbat influence of the
distortions due to payload and receiver equipment on Galileo signdlsheir performance
from a receiver point of view thanks to, particularly, the calaabf the phase error in the
receiver tracking phase lock loop (PLL).
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Résumé en francais de la these

Le systeme de positionnement Galileo est un nouveau systeme de oavigetsatellite en
cours de développement pour I'Union Européenne, qui devrait étre opérationfelLe.
Tout en fournissant un service de positionnement autonome, Galilems&opérable avec
les systémes de navigation par satellite déja existants cdemgsteme ameéricain GPS
(Global Positioning System). En effet, un utilisateur pourra, avecaoepteur compatible,
obtenir une position quel que soit le systéme utilisé.

Afin de fournir une position, une synchronisation et une information d'intggetéses, en
accord avec les besoins des utilisateurs, le systéme Gadileposséder des signaux et une
architecture performants. L'étude de la conception de ces sigrauxgénération et leurs
performances constituent le coeur de cette these. En effetctiopjencipal de ce travail est
l'optimisation de la charge utile et des signaux Galileo afiobtdhir les meilleures
performances possibles du point de vue du récepteur.

1. Le Syteme Galileo

Galileo est un systéeme de navigation européen fournissant ucesdevpositionnement sous
contrble civil. Chaque satellite Galileo diffuse des signaux quot gaités par le récepteur
afin de déterminer sa position.

1.1. Plan de fréquence Galileo

Les signaux de navigation Galileo sont transmis dans 4 bandes de feéqlerimnde E5a
(1164 MHz — 1191.795 MHz), la bande E5b (1191.795 MHz — 1215 MHz), la bande E6
(1260 MHz — 1300 MHz) et la bande E1 (1559 MHz — 1592 MHz).

Dans chaque bande allouée, les satellites vont transmettregdasxsde navigation autour
d’'une fréquence porteuse. Pour éviter les interférences avecres sighaux, des largueurs
de bandes sont associés a chaque fréquence porteuse ( [GJU, 2005]) :

Bande de fréquence Friclucegr?terapl)grteuse Largu?rl;:]gremlsebande
E5a 1176.45 MHz 60%1.023 MHz

E5b 1207.14 MHz 60%1.023 MHz

E5 (E5a+E5b) 1191.795 MHz 90%1.023 MHz

E1l 1575.42 MHz 40%1.023 MHz

E6 1278.75 MHz 40x1.023 MHz

1.2. Signaux Galileo et services associés
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1.2.1. Description des signaux et des services de navigation Galileo

Chaque satellite Galileo transmet 6 signaux de navigation: E1F, BAPFEB, E6C et E6P
[GJU, 2005]:

= Le signal E1F est un signal en acces ouvert transmis dans lafbhnidlest composé
d’'un canal donnée (E1-B) et d'un canal pilote (E1-C).

= Le signal E1P est un signal a acces restreint transmis san# E1-A. Son code et

ses données de navigation sont cryptés.
= Le signal E5a est un signal en acces ouvert transmis dans la Eaat Eomposé

d’une voie donnée (E5a-I) et d’une voie pilote (E5a-Q).
= Le signal E5b est similaire au signal E5a.
= Le signal E6C est un signal commercial transmis dans la bandecBfposé d’'une

voie donnée et d’'une voie pilote. Ses codes et ses données sont cryptes.
= Le signal E6P est un signal a acces restreint et sécurisé transtaisanal E6-A.

Le systeme Galileo fournit 5 services différents, ass@uigssignaux décrits précédemment
[GJU, 2005]: le service ouvert (OS - Open Service), le sedecgauvegarde de la vie (SoL -
Safety of Life), le service commercial (Commercial Service€CS), le service public

réglementé (Public Regulated Service - PRS), et le servicectierche et sauvetage (Search

and Rescue Service - SAR).
1.2.2. Forme d’'ondes des signaux Galileo
v' Signal BPSK

Un signal BPSK (Binary Phase Shift Keying) est proposé pour trameneertains des
signaux Galileo. Ces signaux sont présentés dans la table 3 :

Rythme Modulation Données
. Longueur . — Code
Signal chip avant Navigation .
de code : secondaire
(Mcps) multiplexage (sps)
E5a-I 10230 10.23 BPSK(10) Yes (50) Yes
E5a-Q 10230 10.23 BPSK(10) Pilot Yes
E5b-I 10230 10.23 BPSK(10) Yes (250) Yes
E5b-Q 10230 10.23 BPSK(10) Pilot Yes
E6-B N/A 5.115 BPSK(5) Yes (1000) N/A
E6-C N/A 5.115 BPSK(5) Pilot N/A

Toutefois, la modulation BPSK ne peut étre utilisée pour trangnetis les signaux Galileo.
En effet, le signal BPSK ne peut fournir un bon partage de la bande paultiples signaux.
C'est la raison pour laquelle de nouvelles modulations ont été étutlléesde ces
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modulations, présentée dans [Betz, 2002] est la modulation BOC Edfiget Carrier). Elle
a été choisie comme modulation pour certains des signaux Galiss, aussi pour les
nouveaux signaux GPS.

v" Signal BOC

En général, le signal BOC est noté BOC(p,q), p définit le ratia deus-porteuse et g le ratio
du code d'étalement f, = p[1.023 MHz et f, =q[1.023 MHz

Le signal BOC est défini comme étant le produit d’'un code avesau® porteuse égale au
signe d’'une sinusoide, comme le montre I'équation suivante :

x(t) = c(t) [ sign(sin(27£ st))

ou h(t) est la matérialisation du code égale a 1 surJ@&tD ailleurs,c, = {— ],]}

avec  c(t) =Y ch(t-kT,)

Le BOC cosinus s’écrit quant & lui :

x(t) = c(t) [sign(cog27£ .t)) avec  c(t) = c.h(t-kT,)

Le tableau suivant présente les signaux Galileo modulés grace a un signal BOC :

. Longueur Rythme Modulation avant annges Code
Signal chip : Navigation .
de code multiplexage secondaire
(Mcps) (sps)

E6a N/A 5.115 BOG410,5) Yes N/A
Yes (the data

E1A N/A 2.5575 BOG{15,2.5) rate is not N/A
public info)

E1B 4096 1.023 BOC(1,1) Yes (250) No

E1C 8192 1.023 BOC(1,1) Pilot Yes

1.3. Conclusion

La figure 1 résume les bandes de fréquences, les servicesgniagx associés au systeme

Galileo.
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Figure 1 : Le systeme Galileo

2. Contraintes sur le design des signaux Galileo

Apres un apercu général du systeme Galileo, 'objectif du prochairtrehagi de présenter
une charge utile et un récepteur Galileo génériques afin d'igemdisi facteurs qui pourraient
déformer le signal au cours de sa génération, de sa propagation ou ceteowemt et, par
conséquent, réduire les performances de celui-ci d'un point de vue récepteurrrhadtom
de ces distorsions permettra ainsi de définir des contrajptes’'on pourra utiliser pour
I'optimisation des signaux Galileo.

2.1. Génération des signaux Galileo

Le signal Galileo est généré dans la charge utile. La charlge diiuse le signal de

navigation sur 3 fréquences porteuses, chacune des porteuses étaée reeldul les services
présentés préceédemment. La charge utile est un transpondeur rEg@oénposé de

différents sous-systemes présentés sur la figure suivante :
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Figure 2 : Charge utile Galileo

Cing différents sous-systemes existent :

* L’unité « horloge », composée de 4 horloges atomiques et d’'un systeme ddecontr
des horloges (CMCU)

* L’unité de génération des signaux (NSGU) qui génere le signal de navigation

e L'unité de modulation et de génération des fréquences (FGMU), gliserda
conversion numerique-analogique du signal et la montée en fréquence dwasigna
fréquences appropriées.

» L'unité d’amplification, composée de Solid State Power Amp8figBSPAS) ou de
Travelling Wave Tube Amplifiers (TWTAS)

* Les mélangeurs, appelés Output MultipleX (OMUX)

Apres leur génération dans la charge utile Galileo, les sigsmnixtransmis par I'antenne du
satellite. lls sont ensuite recus dans un récepteur Galile@guitilise pour déterminer des
estimées de position, de vitesse et de temps.

2.2. Reéception des signaux Galileo

Le récepteur générique Galileo considéré dans cette étudmssstsur un récepteur GPS
classique :
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Figure 3 : Schéma de principe d’un récepteur Galile

La partie RF du récepteur est composée: d'une antenne, d'ummpliéieateur, d'un
oscillateur de référence, essentiel lors de la poursuite daausi, d’'un synthétiseur de
fréquence, d’'un convertisseur basse fréquence et d’un convertisseur analogiqugueumeér

La partie “traitement du signal” permet essentiellement d’acgeé de poursuivre les
signaux de navigation et de démoduler les données des signaux. Elle fesirpgelido-
distances, la phase de la porteuse et d’autres données qui soBedutpar la partie
« traitement et navigation ». Les phases de poursuite et d’acquabitisignal ne sont pas
présentées dans ce résumeé mais elles sont longuement décrites danssde othése.

2.3. Analyse des éléments pouvant induire desrdistts sur le signal

L'objectif de cette nouvelle partie est, maintenant, d'énumésegl@ments qui peuvent
distordre le signal Galileo au cours de son trajet afin de digierrtes contraintes selon
lesquelles la conception des signaux Galileo doit étre realisée.

Deux principaux facteurs de distorsions, dus au matériel, vont étiesdicibruit de phase

des oscillateurs et celui d0 aux non-linéarités de I'amplificaliéais un autre élément, qui ne
dépend pas du matériel, entraine également des erreurs: les trajgtiesaulti

2.3.1. Bruit de phase des oscillateurs

Le premier facteur d’affaiblissement du signal est le brupitdese des oscillateurs. Il est di a
la fois aux oscillateurs de la charge utile et aux oscillateurs dpteéce

En effet, les horloges atomiques de la charge utile, mémeesisglht tres stables, souffrent
d’instabilités qui créent un bruit de phase a la sortie declack unit ». Comme le FGMU
utilise la fréquence de référence fournie par la « clock unit » pocworversion numérique-
analogique et la montée en frequence des signaux Galileo, le bruitseqgstanséré sur les
signaux au cours de ces deux opérations.
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Cependant le bruit de phase affecte également le signal au nivegaegheur lors de la
conversion analogique-numérique et lors de la descente en fréquencqumft®rioge du
récepteur souffre, elle aussi, d'instabilités. Les oscillatdas récepteurs sont naturellement
moins stables que les oscillateurs des satellites.

v Définition du bruit de phase

Si le signal de sortie des oscillateurs est modélisé paréssion suivante [Rutman, 1991]:
V(t) = A[sin(2nv0t + ¢(t)) alors le bruit de phase est un processus aléatoire représente par
®(t). Dans le domaine fréquentiel, la représentation la plus comesirezlle qui spécifie la

s,(f)

densité spectrale de puissance du bruit de phase £(f) définieEbb)z. 1O[I]og(¢’7j ou
Se(f) est la moitié de la densité spectrale de puissance du bruit de phase.

D’apres les articles suivants [IEEE Std. 1139-1988; Barnes, 194(f], f2ut étre modélisé
2 a=2

de la facon suivante .S¢,(f) :f—oz Zha fe pour O<f<f, ou f, est une fréquence de
a=-2

coupure haute.

Phase Moise Spectral Density L{E)

B0 N b
40

-100

Sphiff) [dBHz]

-120

40 f--

-160
10

Faurier frequency [Hz)

Figure 4 : Densité spectrale de puissance du ldaiphase

v' Le bruit de phase dans la charge utile

Comme expliqué précédemment, le bruit de phase est di aux inssatddg horloges. Par
conséquent, le bruit de phase est crée dans la « clock unit » degka etila. Il est caractérisé
par la densité spectrale de puissance suivante [Moreno Carrillo, 2005]:
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Power Spectral Density of the CMCU phase noise
[Moreno Carrillo, 2005]
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Figure 5 : Densité spectrale de puissance du liaiphase a la sortie de la « clock unit »

Le FGMU utilise la fréequence de référence envoyée par la « cioitk> pour réaliser la
conversion numérique-analogique et la conversion en fréquence. Par condédomrit,de
phase sera introduit au niveau du signal de navigation durant ces deux conversions.

Le bruit de phase introduit lors de la conversion numérique-analogiqdé @sinstabilité de
I'horloge d’échantillonnage et peut se traduire sur le signalipgitter relié au bruit de phase
de I'horloge de référence par la formule suivante [Da Dalt., 2002]:

t, (t) =0 valable si &< T, la période d’échantillonnage.

Evaluons a présent le bruit de phase introduit au cours de la conversioéquence. Les
fréquences utilisées pour la conversion proviennent de synthétiletréquence, considérés
comme de simples boucles de phase. Le bruit de phase a la ammtigydthétiseur et donc
introduit sur le signal lors de la montée en fréquence peutcéteetérisé par la formule
suivante ([Rebeyrol03, 2006] et Appendice C):

Spun1) = Sy (F)INZOH ()5, (£) T=H (1)

~

ou Scu(f) est la densité spectrale de puissance du bruit de phas®@did¢ade la “clock
unit”
Sovco(f) est la densité spectrale de puissance du bruit de phase du VCO et,
H(f) est la fonction de transfert en boucle fermée de la PLL égale a :
KVCO |:KPD EF(S)

H(s)= N
= R K 7
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N dépend du rapport entre la frequence de référence et la fréquoeteaese du signal Galileo
a transmettre

Par conséquent, le bruit de phase di a I'horloge de la chargetutiteoduit sur le signal
durant sa génération peut étre caractérisé par la formule suivante:

Spoapiondl F) = Soey (F)INZOH(F ) +5, (F)iL-H(f)" +S;, ()

v' Le bruit de phase dans le récepteur

Comme pour la charge utile, le bruit phase au niveau réceptedil estx instabilités des
oscillateurs. Il est donc crée par I'horloge du récepteuaffeicte le signal lors de sa
conversion en fréquence et lors de sa conversion analogique-numérique.

En général, les oscillateurs des récepteurs sont moins stablks aqseillateurs des charges
utiles. Le bruit de phase di a I'horloge est donc plus important senéscapteur que dans
une charge utile. Différentes catégories d'oscillateurs emtighais le plus utilisé dans les
récepteurs est le TCXO (Temperature Compensated Crystdlla@ss). Certains récepteurs
qui nécessitent une bonne stabilité d’horloge peuvent aussi utilisdrodeges atomiques

rubidium.

Comme dans le cas d'un récepteur GPS, la conversion de frégashcéalisée a l'aide
synthétiseur de fréquence de type PLL. D’apres les calculséggdour la charge utile, nous
pouvons donc déduire que le bruit de phase introduit par I'oscilldtevécepteur durant la
conversion en fréquence est modélisé par :

s, (f)=s, (f)IN*OH(f) +s, (f)d-H(f)’

avec
" Secock(f), la densité spectrale de puissance du bruit de phase déldtesc du
récepteur
= Syveo(f), la densité spectrale de puissance du bruit de phase du VCO
= H(f), la fonction de transfert en boucle fermée de la PLL:

I<VCO |:I<PD EF (S)

H(s): N avec F(s) la fonction de transfert du filtre de boucle,
KVCO |:KPD EF(S)
S+
N
Kvco et Kpp, les gains du VCO et du détecteur de phase.
= N le rapport entre la fréquence porteuse du signal et la fréquiEndeavail du
récepteur.
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Comme pour la charge utile et la conversion numérique-analogique, le bruit denpioaket i
par la conversion analogique-numérique peut étre caractérisé piteumejié au bruit de

t
phase de I'horloge du récepteur par la formule suivat]tét) = ¢2—nEl' :

Par conséquent, le bruit de phase introduit sur le signal a I'edgréepartie “traitement du
signal” dans le récepteur est caractérisé par ([Rebeyrol02, 2006]):

S¢CU (f )ENDaymadz I:IJH (f )|2 + S¢payloadvc0(f )I:l]'_ H (f )|2 + SD/A( f)
+ S(ﬂ (f )ENfeceiVefz EIJH (f )|2 + S¢receiverv<n(f )El]'_ H (f )|2 + SA/D(f)

clock

s,(f)=

(4

Le bruit de phase introduit sur le signal a été évalué, nous allonsrdontenant voir quelle
est son influence.

v Influence du bruit de phase

Pour évaluer et observer l'influence du bruit de phase, plusieurs obssryhlvent étre
utilisés : la fonction de corrélation, la densité spectralpuiesance, I'évaluation de I'erreur
de phase induite par le bruit de phase dans une PLL et la constellation de la modulation.

La fonction de corrélation est utilisée comme observable @peitimet d’évaluer l'influence
du bruit de phase sur la poursuite du signal grace a I'observation du pic de corrélation.

La densité spectrale de puissance permet elle d’évaluer uribl@abstorsion ou remontée
des lobes secondaires due au bruit de phase qui pourrait entlegneterférences avec les
autres signaux.

Pour évaluer l'influence du bruit de phase, I'estimation de I'erreuphdese due a ce bruit
dans une PLL, utilisée pour la poursuite des signaux, doit étre analysée.
La variance de cette erreur de phase est donnée par la forsuiNante :

o’ =IS¢(f)El1—H(jf )\2 [df avec $ (f) la densité spectrale de puissance du bruit de
0

phase entrant dans la PLL et H(f) caractérisé de la fagwarge si la PLL est une boucle
f 6

d'ordre 3 [Parkinson, 1996]L— H (jf )‘2 T4 16
L

ou §=27n*1.2*B|, et B est la
bande de boucle.

L’influence du bruit de phase peut aussi étre visualisée sur leetiatish de la modulation
comme le montre le schéma suivant. En effet, le bruit de phasifedtire un offset sur la
phase du signal et donc les plots de la modulation peuvent tournertaderssé cet offset
dépend du temps.
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@ Sianal modulation constellati

® Example of plots rotation due to phase n

<= Example of plots spread due to phase 1

Figure 6 : Influence du bruit de phase sur une ntaiiton 8-PSK

v" Conclusion

D’apres cette section, il semble que la seule fagcon de ed@uaruit de phase introduit sur le
signal est d’utiliser des horloges extrémement stables. Au nivelauctiarge utile, on utilise
des horloges atomiques, ce sont les horloges les plus stablebemeng il est donc
impossible de réduire le bruit de phase des horloges dans la chaegeAutiniveau du
récepteur, il est également possible d'utiliser des horlogesqatsmais cette utilisation se
limite a quelques applications (stations au sol). En effet, optien n'est pas acceptable pour
le marché de masse en raison du codt de ces horloges.

Par conséquent, il est difficile de réduire le bruit de phase di aux é®deda charge utile et
du récepteur. De plus, aucune optimisation et aucune contrainte ssida du signal ne
peuvent étre déduite de ce facteur de bruit.

2.3.2. Non-linéarités des amplificateurs

Le deuxieme élément de distorsion est d0 a I'amplificateua addrge utile. En effet, au
cours de la génération du signal, I'amplificateur peut provoquer dessitias sur le signal, a
cause de ses caractéristiques non-linéaires en amplitude (AMéAMNn phase (AM/PM),
comme le montre la figure suivante :
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Amplifier AM/AM and AW/FM characteristics

Pout [dBrm]
phi out [7]

Pin [dBm]

Figure 7 : Caractéristigues AM/AM et AM/PM d’un alifipateur

Par conséquent, un signal a enveloppe constante, c’est a dire domst@asnts sont a la
méme puissance, ne sera pas distordu par I'amplificateur casdsymints seront amplifiés
de la méme facon. Par contre, un signal qui ne posséde pas une envelo@rgecoimira
pas ses points qui seront amplifiés de la méme fagon a causaraeeristiques non-linéaires
de I'amplificateur. Donc des distorsions peuvent étre introduiteggmaplificateur a la fois
sur I'amplitude et sur la phase du signal. Les distorsions ditumel sont en général
négligeable devant les autres distorsions et donc nous n’étudieronsdegierkion introduite
par la non-linéarité en phase de I'amplificateur.

Les distorsions dues a I'amplificateur peuvent étre assisni&éelu bruit de phase, par
conséquent les figures de mérite pour les observer seront lessnugra celles présentées
pour le bruit de phase des horloges : la fonction de corrélation, ldédspectrale de
puissance, I'estimation de I'erreur de phase dans une PLL et la corstalatia modulation.

Contrairement au bruit de phase des oscillateurs, il est pos&ibiéduire au minimum les
distorsions dues aux non-linéarités de I'amplificateur en trarsmmeth signal a enveloppe
constante. Pour réduire au maximum les distorsions dues au bloplifiation, la
modulation Galileo devra donc étre optimisée afin de transmetrsigraux a enveloppe
constante.

2.3.3. Multi-trajets

Les sections précédentes ont deécrit les deux distorsions introfaitell « matériel » : le

bruit de phase di aux instabilités des horloges récepteur étesatde bruit de phase di aux
non-linéarités de I'amplificateur. Mais, un autre élément, qui nendépas du « matériel »,

doit étre pris en compte pour la conception des signaux Galiled,erdrdine des erreurs de
mesures : les trajets multiples.

Un multi-trajet est un signal réfléchi qui entre dans un récepres diffraction ou réflexion
sur le terrain environnant: les batiments, les murs d’un canyseal Je Les signaux réfléchis,
en entrant dans le récepteur se mélangent avec le signal griceigpi peut entrainer des
erreurs de mesures. Le multi-trajet distord la modulation du Isggimecipal mais aussi la
phase de la porteuse.
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En l'absence de trajets multiples, les discriminateurs du etgepbursuivent la phase du
signal principal. Or, en présence des trajets multiples, lelsgtrant dans le discriminateur
est un signal composé du trajet multiple et du signal principddplgle poursuit donc un
signal composite différent du signal principal. Le pic de corrélapcésente alors une
distorsion qui va impacter le discriminateur et donc les performances enifurs

L’influence des multi-trajets peut étre réduite grace a uneegpbion particuliere de la

modulation du signal. En effet, certaines modulations ont une meillésistance aux trajets
multiples que d'autres. C'est par exemple le cas de la moduB@C, qui est plus résistante
aux trajets multiples que la modulation BPSK ([Betz, 2002]). Ligrasix choisis pour

transmettre le signal Galileo doivent donc présenter une r&sstanaturelle » aux trajets
multiples.

2.4. Conclusions

L'étude de la génération des signaux dans la charge utile ataigement dans le récepteur a
permis d’identifier plusieurs facteurs qui entrainent des dégoadagur le signal : le bruit de
phase introduit par l'instabilité des horloges, le bruit de phase din@ukinéarités de
I'amplificateur de la charge utile et les multi-trajets.

Tous ces facteurs peuvent distordre le signal et entraineauleaises performances. Il serait
donc intéressant de réduire l'influence de ces éléments en optilessaiginaux Galileo ou en
optimisant la chaine de transmission. Le bruit de phase des escglae peut étre réduit par
une conception particuliere du signal, mais le bruit de phaseadlificateur et les
distorsions induites par les multi-trajets peuvent eux étre réeliggenérant des signaux a
enveloppe constante possédant une résistance particuliere aux trajgtiesnulti

3. Le signal Galileo dans la bande E5

L'objectif de ce chapitre est de présenter la structuregmhalsE5, mais aussi la modulation,
appelée ALTBOC (Alternate BOC) choisie pour le transmeflgeplus, on montrera que ce
signal vérifie les contraintes de design exposées dans le chapitre précédent

3.1. Lessignaux E5

Dans la bande E5, la modulation doit multiplexer 3 différents servieeservice ouvert, le
service commercial et le service secours qui sont trarsumig composantes BOC tout en
maintenant constante I'enveloppe du signal résultant.

Les 4 composantes du signal E5 sont les canaux E5a donnée et piestecahaux E5b
donnée et pilote. La modulation proposée pour multiplexer tous ces cartaappete
Alternate Binary Offset Carrier (ALTBOC) modulation ([GJU, 2005])e£l'plus précisément

un ALTBOC(15,10) qui est proposé, c'est a dire une modulation ALTBOC ave
fréquence de code égale a 10.23 MHz et une fréquence de sous-porteuse égale a 15.345 MHz.
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3.2. Multiplexage des signaux E5

La modulation ALTBOC a enveloppe constante a été obtenue par modificdé la
modulation ALTBOC classique en introduisant des termes, appelésluifs
d’intermodulation qui permettent de garder une enveloppe constante. ISepprele cette
nouvelle modulation est la suivante [Soellner, 2003]:

s )Eﬁsg‘sm K Dsq"{t _Tﬂ oo+ H%)EES%SG) *] ESCaS(t —Tjﬂ "
(CT +j ‘]i)EESQ\p(t) = ES%p[t —Tﬂ + (a +j Ed:(J)EEscap(t) +j B;cap[t —T’ﬂ

XaLT_BOC =

avec

et

S, (t) = {\/E sigr{co{Zn‘st —ﬂD + 1sigr(cos(Zn‘ t))+ S|gr(co{2r[ t+— j
SG,(t) = { S|gr(co{2n‘ t—]]+ S|gr(cos(2n‘ t S|gr(co{2n‘ t+— ]

Shapes of sub-carrier functions 3Cas and SCap
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Figure 8 : Sous-porteuses SCas et SCap

La densité spectrale de puissance de ce signal, dans le casLdBO&(15,10), est égale
a (avec n=3):

_ 1 cog(AT,) T.) T.) T, T,
Garsoc(f) = PYer ZTC Cosz(nc ch {COSZ[TAc 2] co{n‘ 2) 2C05(7‘ac 2) co{n‘ 4j + 2:|
n
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3.3. Propriétés du signal ALTBOC

La modulation ALTBOC a enveloppe constante a plusieurs avantages:

= Tout d'abord, le signal ne souffre pas des distorsions dues aux nonémédwit
I'amplificateur de la charge utile si une bande passante infinie est canservé

= Ensuite, I'enveloppe constante permet aussi un gain en précisienagld possibilité
de transmettre un signal a large bande de fagcon cohérente etsndeyxasignaux
QPSK a bande étroite.

= Enfin, le ALTBOC représente une optimisation de l'usage des sidgtzanet E5b car
des récepteurs simples peuvent utiliser une seule des deux comp@Eaateu E5b),
alors que des récepteurs plus complexes peuvent fonctionner eux en patiiggiva
deux composantes, et donc obtenir davantage de précision.

Nous avons montré que la résistance aux trajets multiples estomt@ite pour la
conception des signaux Galileo. Dans le cas du signal E5, cettanmésisst trés bonne grace
a une répartition spectrale optimale comme le montre la figureante, représentant
I'enveloppe d’erreurs de multi-trajets :

Multipath error for SMR=6dB

| | ! | | — BPSK(10) in 40MHz
Al A A BPSK(5) in 40MHz
! ': ‘V ; —— BOC(1,1) in 32MHz
| | | | | — AIBOC(15,10) in 51MHz
oML - J-___I_-__-__—C__-_—=
[ | | | I I I I 1
= | | | | | | I |
g. { I | | | I | | |
L 11 e Rt /e s s et sl B
E |‘, | | 1l | 1 | I |
| AL [ | I [ | I |
g O—I'?*'X"'I_’ "l___F"'___\___“I___T"'“'\"""‘t”“‘_
2 " | | [ | | ] I |
= | [ 1 ! I [ { I 1
= T I 4 R L L a4 PP ENpUpU Ppp—
= [' | | | I | | I |
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Figure 9 : Enveloppe d’erreurs de multi-trajetsld&wagen, 2005]

3.4. Conclusion

Ce chapitre a présenté la modulation choisie pour transmettignd &alileo E5 et les
services associés. On a montré que le signal Galileo ALTBO& dffveloppe constante était
un signal trés intéressant grace a son enveloppe constante, maraeessaux différentes
possibilités de poursuite qu'il offre.
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4. Le signal Galileo dans la bande E1

Apres la description du signal E5, ce chapitre présente I'siginal « ouvert » du systéme
Galileo: le signal E1. Nous allons vérifier comme précédemmeeatla conception de ce
signal suit les contraintes énoncées précédemment.

En juin 2004, un accord ([CE, 2005]) a été signé entre les EtateUHimion européenne.
Cet accord propose un signal commun afin de transmettre le sigrilab@HlF et le signal
GPS L1C. Toutefois I'accord prévoit une optimisation possible dégnal.sC'est la raison
pour laquelle, différentes études ont été menées jusqu’en 2007 afoudertun signal qui
serait plus performant mais continuerait a vérifier les comés imposées par I'accord de
2004.

4.1. Les signaux Galileo E1 de reference

4.1.1. Les signaux de la bande E1

La modulation en bande E1 doit combiner trois signaux associes a quigrentsf services
tout en respectant les contraintes de conception: une enveloppe coastarigée de
I'amplificateur, et une bonne résistance aux trajets multiples.

Les signaux Galileo E1 sont respectivement:

» Le signal E1F correspondant aux services I'OS / CS / SOL. Diggmgderd de juin
2004, il est prévu d'adopter un BOC (1,1) sinus comme signal de réfafende
transmettre le signal Galileo E1F et le futur signal GPS L1C.

= Le signal E1P correspondant au service PRS. Pour transmettgmadé 1P, un
BOC (15,2.5) cosinus a été adopté par [GJU, 2005].

Ces signaux de référence doivent étre multiplexés avant lensniission grace a une
modulation a enveloppe constante afin de réduire au minimum lessiie® apportées par
I'amplificateur dans la charge utile. Plusieurs techniques ongréppsées pour résoudre ce
probléme, mais la modulation Interplex a été préférée ([Wang, 2[®BF, 2002]; [GJU,
2005]).

4.1.2. Multiplexage du signal E1 : modulation Interplex

Dans la bande E1, I'objectif du multiplexage est différent de della bande E5, méme si le
résultat final doit étre le méme: une modulation & enveloppe camsthntsignal. La
modulation E1 doit multiplexer trois éléments distincts assaxidsux services differents
dans un signal modulé en phase. Cela peut étre réalisé grace la modulation Interplex.
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La modulation Interplex est une modulation de phase, combinant plusignesix en un
signal composite modulé en phase, comme le montre sa forme gdiBératan, 1972):
s(t) = cos(2n‘c [t+0(t)+¢) ou fc est la frequence de la porteug#f) la modulation de

phase etp une phase aléatoire.

Dans les applications GNSS et plus particulierenpenir Galileo, la modulation est définie
par ([Butman, 1972]):

H(t)=ﬁlsl(t)+gﬁn 50, 1) avec  s,()=21

et ou N est le nombre de signaux multiplex€8,%t5, est I'angle ou I'indice de modulation.
La valeur des indices de modulatigfy détermine la puissance de chaque composante du
signal.

Dans le cas de référence (correspondant a I'acder@004), la modulation Interplex doit
multiplexer 3 signaux différents : 2 sous-portelBEXC(1,1) (correspondant aux composants
data et pilot du signal ouvert) et une sous-pogd8@Ccos(15,2.5) (correspondant au signal
PRS), par conséquent N est égal a 3.

Deux signaux sont transmis sur la composante esepfi@JU, 2005]):
»= |e signal OS data : un BOC(1,1), somposé de données, code et sous-porteuse,

Sosalt) = /Py L& (1) [, (1) ign(sin(27701.0236 1)) = /P, (5,(t)

» |e signal OS pilot: un BOC(1,1)%,scomposé d'un code et d’'une sous-porteuse,

Sosalt) = /P & (1) BBign(sin(27701.0236 1)) = /P, [5(t)
La composante en quadrature transmet le signal:PRS
Sprs(t) = /R, Wope(t) [prs(t) (Sigr{cog277(1501.0236 1)) = R, (3(t)

La formule générale de I'Interplex donne donc :

(s,(t) 3in(B,)codB,) + s,(t) [eod B, )sin(B,)) (o 27£, [T + @) }

0= L (st) wod B, )cod ) - s.(t) 5, (1) 1) min(B, )sin(,) min(272, 3 + 9)

La puissance totale doit étre répartie équitabléneeitre les composantes en phase et en
quadrature [GJU, 2005]. De plus, la puissanceghatOS data doit étre égale a la puissance
du signal OS pilot. Par conséqueht=-5,=m=0. 61%&dians et B-3.52 dB,

P,=P;=6.53 dB.
L’expression du signal transmis est donc la suant

T

st) = cof 274, 1~ 7 51+ s )5, -mis() s () ¢
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ou

(s, (t) Bin(m)cogdm) - s,(t) Eodm)sin(m)) (eod27£, [T + #)

=, (,(t) o (m) + 5,(t) 05, (t) 8, (t) in® (m)) in(274, 1+ )

Les différents états du signal Interplex peuverg é&présentés sur un diagramme de phase,
on constate alors que le modulation obtenue aunerenveloppe constante :

-
L

sin paz) - cosirm)

[

In-phase signal

—> Signal s OSA }

- » Signal s PRS
Quadrature
- > Signal IM signal
O Points of mdulation constellatic

Figure 10 : Constellation de la modulation Interpldu signal Galileo E1

4.1.3. Performance du signal Galileo E1F

Tous les parametres utilisés pour évaluer les padoces du BOC (1,1) sont présentés dans
cette section : la fonction d'autocorrélation, laoRMean Square (RMS) et I'enveloppe
d’erreurs de multi-trajets.
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Le pic principal d'autocorrélation du BOC(1,1) ésbit par rapport au pic d’autocorrélation

d’'un signal BPSK (1) (code C/A), ce qui conduit & libnnes performances. Mais les pics
secondaires sont suffisamment élevés pour entraimeambiguité lors de I'acquisition et de

la poursuite.

BOC( 1) autocorrelation function
1 T S N R =

CiA code
—Boc(.1)

armplitude

time [s] « 10"

Figure 11 : Fonction d’autocorrélation du BOC(1,1)

La bande RMS (Root Mean Square bandwidth) et I'mppe d’erreur de multi-trajets
permettent de comparer les performances en poerdeitdifférentes forme d'ondes. Les
figures suivantes confirment donc que le BOC(1,uha meilleure performance en poursuite
que le BPSK(2).

RMS bandwidih of the OSA signal BOC(1,1) and CfA code multipath error envelope (=05, Cs=0.1 Fc=1.023 MHz, BW= 12 MHz
T T T T 10

jEOC(l,l) '

Uihcode}

—— BOC(1.1)
de

RMSE bandwidth (i z)
METERS

a i i i i i i i ; : : '

8 -10
o 05 1 15 2 25 3 s 4 0 50 100 150 200 260 300 350 400
Double-sided Bandwidth [Hz] ® 107 DELAY In METERS

Figure 12 : Performance en poursuite du signal BOCY

Nous avons donc montré que le signal Galileo Edétizence, c’est a dire le BOC(1,1) prévu
par I'accord de 2004, présente une bonne résistamcanulti-trajets et est modulé grace a
une modulation & enveloppe constante : I'Interplexérifie donc tous les critéres de design
énoncés précédemment.
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4.2. Signaux Galileo E1 optimisés

L’'accord de 2004 laisse la possibilité d’optimisersignal E1, de nouvelles études ont donc
été meneées afin de trouver des signaux E1F prédgetd¢ameilleures performances que le
BOC(1,1). Ces nouvelles formes d'onde sont baséd@aput d'une nouvelle composante au
BOC (1,1).

4.2.1. Définition des signaux optimisés

Deux nouveaux signaux ont été étudiés afin d’omle signal OS: le « Composite Binary
Coded Symbol » (CBCS) ([Hein, 2005]) et le « ConitgoBinary Offset Carrier » ([Avila-
Rodriguez, 2006]).

Le signal “Composite Binary Coded Symbol” (CBCS) eprésenté par la combinaison d’'un
BOC(1,1) et d'un signal BCS avec la méme fréquedee code ([Hein, 2005]) :
S (t)=PIBOC@1) +QIBCYH[p,..-p,] 1) ou P et Q sont des valeurs en % avec la condition

P+Q=100 %.

Si les signaux OS sont transmis grace a des sigB&GS, les composantes data (OSA) et
pilot (OSB) du signal E1F sont alors expriméesadi@a¢on suivante ([Hein, 2005]):

Sosalt) = o (1) Ldy (1) [(PLBOC(@) + QLBCH(p...p, ] 1)
Soselt) = G (1) [(P[BOC(D) - QIBCS(p,...p,,] D)

avec ¢ et @ respectivement les codes data et pilgs, lds donnés et BOC et BCS
respectivement les sous-porteuses BOC et BCS.

QZ
P2 +Q2 '
“+") et la forme d’'onde CBCS associée a la comptes&SB est notée CBCS([p.pn],1,
Q2 H_H)
PZ +Q2 ! '

La forme d’onde CBCS associée a la composante @8Actée CBCS([p..pm),1,

Le “Composite BOC (CBOC)” est une autre forme demioposée pour transmettre le signal
Galileo E1 OS. Il est représenté par la combinalstéaire d’'un BOC(1,1) et d'une autre
sous-porteuse BOC de fréquence supérieure maislave@me fréquence de code [Hein,
2006] :s (1) = PIBOC(@1) +QIBOC(p ) ou P et Q sont des valeurs en % avec la condition

P+Q=100 % et £p*1.023 MHz représente la fréquence de la soutepse BOC(p,1)
combinée avec le BOC(1,1).

Si les signaux OS sont transmis grace a des sig8@BMC, les composantes data (OSA) et
pilot (OSB) du signal E1F sont alors expriméesadi@a¢on suivante [Avila-Rodriguez, 2006]:
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Sosat) = o (1) [do (1) [((PTBOC(LY) + QIBOC(p,1))
Sosslt) = G (1) [(PIBOC(L1) - QIBOC(p))

avec ¢ et @ respectivement les codes data et pilgtjas donnés et BOC(1,1) et BOC(p,1)
respectivement les sous-porteuses BOC(1,1) et BOC(p

2
La forme d’onde CBOC associée a la composante GBAatée CBOC(p,lPZQfQZ, “4+7)

2
et la forme d’onde CBOC associée a la composani &3snotée CBOC(p’lszTQz’ “M.
Quel que soit le signal optimisé, I'objectif reséeméme: multiplexer les différents canaux
(signaux data et pilot E1F et E1P) grace a une tatdo a enveloppe constante. La
modulation Interplex, présentée précédemment,gedeent privilégiée pour transmettre les
signaux optimisés, mais certaines modifications/elui étre prises en compte en raison de
I'ajout de la composante BCS ou BOC(p,1). L'Intexph'est en effet plus une modulation de
trois composantes, mais une modulation de cinq osanges.

4.2.2. Modulation Interplex a 5 composantes: application aux cas CBCS et CBOC

Cette section présente l'application de la modudatinterplex aux deux signaux E1F
optimisés proposés: CBCS et CBOC. En effet, powr adeux cas, cing signaux doivent
maintenant étre considérés et plus seulement trois.

Si un CBCS ou un CBOC est considéré pour transeniettsignal Galileo E1F, le signal OSA
et le signal OSB peuvent étre écrits:

Sosalt) = Co M ID, O [(PIX(t) +QIY()) et Suee(t) = Co(t) [(PIX(t) - QIy(Y))
avec x(t) la sous-porteuse BOC(1,1) et y(t) la qmurseuse BCS ou la sous-porteuse BOC.

Dans ce cas la, le signal E1 Interplex avec unaedat’'onde CBCS ou CBOC s’écrit :

SINGA fic. (1) + Dy (OC, ()] D) (cosep) +c0sB)) 1y . ()
sy=1 2 cod27f t)+ 2 sin(27£ t)

G ¢, + D, (0C, 0]y  [coses) ;°°3Qﬁ3)) Dy (t)Cy (11C, (1)Dpeclt)Cone ()

+

L’équation précédente montre que le produit d'medulation est un BOC(15,2.5) cosinus.

Le diagramme de phase de la constellation estammi& celui d’'une modulation 8-PSK. La
figure confirme que le signal Interplex CBCS/ CB@£ un signal a enveloppe constante.
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Figure 13 : Constellation de la modulation Interplavec un CBCS ou un CBOC

Il a été démontré que méme en considérant lessigoptimisés, le signal Galileo E1 peut
étre transmis avec une modulation a enveloppe aotestgrace a I'Interplex. Ainsi, en
I'absence de filtrage, le signal optimisé E1 neraiepas étre affecté par les non-linéarités
dues a I'amplificateur.

Maintenant, il serait intéressant d'évaluer la grenince, en particulier la résistance aux
trajets multiples, des différents signaux propos@s de montrer I'amélioration fournis par
ces nouveaux signaux.

4.2.3. Performance des signaux E1F optimisés

Dans ce paragraphe, les performances des signatixnisgs vont é&tre décrites.
Tout d'abord, comme le CBCS et le CBOC sont desndsr d'ondes génériques qui
correspondent a un grand nombre de signaux, de&seside performance vont étre établis
pour sélectionner la meilleure séquence et le ewgilpourcentage de BCS ou BOC (p,1)
associes.

Trois formes d'ondes, proposées dans la littératureété étudiées dans la these en fonction
de ces criteres avec l'objectif de trouver la reaié pour transmettre le service ouvert du
signal Galileo. Dans ce résumé, nous ne présemtéesrperformances que d’'une seule de ces
formes, celle qui a finalement été retenue paribdrEuropéenne.

v Facteurs de performance

Comme le montre la définition des équations desasig CBCS et CBOC, ces signaux ont
une grande flexibilité en changeant la séquence £BC la frequence de la sous-porteuse
BOC, et en changeant le pourcentage de BCS ou @& BO

Ainsi, les facteurs suivants sont utilisés pounver le BCS ou BOC(p,1) et le pourcentage
associé, qui permettent d'obtenir les meilleurefopeances, tout en respectant les conditions
de compatibilité et d'interopérabilité posées facrd de 2004 entre I'Union Européenne et
les Etats-Unis :
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= Tout d'abord, la meilleure forme d’'onde CBCS ou @B@oit avoir une fonction
d'autocorrélation étroite afin d'assurer de bonpedormances en poursuite, et sa
bande passante RMS doit étre meilleure ou similaireelle obtenue avec un
BOC(1,1).

» Ensuite, la réjection aux trajets multiples estlégant un facteur important ; c’est
une contrainte majeure pour la conception des gigea raison de son importante
contribution lors du calcul de la pseudo-distance.

Les facteurs ci-dessus permettent d'étudier leonpeainces des signaux CBCS/CBOC lors
d’'une poursuite avec une réplique exacte. Maisjdctif avec ces nouvelles formes d'onde
n‘est pas seulement d'obtenir de meilleures pedoo®s que celles obtenues avec le
BOC(1,1), c’est aussi d’obtenir de bonnes perfoireariorsque la forme d’onde CBCS ou
CBOC est seulement poursuivie a I'aide d’'un BOOQ(&tIpas d'une réplique exacte. En effet,
la réception de ces nouvelles formes d'onde daiteégent étre possible avec les récepteurs
bons marchés, actuellement congus pour recevajuament des signaux BOC(1,1). C'est la
raison pour laquelle d'autres facteurs, prenardoempte les performances en poursuite avec
une répliqgue BOC(1,1), ont été mis en place pawnvier la meilleure séquence BCS/BOC.
Ces facteurs sont les suivants:

» Pertes de corrélation delta :ce paramétre a été défini par [Hein, 2005], il pstrm
d’évaluer le degré de compatibilité des formes das CBCS et CBOC avec le
BOC(1,1). Pour minimiser ces pertes, il faut choise forme d'onde CBCS ou
CBOC dont la corrélation avec un BOC(1,1) ne prtespas de pertes en zéro.

= La symétrie de la fonction de corrélation du CBCS/CBOC avecn BOC(1,1).
Toujours avec l'objectif de poursuivre un CBCS/CB&c répliqgue BOC(1,1), il est
nécessaire de disposer d'une fonction de corrglasigmétrique entre les deux
composantes. En effet, une dissymétrie de cetiitonpourrait induire un biais lors
de la poursuite dans un récepteur congu pour rgcemmuement les formes d’onde
BOC(1,1).

La recherche de la meilleure séquence BCS/BOC etodepourcentage est effectuée en
fonction de tous les facteurs présentés ci-dessus.

[Hein, 2005] a isolé trois principaux signaux optés: le CBCS ([1-11-11-11-111],1),
le CBOC(5,1) et le CBOC(6,1). Les performances e & signaux sont présentées dans la
thése, seules celles du CBOC(6,1) vont étre préssmtans ce résume.

v' Performance du CBOC(6,1)

Le CBOC (6,1) a éteé proposé dans [Hein, 2006]. diev@au signal optimisé a été proposé sur
la base d'un nouvel accord signé entre I'UE eftats-Unis en juillet 2007. Cet accord notifie
que les Etats-Unis et I'Europe adoptent conjointérne signal optimisé pour le signal GPS
L1C et le signal Galileo E1 OS, appelé MBOC (Mu#iage-BOC). Ce signal, compatible
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avec l'accord précédent, a une densité spectrgieidsance normalisée, sans l'effet de filtres
de la charge utile et des imperfections, dont Ifegpion est la suivante:

10 1
Sueoc(f) = ESBOC(Ll)( f) +ESBOC(6,1)( f)

avec Socq,1)la densité spectrale de puissance du BOC(1,135e4e2)la densité spectrale de
puissance de la sous-porteuse BOC(6,1).

[Hein, 2006] expliqgue que la densité spectrale disgance du MBOC(6,1,1/11) peut étre
obtenue en multiplexant temporellement un BOC(&tLljun BOC(1,1) (TMBOC) ou en
combinant un BOC(1,1) avec un BOC(6,1) (CBOC(6,1)).

Dans cette these, le choix a été fait de considére€BOC(6,1) pour le signal OS Galileo.
Dans ce cas, un CBOC(6,1,"+") est utilisé pourdnagttre le signal OSA et un CBOC(6,1,"-
") est utilisé pour transmettre le signal OSB afenvérifier la densité spectrale de puissance
du MBOC,

Sosalt) = Co (1)) [D, (1) [(P IX(1) + QL Y(1)) et susqlt) = Co () [(PIX() ~QIy(Y))
avec x(t) la sous-porteuse BOC(1,1) et y(t) la gmuseuse BOC(6,1). Par conséquent :

P? Bgocay( ) + Q% Buoen (F) + 20, (P REFT(BOC(LY) FT(BOC(6) )}

Sosal f) =

P? + Q2
Sus() = P? Bgocay( ) + Q% Buoey (f) - 20F, (P M REFT(BOC(LY) FT(BOC(6Y) )}
SB P71 2
et
p? 2
Sos(f) = PZTQZ |:9\‘9130(:(1,1)( f)+ PZQTQZ [SBOC(G,l) (f) = Sugoc(f)

avec P =0.383998 et Q = 0.121431 pour verifieldasité spectrale de puissance du MBOC.

Par conséquent, le signal OSA est un CBOC(6,1#J)l,et le signal OSB un
CB0OC(6,1,1/11,”-"). Les performances de ces degraix vont maintenant étre présentées.

Tout d'abord, I'observation des fonctions d'aut@tation montre que le pic le plus étroit est
obtenu pour un CBOC(6,1,1/11,"-"). Aussi, il seqaiéférable de poursuivre le signal MBOC
sur la composante avec un «-» pour obtenir de @edb performances en poursduite.
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autocorrelation of the CBOC(E, 1) signal autocorrelation of the CBOC(B, 1) signal
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Figure 14 : Fonctions de corrélation du CBOC(6,1)

La figure 15 montre que la fonction de corrélatemre les deux CBOC(6,1) et la forme
d'onde BOC(1,1) est symétrique. Ainsi, une poues@avec un récepteur BOC(1,1) sera
possible sans biais.

correlation of the CBOC(B,1) signal with a BOC(1 1) replica
T T T T T T T

T
——B0cC( 1)

——— CBOCE1.1/11,"4+)
—— GBOCE,1,1/11,")

Morrnalized arnplitude

0
Delay [s]

Figure 15 : Fonction de corrélation entre CBOC(6¢t)BOC(1,1)

La figure 16 montre que le CBOC(5,1,1/11,"+"), BCS((1-11-11-11-111],1,1/11,"+"
et le CBOC(6,1,1/11,"-") ont les mémes performarezepoursuite. Le CBOC(6,1,1/11,"+") a
la plus mauvaise performance, mais il reste plisistants aux trajets multiples que le
BOC(1,1). Ces résultats sont conformes a I'observatfaite sur les fonctions
d'autocorrélation.
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Cumulative error envelape (chip spacing=1¢12, bandwidth=24 MHz)
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Figure 16 : Performance en poursuite du CBOC(6,1)

Comme le CBOC(6,1,1/11,"-") présente de bonnesopmdnces, une autre configuration
avec le CBOC(6,1) a été proposée par [Hein, 200} vérifier la densité spectrale de
puissance du MBOC. Cette nouvelle configuratiopgene de mettre un CBOC(6,1, *-*) sur
la composante pilote du signal OS et un BOC (1yt)la composante donnée du signal OS.
Les performances de ce nouveau signal ont été éongnt étudiées dans cette thése mais
elles ne sont pas présentées dans ce résumé o&steas le signal qui a finalement été
retenu par I'Union Européenne.

4.3. Conclusion

Ce chapitre a présenté les signaux de référengetéaden juin 2004 par les Etats-Unis et
I'Europe pour les signaux Galileo et GPS sur ladeaB1. L’accord prévoyait un BOC(1,1)

sinus pour le signal Galileo OS et propose toujaursBO (15,2.5) cosinus pour le signal
PRS. Toutefois, comme I'accord de 2004 prévoyadt optimisation possible des signaux, de
nouvelles formes d'onde ont été proposées pousrirattre le signal E1F. Deux principales
formes d'onde ont été étudiées: le CBCS et le CBOC.

Il a été démontré que ces formes d'onde préseateeffet de meilleures performances en
poursuite avec une réplique exacte.
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En juillet 2007, un nouvel accord a été signé elaseEtats-Unis et I'Union européenne. |l
propose d'adopter pour le signal GPS L1C et leasi@ulileo E1 OS un signal optimisé
commun, appelé MBOC(6,1,1/11). L'Europe a fait lmix de transmettre la composante
donnée du signal OS avec un signal CBOC(6,1,1/I)1éta composante pilote du signal OS
avec un signal CBOC(6,1,1/11,"-"). Il a été momjuee les performances en poursuite de ce
signal sont meilleures que celle du BOC(1,1) qusaitavec une réplique exacte ou avec une
réplique BOC(1,1), surtout en ce qui concerne fapmsante pilote.

5. Impact des distorsions dues aux équipements sutes
performances en réception

Les chapitres précédents ont présenté les signalile@&dans les bandes E5 et E1 et les
modulations utilisées pour les transmettre. |l alément été montré que les formes d’'ondes
de ces signaux et leurs modulations ont été clwiafen de réduire au minimum les
distorsions possibles au cours de leur générdton,propagation et leur réception. En effet,
ces signaux possedent une enveloppe constanteeeexgellente résistance aux trajets
multiples.

Toutefois, il existe des facteurs de distorsionst dleffet ne peut étre réduit par I'optimisation

du signal: le bruit de phase di aux horloges, rdgalement les distorsions induites par le
filtrage dans la charge utile. Ce chapitre présedotec les distorsions induites par ces deux
phénoménes, en particulier sur le signal Galileg &isi en raison de sa large bande
passante.

Tout d'abord, les caractéristiques de la charde etidu récepteur considérés pour cette étude
sont présentées. Ensuite, les résultats des siomgabbtenues avec Matlab, sont exposées
afin d’évaluer l'influence des équipements (horgygemplificateur et filtres de la charge utile)
sur le signal Galileo ALTBOC E5 d’'un point de viéeepteur, en observant les fonctions de
corrélation et I'erreur de phase en mode poursuite.

5.1. Lacharge utile

Une charge utile générique Galileo et ses sousisest ont été décrits précédemment. Ce
modele générique va étre détaillé en présentantdeactéristiques des différentes unités
choisies pour cette étude.

5.1.1. La « Clock Unit »

Les caractéristiques du CMCU, en particulier, lasit® spectrale de puissance du bruit de
phase ont déja été présentées, elles ne sont demmapelées.

5.1.2. Le NSGU (“Navigation Signal Generation Unit”")

Le NSGU est composé d’'un modulateur et d’un fittwenérique.
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Le modulateur géneére les signaux Galileo et lesbomengrace a la modulation Interplex (E1
et E6) ou la modulation ALTBOC (E5).

Le filtre situé en sortie du modulateur est congidi®amme étant un filtre FIR (Finite Impulse
Response) Least-Squares (LS) a 51 coefficientslatgeur de bande du filtre dépend du
signal généré comme le montre le tableau suivant :

Sighaux Largeur de bande du filtre (3 dB)
El 40*1.023 MHz
E5 90*1.023 MHz
E6 40*1.023 MHz

Dans nos simulations, nous ne considérerons qeesldu signal E5.

En raison de la limitation de la bande passantéltie peut distordre le signal a enveloppe
constante générée par le modulateur. Si lI'enveloppst plus constante, des distorsions
peuvent étre créées par l'amplificateur. Toutefows, filtre numérique ne peut pas étre
supprimé, car il permet de respecter les spédificatde bande passante du signal a la sortie
du satellite. De plus, grace a lui, le CAN, les anéleurs et I'amplificateur fonctionnent dans
une bande de fréquence connue. En effet, ces égeife ne sont pas caractérisés pour des
bandes passantes infinies.

Selon les spécifications de bande passante atia gerla charge utile, ce filtre devrait avoir
une bande passante au moins égale a 92 MHz, magewnse demander si une bande
passante plus large ne serait pas préférable, eommpt du fait que 'OMUX en sortie de la
charge utile réalise lui aussi un filtrage, néciesgaour éviter les interférences avec les autres
systémes. Comme mentionné ci-dessus, la bandenpaghafiltre est tout de méme limitée
par les bandes passantes du CAN, des mélangeurs deet I'amplificateur.
Par conséquent, une étude précise de l'influenda lb@ende passante du filtre va étre réalisée
au cours des simulations afin d'évaluer si une d@agsante plus large du filtre numérique ne
serait pas plus intéressante.

Deux largeurs de bande seront donc considéréedgmsimulations (92 MHz et 100 MHz) :
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Digital Filter Transfer Functions

armplitude (dB)

10
Figure 17 : Fonction de transfert du filtre numér&dans le cas du signal E5

5.1.3. Le FGMU

La conversion numérique-analogique et la montédr&juence, réalisées dans le FGMU,
introduisent un bruit de phase sur le signal, pnam¢ du CMCU et modifié par les
synthétiseurs de fréquence du FGMU.

Le bruit de phase introduit pendant la conversiamérique-analogique est représenté
temporellement sur la figure suivante:

3 x 10% D/A conwersion time jitter
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Figure 18 : Représentation temporelle du jitter@AN

La densité spectrale de puissance du bruit de phaseluit durant la montée en fréquence
pour le signal E5 est caractérisée sur la figure 19
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E5 band up-conversion phase noise characterization
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Figure 19 : Densité spectrale de puissance du l@teiphase du a la montée en fréquence

5.1.4. L’amplificateur

L’amplificateur étudié est un amplificateur SSPAnstruit par I'Université de Bilbao en
collaboration avec le CNES. Les caractéristiques//A et AM/PM de cet amplificateur
sont présentées ci-dessous :

AM/AM characteristic AM/PM @ 1.19 GHz
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-10 ‘ : 92 4
-20 -10 0 10 20 90 T T T T T
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Figure 20 : Caractéristiques AM/AM et AM/PM du SSPA
5.1.5. L’'OMUX

Les multiplexeurs de sortie sont généralement gmal I'aide de filtres Butterworth, mais

pour cette étude, afin d’éviter les problemes de-lnarités, le filtre OMUX est simulé a

l'aide d’'un FIR LS dont la bande passante est égdbe bande passante définie dans I'lCD
Galileo (92 MHz dans le cas du signal Galileo E5).
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OMUX filter transfer function
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Figure 21 : Fonction de transfert de 'TOMUX

5.2. Le récepteur

5.2.1. L’oscillateur

Deux types d'oscillateurs, associés a deux typeeckpteurs, seront pris en compte pour
cette étude. Le premier utilisera une horloge dtable basée sur la technologie rubidium et le
deuxieme fera appel a une horloge « classique $QX0O.

Power Spectral Density of phase noise £()
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Figure 22 : Densités spectrales de puissance dit deuphase d’un TCXO et d’un rubidium

5.2.2. Conversion en fréquence

La descente en fréquence du signal entrant est@éajrace a des synthétiseurs de fréquence,
utilisant I'oscillateur de référence. Les figuresvantes présentent les densités spectrales de
puissance du bruit de phase introduit sur le signaant la descente en fréquence avec un

oscillateur de référence de type rubidium et utyge TCXO.
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Down-conversion phase noise characterization for a rubidium receiver Down-conversion phase noise characterization for a TCXO receiver
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Figure 23 : Bruit de phase introduit sur le sigmlrant la descente en fréquence

5.2.3. Filtres du récepteur

Un premier filtre est situé dans la partie RF deepdeur. Ce filtre est un filtre large. Il sera
simulé par un filtre FIR de 120 MHz.

Il existe aussi un filtre aprés la descente enukége, appelé IF car situé en fréquence
intermédiaire. Ce filtre sera modélisé par undil&R dont la largeur de bande varie selon le

mode de poursuite du signal E5 :

90, 70 et 50 MHz.

Receiver IF filters transfer functions

amplitude [dB]

6 4

| |
| |
1 1 i
-2 0 2 4 6
frequency [Hz] X 10

Figure 24 : Fonction de transfert des filtres IF

5.2.4. Conversion analogique-numeérique

Apres la descente en fréquence et le filtrage @équiEnce intermédiaire, le signal est numérisé
par un convertisseur analogique-numérique. Ce ctaseur introduit un jitter sur le signal
modélisé par la figure suivante en temporel :
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Figure 25 : Jitter temporel du a la conversion A/N

Dans les paragraphes précédents, la charge utde deux modeles de récepteurs considérés
ont été décrits avec précision. Ces modeles voat @tlisés pour réaliser des simulations
présentant l'impact des différents éléments dehdage utile et du récepteur sur le signal
Galileo ES.

5.3. Résultats de simulations

5.3.1. Performance de la charge utile

v" Introduction

L’influence de la charge utile sur le signal vaeéétudier grace aux différents facteurs de
mérite présentés sur le schéma ci-dessous. Legétenpectrales de puissance, les fonctions
de corrélation et les constellations ne serontgsasentées dans ce resumé mais elles sont
détaillées dans le corps de la thése.

Génération € Filtre N/A Montée en

bande de basg numérique + fréquence SSPA OMUX
filtre +
large filtre large

- Densité spectrale de puissance, constellatiomctifon de corrélation

- Distorsions de phase évaluées grace a I'égpe de I'erreur de phase dans une PLL et gr.
I'écart type de la différence de phase entre dé&ments

Figure 26 : Schéma présentant I'étude de la chartije
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v Influence du filtre numérique

L’observation de la constellation du signal mormjue I'enveloppe du signal est distordue par
le filtre numérique 92 MHz, elle n’est plus cong&an

L’écart type de la différence entre la phase dmaigortant du filtre et la phase du signal
entrant dans le filtre est égal a 5°, ce qui camdiique le filtre modifie la phase du signal.

Si un filtre numérique 100 MHz est utilisé, la clistion est moins distordue et I'écart type
de la différence de phase est seulement égal @e3tjui confirme qu’il est plus intéressant
d’utiliser un filtre plus large si I'on ne veut pasp impacter I'enveloppe constante du signal
et ne pas voir apparaitre de nouvelles distordmsdu passage dans I'amplificateur.

v Influence du convertisseur numérique-analogique

Que l'on utilise un filtre 92 MHz ou 100 MHz en antadu convertisseur, l'influence de
celui-ci sur la constellation du signal est négligle devant les distorsions introduites par le
filtre numérique. L’écart type de la différenceplease est seulement de 0.003°.

La faible influence du convertisseur numérique-agigiue sur le signal est confirmé par le
calcul de I'erreur de phase dans une PLL, selachéma suivant:

o / _ Phase error =
- (> DIA- B Wide > phaseseful signg)-

Mod. » N ,
p filter conv. |, fiter | phase(Reference signal)

Celle-ci n'est égale qu’a 8e-4° avec une bandealdelb de 10 Hz quelle que soit la largeur
de bande du filtre numérique utilisé.

v Influence de la montée en fréquence

La montée en fréquence a plus d'influence sur ¢madi que la conversion numérique-

analogique mais cette influence ne s’observe @aeohent sur la constellation du signal. Elle
s’observe par contre lors du calcul de I'écart tgeela différence de phase car celui-ci est
égal a 0.045°.

L’écart type de I'erreur de phase dans une PLLgaant a lui égal a 0.045° quel que soit le
filtre numérique considéré.

v Influence de I'amplificateur
Apres la montée en fréquence, le signal entre damaplificateur. L'influence de

I'amplification sur le signal dépend de son poirg €bnctionnement. Son point de
fonctionnement initial est fixé a 2 dB de compressidans ce cas le recul d’entrée (IBO) est
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égal a 0 dB. Mais nous allons étudier I'influenee ldmplificateur pour d’autres points de
fonctionnement et donc pour des IBOs variant d&@B.

L’écart type de la différence de phase obtenu awefiltre numérique 92 MHz est présenté
dans le tableau suivant :

Piput (dBM) 16.9 15.9 14.9 13.9 12.9 11.9

a ()

filtre 92 MHz 0.76 0.7 0.65 0.67 0.91 13

Ce tableau montre que I'amplificateur introduitgphle bruit de phase pour des IBOs égaux a
4 ou 5 dB que pour des IBOs égaux a 1, 2 ou 3 @pe@dant, on remarque aussi que le point
de fonctionnement idéal d’un point de vue effioacie I'amplificateur (IBO = 0 dB) n’est pas
le point de fonctionnement idéal d’'un point de Yaueit de phase (IBO = 2 ou 3 dB).

Concernant, maintenant le calcul de I'écart typéatecur de phase dans une PLL, le tableau
suivant résume les résultats obtenus pour un filtreérique a 92 MHz:

Pinput (dBM) 16.9 15.9 14.9 13.9 12.9 11.9

g () 0.6 0.5 0.46 0.47 0.64 0.9

Comme précédemment, on constate que le point dgidonement idéal d’'un point de vue
bruit de phase est obtenu pour un IBO de 2 ou 3 dB.

Nous allons maintenant étudier les résultats olsteanac un filtre numérique 100 MHz:

Pinput (dBm) 16.9 14.9 13.9 11.9

g (°) 0.47 0.36 0.22 0.75
Ecart type de la différence de phase (filtre 1002Y1H

Pinput (dBM) 16.9 14.9 13.9 11.9

g () 0.33 0.26 0.16 0.53
Ecart type de I'erreur de phase dans une PLL €ilt00 MHz)

Ces tableaux confirment que le point de fonctionstmdéal d’'un point de vue bruit de
phase est obtenu pour un IBO égal a 3 dB quel giteles filtre numérique utilisé. lls
montrent aussi que le bruit de phase global initcglr le signal est plus important lorsque
I'on utilise un filtre numérique 92 MHz. Il vaut do mieux utiliser un filtre numérique le plus
large possible.

44



v" Influence de 'TOMUX

A la sortie de I'amplificateur, le signal est mpléxé et filtre par un OMUX avant d’étre
transmis par I'antenne.

L’OMUX considéré a une largeur de bande égale MBi2, si le filtre numérigue a lui aussi
une largeur de bande de 92 MHz, alors les plota denstellation sont étalés quel que soit le
point de fonctionnement de I'amplificateur. La mmesude I'écart type de la différence de
phase montre quant a elle, que la phase du sighaians bruitée si I'lBO de I'amplificateur
est eleveé.

Piput (dBM) 16.9 15.9 14.9 13.9 12.9 11.9

g () 1.9 1.6 1.14 0.84 0.74 0.73

L’influence de 'OMUX dépend en fait de la caratdégue AM/AM de I'amplificateur et
non de sa caractéristique AM/PM.

L’écart type de I'erreur de phase dans une PLLiooefque plus I''BO augmente, meilleures
sont les performances en terme de bruit de phase.

Pinput (dBM) 16.9 15.9 14.9 13.9 12.9 11.9

g () 1.37 112 0.8 0.58 0.53 0.55

Dans le cas ou I'on utilise un filtre numériqueMBRiz, il y a donc un compromis a faire pour

définir le point de fonctionnement idéal de I'anfiplteur car celui-ci n’est pas le méme que
I'on se place d'un point de vue efficacité ou dpoint de vue bruit de phase. Un IBO égal a 3
dB semble étre le bon compromis d’aprées tous mdtads précédents.

Si I'on utilise maintenant un filtre numérique 1Pz, les tableaux ci-dessous, représentant
I'écart type de la différence de phase et I'écgpetde I'erreur de phase dans une PLL,
montrent que dans ce cas, il 'y a pas de comprarfage, le point de fonctionnement idéal
de I'amplificateur est clairement obtenu pour u®IBgal a 3 dB.

Pinput (dBM) 16.9 14.9 13.9 11.9

g (°) 0.81 0.4 0.33 0.34
Ecart type de la différence de phase (filtre nuiopéei 100 MHz)

Pinput (dBm) 16.9 14.9 13.9 11.9

g (°) 0.6 0.25 0.19 0.22
Ecart type de I'erreur de phase dans une PLL &ilumérique 100 MHz)
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v" Conclusion

Pour conclure, I'évaluation de la contribution indielle de chaque élément de la charge
utile a montré que c’est le filtre numérique quraauit le plus de distorsions sur la phase de
porteuse. Toutefois, si le bruit de phase d( dtefih'est pas considéré, le bruit de phase
introduit par I'amplificateur prédomine.

Il a également été démontré que, en fonction dotptE fonctionnement de I'amplificateur, le
bruit de phase est plus ou moins important. Leleilpoint de fonctionnement a la fois d’'un
point de vue efficacité et d’'un point de vue bdétphase est obtenu pour un IBO égal a 3 dB.

Pour finir, il a été démontré que, si le filtre ntmgue a une bande passante de 100 MHz, le
bruit de phase a la sortie de la charge utile lest faible. Par conséquent, il serait peut-étre
plus intéressant d'utiliser un filtre & 100 MHz coenfiltre numérique au lieu d'un filtre & 92
MHz, parce que 'OMUX filtre déja le signal a laruke passante spécifiee a la sortie de la
charge utile. Toutefois, le choix de la bande patesdu filtre numérique dépendra aussi du
bruit de phase introduit par le récepteur. En gfiete bruit de phase du récepteur est plus
élevé que le bruit de phase de la charge utileyest pas intéressant d'avoir un filtre
numérique plus large car aucune amélioration ne apportée lors du calcul de I'écart type
de I'erreur de phase dans la PLL. C'est la raisur [aquelle le bruit de phase introduit par le
récepteur est étudié dans la section suivante.

5.3.2. Performance du récepteur

v" Introduction

Nous allons maintenant étudier l'influence des étdhtes parties du récepteur selon le
schéma suivant :

Filtre RF (120 .
. Descente en Filtre IF CAN
Signal ——P>
: I MHz) fréquence (90, 70, 50 MHz) >

Evaluation du bruit de phase grace au calculateelir de phase dans une PLL
- Différence de phase entre le signal entrant agleassortant

Figure 27 : Schéma du récepteur

Les simulations seront réalisées en considérantdes types d’oscillateurs du récepteur:
rubidium et TCXO. Le signal entrant dans le réceptst un signal « idéal » Galileo E5 de
bande passante infinie.
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v" Influence du filtre RF

Le filtre RF est un filtre large. L'écart type de différence de phase est égal a 1.7°.

v Influence de la descente en fréquence

L'écart type de la différence de phase du signahtneoque l'influence de la descente en
fréequence est faible par rapport a celle du fiRie et que les performances sont meilleures
avec un oscillateur rubidium.

TCXO rubidium
g (°) 0.41 0.23

L'écart type de 'erreur de phase dans une PLLlégat a 0.18° avec un récepteur rubidium et
a 0.8° avec un récepteur TCXO, ce qui confirmentesileures performances en terme de
bruit de phase du récepteur rubidium.

v" Influence du filtre IF

L’influence de ce filtre va étre étudiée en fonatite sa largeur de bande. Comme le montre
le tableau suivant, I'écart type de la différenegptiase, plus le filtre est large, meilleures sont
les performances en terme de bruit de phase.

g (°)

Filtre IF 90 MHz

Filtre IF 70 MHz

Filtre IF 50 MHz

rubidium

5.13°

7.9°

16.8°

TCXO

5.13°

7.9°

16.8°

v Influence de la conversion analogique-numérique

L’influence du convertisseur analogique-numériquels signal est évaluée grace au calcul
de la différence de phase et grace au calcul dart'éype de I'erreur de phase dans une PLL.

g ()

Filtre IF 90 MHz

Filtre IF 70 MHz

Filtre IF 50 MHz

rubidium 0.0012° 0.002° 0.006°
TCXO 0.0026° 0.006° 0.01°
Différence de phase en sortie CAN
PLL O (°) Filtre IF 90 MHz Filtre IF 70 MHz Filtre IF 50 MHz
rubidium 0.17° 0.17° 0.18°
TCXO 0.85° 0.84° 0.8°

Erreur de phase dans une PLL en sortie du CAN
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Les résultats montrent que le bruit de phase initquhr le CAN est négligeable devant le
bruit de phase introduit par la descente en fréecpiet que le bruit de phase a la sortie du
CAN ne dépend pas de la largeur de bande du lfiitr&n constate de plus, comme prévu que
les performances sont meilleures pour un rubidiusngpur un TCXO.

v" Conclusion

Le tableau suivant récapitule les valeurs obtepoes le calcul de I'écart type de I'erreur de
phase dans une PLL selon les différents cas trait&onsidérant un point de fonctionnement
de 'amplificateur avec un IBO égal a 3 dB.

Charge utile Récepteur
Filtre numérique Filtre numérique . Oscillateur
92 MHz 100 MHz Oscillateur TCXO Rubidium
g () 0.58 0.19 0.8 0.18

Si l'utilisateur utilise un récepteur TCXO, quelige soit la configuration de la charge utile, le
bruit de phase prédominant sera celui-ci provedantécepteur. Par contre, si l'utilisateur
utilise un récepteur de type rubidium, le bruit glease introduit par la charge utile peut
prédominer si le filtre numérique de la chargeeutist égal & 92 MHz. Si le filtre numérique a
une bande passante de 100 MHz, le bruit de phaséadpteur et de la charge utile sont
équivalents.

5.3.3. Performance de bout en bout

Pour terminer, une derniére simulation nous peditataluer I'écart type de I'erreur de phase
dans une PLL lorsque le signal entrant dans leptéae n'est pas un signal idéal comme
précédemment mais le signal sortant de la chaifge Lé filtre numérique de la charge utile
considéré a une largeur de bande de 92 MHz, te fift du récepteur a une bande passante de
50 MHz dans le cas d’un récepteur TCXO et une baadsante de 90 MHz dans le cas d'un
récepteur rubidium.

TCXO Rubidium
g () 3.4 0.66

Comme prévu, le bruit de phase introduit par latrehad’ émission/réception est plus
important dans le cas d’'un récepteur TCXO que tanas d’un récepteur rubidium.

Si la méme simulation est réalisée avec un filuenérique 100 MHz, I'écart type ne vaut
alors plus que 0.26°, ce qui montre I'avantageilibet un filtre numérique le plus large
possible.
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5.3.4. Conclusion

Toutes les simulations présentées ont permis derrdigter une charge utile optimisée,
composeée d’un filtre numérique 100 MHz et d’un afigateur SSPA travaillant a un IBO
égal a 3 dB.

6. Conclusions

Tout d’abord, une étude précise du systeme Galdeola charge utile au récepteur a été
menée. Les différents éléments de la charge utilduerécepteur pouvant entrainer des
distorsions sur les signaux Galileo ont été id&if les horloges, 'amplificateur de la charge
utile mais aussi les trajets multiples. L'étude desorsions introduites sur le signal par ces
éléments a montré que les signaux Galileo devaiesséder une modulation a enveloppe
constante et une bonne résistance aux multi-trajets

Les signaux Galileo E1 et E5 ont été présentésueiés afin de vérifier qu'ils présentaient
les propriétés énonceées ci-dessus.

Le signal E5 est un signal a enveloppe constardieega la modulation ALTBOC et des
simulations ont montré qu’il présentait une bordsstance aux multi-trajets.

Le signal E1 quant a lui, possede aussi une enpelmonstante grace a la modulation
Interplex. Il a été récemment optimisé afin de enésr une meilleure résistance aux multi-
trajets, ce n’est plus un BOC(1,1) classique mai€BOC(6,1).

De plus, l'influence des différents éléments deharge utile et du récepteur a été étudiée
grace a des simulations Matlab. Cette étude a paetedéterminer une charge utile optimale
pour générer le signal Galileo E5 : elle est corépod’un filtre numérique 100 MHz en
sortant du NSGU et d’un amplificateur SSPA traaaitla un IBO de 3 dB.
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Figure 153

Frequency synthesizer linear model
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1.1 Motivation

On May 26, 2003, the Galileo program was agreec wgbcially by the European Union
(EU) and the European Space Agency (ESA) with dumdh of the legal entity which will
have the task of coordinating ESA and EU involvemen Galileo: the Galileo Joint
Undertaking (GJU). Galileo is a proposed satetidwigation system, to be built by the EU
and ESA, autonomous but also complementary to thmer&an Global Positioning System
(GPS). The system is expected to be completelyatipeal by 2013. Galileo is intended to
provide to all users a greater precision than whaturrently available and a positioning
system upon which European nations can rely evemies of crisis. It will also provide an
improvement in the coverage of satellite signalfigher latitudes, which northern regions
such as Scandinavia will benefit from.

The Galileo program was divided into three mainggisathe development and validation
phase (until end 2010), the deployment phase wighntanufacturing and the launch of the
satellites of the complete constellation (2011-20412d the commercial operating phase (at
the beginning of 2013). Started a few years age,fifst phase, led by the Galileo Joint
Undertaking and now by the GNSS Supervisory Autidf6ESA), is a research and validation
phase dedicated to the development of the Galilgutacture and design required to provide
high precision navigation, position, timing andeigtity information to meet both user needs
and public obligations, such as safety for all $rort modes.
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The development phase concerns all the elemerntedbalileo system: the satellites, the
receivers, the ground stations, the networks laat tle Galileo signals design.

This last point is an important topic because tlél€b signals should allow the share of
the frequency bands, always occupied by other systech as GPS for instance, while
offering a good spectral isolation when neededetteb robustness against interference and
good tracking performance. The signal choice gdee through a study of the signals
generation in the satellite payload in order tontdg possible factors of distortions whose
effect can be reduced by choosing signals withiqdar properties. Moreover, payload
consideration is one of the important factors imedl in a GNSS signal design.

It is within the framework of the Galileo signalsaice that the CNES (Centre National
d’Etudes Spatiales), member of the Galileo SigraaKTForce (STF), an European committee
in charge of the Galileo signals design, has spewssthis Ph.D., dedicated to contribute to
the optimisation of the Galileo signals and thated payload.

1.2 Thesis objectives

The aim of this thesis is to optimize the Galileansmission chain from a signal point of
view. This optimisation focuses on the Galileo signand their generation in the satellite
payload. The tasks identified to reach this obyectiave been divided into the following
research goals:

» To study and analyze the Galileo transmission civaiarder to identify equipment
being able to induce impairments on the signalss ®hjective can be divided in more
precise stages:

o To analyze the payload architecture to identifyssmin equipment being able
to induce impairments during the signal generatidre payload is composed
of different units, that have to be carefully claaeaized, in particular the
amplifier and the atomic clocks.

0 To analyze the receiver architecture to identifys ttime, equipment being
able to induce impairments during the signal raoept

o To study the signal propagation and analyze thecefif the multipath on the
signal performance.

» To study the tracking modules of the receiver irtipalar the code Delay Lock Loop
(DLL) and the carrier Phase Lock Loop (PLL) sintege elements provide the
observables, directly used for positioning, timagd the study of the performance
from a receiver point of view.

= To identify signal properties allowing to reducee thimpact of the identified
impairments factors and to establish if the Galgegmnals, proposed by the GJU and
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GSA, verify these properties. These properties lanlinked to both the signals
waveforms and the signals multiplexing modulations.

= To estimate the performance of the Galileo basdiheignals and analyze if the new
waveforms (Composite Binary Coded Symbols (CBCS$) @amposite Binary Offset
Carrier (CBOC)), proposed and chosen to optimiiegignal, permit both to improve
the performance from a receiver point of view aodverify the signal properties
reducing the influence of the transmission chaipamments.

= To evaluate through simulations the impact of dgnmpairments due to Galileo
system equipment on receiver performance using smeeific figures of merit. This
evaluation will allow to deduce optimal operatinging of the payload amplifier and
find optimal payload architecture.

The organisation of the thesis is determined by itier-relationship between these seven
objectives, as it will be outlined in section 1.4.

1.3 Thesis contributions

The main contributions of this thesis are enumerditelow and are detailed all along this
dissertation:

= Evaluation of the Galileo power link budget

» Detailed analysis of the Galileo payload and remeiin order to assess the
impairments introduced on the Galileo signals dyrtheir generation and their
receiver processing, in particular:

o Elaboration of a detailed payload scheme for thidgdasystem
o Theoretical analysis of payload and receiver clggkase noise and payload
amplifier distortions

= Analysis of the civil Galileo signals at the E1 aB® bands, based on a new
modulation called Binary Offset Carrier (BOC), m@recisely:

o Study of new waveforms: CBOC and CBCS
o Performance evaluation thanks to multipath errovetope and RMS
bandwidth

= Analysis of the multiplexing techniques used tmsrait the Galileo signals:

o Adaptation of the general definition equations led interplex modulation to
the navigation signals and more particularly toEieband signals

o Study of the Alternate BOC (ALTBOC) modulation etjaa and generation to
multiplex the E5 band signal
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» Theoretical expressions of the power spectrum tleasof the global E5 and E1
signals

= Matlab simulations of payload and receiver equipmerifluence on receiver
performance:

o Computation of the error introduced by the ideatfiimpairments on a
receiver Phase Lock Loop (PLL), correlation funefp spectra and
modulation constellation.

o Choice of an optimal payload architecture

1.4 Thesis outline

As already mentioned, the study of the Galileo sigrand payload constitutes the heart of
this Ph.D. This dissertation is structured as fe#io

First of all, chapter 2 gives an overview of thelilda system. The Galileo frequency
bands, the Galileo signals and the services asedciae described. The waveforms proposed
to transmit them, classical BPSK and innovative B@f@ also presented and the advantage
of the BOC signal is underlined. Moreover the povirek budget of the Galileo system is
computed to evaluate the necessary power at tHegzhgutput.

Chapter 3 describes the Galileo payload and recéiygresenting their equipment and
their processing. The study of these architectpersnits to identify payload and receiver
elements which could induce signals impairmentsn&alesign constraints on the Galileo
signals are investigated to reduce the signalsimmeats.

Then, chapter 4 presents the Galileo E5 band sigmnisigned by the STF, and the
modulation proposed to transmit it: the Alternate@® It is shown that the ALTBOC signal
complies with the design constraints identifiedapter 3.

The next chapter deals with the design of the €aliE1l signals. First, the baseline
signals, decided in a 2004 EU/US agreement, argepted with the modulation associated,
the Interplex. It is shown that it verifies sigrisign constraints exposed in chapter 3. The
receiver performance of the baseline Open serwrals is also exposed.

As the 2004 EU/US agreement left the door openafgyossible optimization of the
baseline, recently, new Galileo E1F signals havenlgoposed. The performances of these
new signals are studied to identify the improvemeantnpared to the baseline performance,
and if these new waveforms present properties pengito reduce the distortions due to
transmission chain impairments.

In chapter 6, the impact of the generation and ggsiog impairments on the Galileo E5
ALTBOC is evaluated thanks to figures of merit eg@nting receiver performance such as
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the error in the PLL or the correlation functiorhig evaluation is realized thanks to Matlab
simulations.

Finally, chapter 7 summarizes the main resultshf Ph.D. work and concludes on the

obtained results. Some outstanding issues areduntenl as openings and propositions for
future works.
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Chapter 2

The Galileo System
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Galileo will be the Europe’s own global navigatigatellite system, providing global
positioning service under civilian control. It wilbe inter-operable with GPS (Global
Positioning System) and GLONASS, the American amdsin global satellite navigation
systems.

Galileo is based on a constellation of 27 satsliffgus 3 in reserve) and ground stations
providing information concerning the positioning wders in many sectors such as transport
(vehicle location, route searching, speed congigdance systems, etc.), social services (e.g.
aid for the disabled or elderly), the justice sgsi@nd customs services (location of suspects,
border controls), public works (geographical infatan systems), search and rescue
systems, or leisure (direction-finding at sea ahgmountains, etc.).

The 27 satellites, constituting Galileo constetiati will be on a medium earth orbit
(MEO) and distributed in 3 circular orbits planésa altitude of 23222 km. Each orbit plane
will have an inclination of 56° and will containdperational satellites plus one operational
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spare. This geometry will guarantee availabilitytlué service under all but the most extreme
circumstances ([ESA, 2005]).

Each Galileo satellite will broadcast signals to grecessed by Galileo receivers to
compute position. Through this processing, the ivece extract measurements giving
indication of the distance from the user to theclfitg. Each satellite will broadcast 10
different navigation signals whose carrier frequesi@are within the 1.1 to 1.6 GHz band.

These different Galileo navigation signals will lbescribed in this chapter. Their
frequency bands and their associated servicesalgitl be presented. Moreover, the power
link budget of the Galileo system, depending on s$ignals and the frequency bands, is
exposed.

2.1 Galileo Frequency Plan

2.1.1 Frequency bands

The Galileo navigation signals are transmitteddarffrequency bands in which regulatory
protection is claimed: the E5a band (1164 MHz -11795 MHz), the E5b band (1191.795
MHz — 1215 MHz), the E6 band (1260 MHz — 1300 Midmyl the E1 band, putting together
the former E2-L1-E1 bands (1559 MHz — 1592 MHz)e3d bands have been selected in the
allocated spectrum for Radio Navigation Satelliterv&es, already used by GPS and
GLONASS. Moreover, Eb5a, E5b and E1 bands are iecud the spectrum allocated for
Aeronautical Radio Navigation Services (ARNS) (9235 MHz and 1559-1610 MHz),
employed by civil aviation users, that allows sgfetitical applications.

Figure 1 presents the RNSS (Radio Navigation $@e8ervice) and ARNS bands
sharing between the Galileo and the GPS systems.

ARNS Bands ARNS Bands

------_—_—1_—_—_—_— - EEm e

RNSS Bands RNSS Bands
L2 i E6

"3 i
€ >
: I
i
i

L1 El

ESalls i  ESb

§
&

- GALILEO Bands (Navigation)

|:| GALILEO SAR Downlink

|:| GPS Bands (Current & modernized)

Figure 1 Galileo and GPS frequency bands[GJU, 2005]
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2.1.2 Carrier frequencies and bandwidths

In each allocated band, Galileo satellites willngmit navigation signals on a carrier
frequency. To avoid interference with signals whesession bandwidths are nearby E5, E6
and E1 bands, a transmitted bandwidth is associatezhch carrier or central frequency.
Table 1 summarizes all these elements [GJU, 2005].

Frequency band Cafrrr;ru(;rncésntral Transmitted bandwidth
ES5a 1176.45 MHz 60x%1.023 MHz
E5b 1207.14 MHz 60%1.023 MHz
E5 (E5a+E5b) 1191.795 MHz 90%1.023 MHz
E1l 1575.42 MHz 40x1.023 MHz
E6 1278.75 MHz 40x1.023 MHz

Table 1 Galileo frequencies and associated bandhsidt

2.1.3 Multiple Access

To transmit the different navigation signals coatinsly in the same frequency bands, the
satellites use the Code Division Multiple Acces®A) technique. CDMA is a method of
multiple access that does not divide up the chalwgetime plots (as in Time Division
Multiple Access - TDMA), or frequency bands (asHrequency Division Multiple Access -
FDMA), but instead encodes data with a special @sd®ciated with each channel, and uses
orthogonality or quasi-orthogonal propert@she special codes to perform the multiplexing.
This multiple access capability is important forlil@a because a user receiver may receive
simultaneously several Galileo signals from sevsadtllites, wherein all signals occupy the
same frequency channel and are continuous.

The Galileo signals will be transmitted, includiddferent ranging codes per signals, per
carrier frequency and per Galileo satellite. Thifedent ranging codes are pseudo-random
noise (PRN) code sequences. They are uncorrelated they are associated to a rectangular
waveform, their autocorrelation function has artgie shape [Parkinson, 1996]:

A
R(r)
T
>
= Tc + TC
Figure 2 PRN code autocorrelation function
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2.2 Galileo Navigation Signals and Services

2.2.1 Galileo navigation signals description

Each Galileo satellite transmits six navigationnaig. These signals are named E1F, E1P,
E5A, E5B, E6C and E6P signals [GJU, 2005]:

= EI1F signal is an open access signal transmittéloeic1l band and composed of a data
and a pilot channel (the E1-B and the E1-C sigoaimonents). This signal is accessible to all
users thanks to unencrypted ranging codes. The rEMgation data contains integrity
messages as well as encrypted commercial data.

= EI1P signal is a restricted access signal transiitt&1-A signal channel. Its ranging
codes and navigation data are encrypted using ergamental encryption algorithm, because
of the services associated (Table 3).

= Eb5a signal is an open access signal transmittéldeiie5 band and composed of data
and pilot channels (E5a-lI and E5a-Q signal compisyemhis signal is accessible to all users
thanks to unencrypted ranging codes and navigatada. The E5a navigation data stream
transmits the basic data to support navigationtiamag functions.

= E5b signal is similar to the E5a signal with a datd a pilot channel (E5b-I and E5b-
Q signal components). However, the E5b navigatiaa dtream contains integrity messages
as well as encrypted commercial data.

= EG6C signal is a commercial access signal transinittéhe E6 band and composed of
a data and pilot channel (E6-B and E6-C signal ammepts). Its ranging codes and
navigation data are encrypted using a commerciatyption algorithm, because of the
services associated (Table 3).

= EG6P signal is a restricted access secured sigaradritted in the E6-A signal channel.
Its ranging codes and navigation data are encrypisidg a governmental encryption
algorithm, providing anti-spoofing and other seturfeatures, because of the services
associated (Table 3).

The Galileo signals characteristics are summaiiiz¢able 2:
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Galileo Signal
Signals| channel

Ranging Code

Description Encryption

Data Encryption

Open access code signal

carrying integrity data No Partial

E1F E1-B, E1-C

E1P E1-A Restricted access codg Governmental Governmental
and data signal

E5a E5a-l, E5a-Q Open access code No No

Open access code signal

carrying integrity data No Partial

ESb | ES5b-I, E5b-Q

E5 Combination of E5a and E5b signals

Controlled access codg
E6C E6-B, E6-C carrying encrypted Commercial Commercial
commercial data

E6P E6-A Restricted access codg Governmental Governmental
and data signal

Table 2  Galileo signals characteristics [GJU, 2005]

By counting the signal channels presented in tabken elementary Galileo signals can
be identified.

2.2.2 Galileo navigation services description

The Galileo system provides five different servjcassociated to the signals described
previously [GJU, 2005]:

= An Open Service (OS) providing all information sueh positioning, navigation and
timing services, free of charge, for mass marketgaion applications, interoperable with
other GNSS systems and competitive to the GPS atdpibsitioning services,
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= A Safety-Of-Life service (SOL), compliant to theedks of safety critical users such as
civil aviation, maritime and rail domain. The SQicludes high integrity and authentication
capability, although the activation of these pasitids will depend on the user communities.
The SOL service includes service guarantees,

= A Commercial Service (CS) generates commercialmeeedy providing added value
over the Open Service, such as by disseminati@marfypted navigation related data, ranging
and timing for professional use, with service gateas, high integrity level, precise timing
services, high data rate broadcasting, provisioiomdspheric delay modes, local differential
correction signals and controlled access,

= A Public Regulated Service (PRS), for applicati@vated to European and member
states, for critical applications and activitiesstfategic importance. It makes use of a robust
signal and is controlled by member states. Thisieerprovides services guarantees, high
integrity, full range of value added features ancecess controlled by encryption,

= A Search And Rescue support service (SAR) provakssstance to the COSPAS-
SARSAT system by detecting emergency beacons amaifding return link messages to the
emergency beacons. It is a service for search escle applications by providing near real
time reception of distress message and precisédooaf alert.

The next table provides the mapping of the Galdeovices into the Galileo navigation
signals:

Signals OS users SOL users CS users PRS users
E1F X* X* X
E1P X
E5a X X
E5b X* X* X
E6C X
EGP X

* with no access to encrypted commercial data

Table 3 Galileo services and signals mapping
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2.2.3 Galileo signals models

The Galileo navigation signals, exposed in sec#dhl, are designed on the basis of two
waveforms: the first one is the Binary Phase Stéying (BPSK) modulation, already used
to transmit the signals of GPS block Il and theosécone is the Binary Offset Carrier (BOC)
modulation defined in [Aparacio, 1994] and [Bet@02].

2.2.3.1 BPSK signal

A Binary Phase Shift Keying (BPSK) signal with @egular spreading symbols is proposed
to transmit some of the Galileo signals. This matiah is well-known because it is used in
the GPS system to transmit the C/A and the P(Y)adgg

In navigation system a base band BPSK signal doelldefined as:

= the product between a PRN code sequence and aeatpiance if it is used for a data
channel, or

= by only a code sequence if it is used for a piiatté less) channel

The characteristics of the Galileo signals, trattech thanks to BPSK modulation, are
summarized in table 4:

sonal | Sod | pato | beiore | laiseon | Seconda
(Mcps) | Multiplexing
E5a-l | 10230 | 10.23 BPSK(10) Yes (50) Yes
E5a-Q 10230 10.23 BPSK(10) Pilot Yes
E5b-I 10230 10.23 BPSK(10) Yes (250 Yes
E5b-Q 10230 10.23 BPSK(10) Pilot Yes
E6-B N/A 5.115 BPSK(5) Yes (1000 N/A
E6-C N/A 5.115 BPSK(5) Pilot N/A

Table 4 Galileo BPSK signals

However this BPSK modulation can not be used tostrat all the Galileo signals. Indeed
the BPSK signal can not provide a good sharinghefdurrent band spectrum by multiple
signals, what is an essential element of Galiled GRS systems, particularly at the E1/L1
band. That is the reason why new modulations weeidiesd. These new modulations have to
provide a better share of existing frequency atiooabut also they must supply binary phase
values, maintaining ease of signal generation aoéliver processing.
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One of them, presented in [Betz, 2002] and cdedry Offset Carrier modulation, was
chosen as a design basis for some of the Galidgaks but also the modernized GPS signals,
such as the new civil L1-C signal.

2.2.3.2 BOC signal

The Offset Carrier modulation is interesting tongmit the Galileo signal because it provides
a simple and effective way of moving signal eneagsay from band centre and consequently
allows the use of a same frequency band by both &@¥S5alileo systems. Moreover it offers
a high degree of spectral separation with signalstezed in the used band and a better
robustness against interference, as it will be shiomchapter 5 for the E1 band.

An Offset Carrier signal results from the produtaoNRZ spreading code with a sub-
carrier.
These OC signals can be divided in two families:

= Linear Offset Carrier (LOC) modulation, obtained HKye product between the
spreading code and a sine or a cosine sub-carrier

= Binary Offset Carrier (BOC) modulation, obtained kye product between the
spreading code and a squared sub-carrier, whi@iNIRZ signal, equal to the sign of the sine
or cosine waveform.

The BOC modulation is preferred to transmit navaatsignals because it produces a
constant-modulus complex envelope, contrary toll®€ modulation, and provides binary
phase values.

2.2.3.2.1 BOC signal definition

Generally, the BOC signals are commonly referreB@&€(p,q). The first parameter p defines
the sub-carrier rate and the second parameter inedethe spreading code rate in the
following way:

f, = p[1.023 MHz and f, = q[1.023 MHz

f
The ration= 2f—S=2£ is the number of half periods of the sub-carrieriy one code

C

chip.

In the literature two notations are used to defireBOC signal. The first model defines
the BOC signal as the product of a materializeceowith a sub-carrier, equal to the sign of a
sine or a cosine waveform. It is presented in [B2@02], [Ries01, 2003].
In this case, if c(t) is the code sequence wavefeith a code period equal ta. &nd f the
sub-carrier frequency, the expression of the stmespd BOC signal is:

X(t) = c(t) [ sign(sin(27£ st)) with  ct) = > c.h(t-KT,) (2.1)
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where h(t) is the code materialization. It is a NRd&terialization equal to 1 over [0 Bnd O
everywhere else ang, ={-11}.

The expression of the cosine-phased BOC signatifyr the sine BOC:

x(t) = c(t) [sign(cod27% .t)) with  c(t) =Y c.h(t-KT,) (2.2)

The second model, presented in [Pratt, 2003] artiz[E2002], defines the BOC signal by
the following equation:

X(t) =) ¢, p(t —KT,) (2.3)

with p(t) broken up into n=2f. rectangular pulses of duratiog/T with amplitudes of +/- 1.
In this case the sine-phased or cosine-phasedasubycis considered as a part of the chip
waveform.

The two models presented above are identical ifdkie n is even. In fact if n is even it
is true to consider that the sub-carrier is inctugethe chip waveform. However it is false to
consider such a thing if n is odd. The examplegrexl below shows clearly that these two
conventions lead to different time series if naslo

Example:

Considering:
= acode sequence equal to : {1,-1,-1,1}
» asine-phased square sub-carrier witff2E= 3:

A

—>
Te

If the BOC signal is written as (2.1), it can bpresented by:

x® A

On the other hand, if the BOC signal is writtenExg 2.3, the sub-carrier is considered
included in the chip waveform and:
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p(t) X A

Both signals obtained are different. Indeed, tlegepolarity inversion every 2 bits.

If n is odd a modification must be made on the tsrges to be allowed to consider that the
sub-carrier is included in the code materializatifBetz, 2002] proposes the following
transformation, valid both for the sine-phased thiedcosine-phased cases:

X(t) = > ¢ h(t —KT,) Bigr(sin(27# t))

0 (2.4)
KO =3 (D*c,pr (-KT)  noddwith py =3 (-)"hy t-m-2)
K m=0 2

A (-1)* term is introduced. This introduction is in faguévalent to a modification of the PRN
code sequence, becoming now {eland not ¢ Consequently, in the case n odd, to consider
that the sub-carrier is included in the chip wamefoa modification must be made on the
code sequence to obtain the same time domain expness (2.1). It is quite easy to go from
one convention to the other but this point is gintportant because a receiver adapted to one
convention would suffer large losses in receiviigmal using the other convention.

After discussions with the recognized experts m domain, it turned out that the first
convention is the most suitable definition in orderstick to the original BOC definition.
Afterwards it is assumed that the BOC signal israef by the first notation whatever the
parity of n, so:

x(t) = c(t) [sign(sin(27/4t))  or  x(t) = c(t) [sign{cog27£ .t))

But the second notation is useful to compute BO€:spm, that the reason why it will
be kept.

2.2.3.2.2 BOC Power Spectrum Densities

After the definition of the BOC signal, it is ing=ting to calculate and study its power
spectrum densities because they permit to evathatBOC spectrum shape and consequently
show the sideband structure of the spectrum. Bey thiso permit to evaluate different
performance factors such as the Root Mean SquaviS)Randwidth, the spectral isolation,
etc ...

The BOC signal is regarded as stationary signat FRN code sequence is considered
random, non periodic, and each chip is identicalistributed, binary, equiprobable and
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independent. The next formula can be used to akeuhe power spectrum density of the
BOC signal:

_|PCH)”

c

G(f) (2.5)

with P(f) the Fourier Transform of the signal matkzation and T the code period.

This formula assumes that the sub-carrier is ireduth the chip waveform or that the
PRN code sequence is changed as presented abavesaifte formula can be used for the
both cases because most of the PRN sequencesnuS&EIS up to now are approximated as
long codes, which can be assumed as independardrsaes over time.

Consequently, considering the previously hypothasid the calculations presented in
Appendix A, if the BOC signal is sine-phased, itsmalized power spectrum densities are
equal to:

2

T
1 sin(ﬂ £)sin(7dT,)
Geoc(f) == L for neven
T. 7f cos@)
AT ’ (2.6)
1 sin(——=) cos(dT,)
Geoc(f) == L for nodd
T
T. 7f cos%)
And if the BOC signal is cosine-phased, the exjjoessare:
2
Ggoc(f) = Ti L@{CO{# Lj —1} for neven
c | 7f co{n‘ Cj n
n
2 (2.7)
Ggoc(f) :Ti Llﬂ‘il)_{w{ﬂ Lj—l} for n odd
| 7f co{n‘ CJ n
n

It has to be pointed out that these expressionst dake into account the periodic
features of the PN codes used for open GPS andeGalignals. These periodic features
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include spectrum lines spaced by the inverse ofctae period, in most of the mentioned
GNSS open signals.

The next two graphs present examples of power gpealensities obtained for sine and
cosine BOC(1,1) (n even) and for sine and cosin€@6,10) (n odd).

BOC 1) power spectrum densities
T i | |

sine BOC{ 1)
cosine BOC(T 1) |
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Figure 3 sine and cosine BOC(1,1) spectrum
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BOC(15,10) power spectrum densities
T T T : : : : : ' ' '
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Figure 4 Sine and cosine BOC(15,10) spectrum

Figures 3 and 4 show that the width of each mabwe lequals twice the code rate. It can
also be noticed that the sine waveform seconddmgsi@re concentrated in-between the two
main lobes of the spectrum, whereas the cosinefamandeatures only small secondary lobes
around the carrier, most of the secondary lobesggrgeing rejected on the external part of
the spectrum.

Moreover these graphs prove that the BOC modulge@mits to move the signal power
away from the band center, which offers the po#tritir better code tracking accuracy and
multipath rejection. Thanks to its two independeéesign parameters: the code and the sub-
carrier frequencies, the BOC modulation providesenfreedom to concentrate signal power
within specific parts of the allocated band to m®lunterference with other signals while
keeping the same central frequency (for easy anatesaiting for instance). Therefore it
permits a better sharing of the allocated bandwdmt the different navigation systems than
pure BPSK signals.

Finally, the BOC signal offers also practical adeges in receiver performance for
signal acquisition, code tracking, carrier trackiagd data demodulation as presented in
[Betz, 2002] and as it will be shown in chapterusinlg the performance study of the Galileo
E1l signals.

2.2.3.2.3 Galileo BOC signals

The table 5 presents the Galileo signals transthittgng a BOC modulation:
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: Code Chip Modulation Navigation | Secondary

Signal Length Rate b.e forg Data (sps) code
(Mcps) | Multiplexing
E6a N/A 5.115 BOG410,5) Yes N/A
Yes (the
data rate is
E1A N/A 2.5575| BOG{15,2.5) not public N/A
info)

E1B 4096 1.023 BOC(1,1) Yes (250) No

E1C 8192 1.023 BOC(1,1) Pilot Yes

Table 5 Galileo BOC signals

The global E5 signal (E5a+E5b) could also be carsidl as a BOC signal because, as it
will be shown in chapter 4 dedicated to this sigtta modulation used to combine the E5a
and E5b signals is based on a BOC modulation. TotabES5 signal is called Alternate BOC.

2.2.3.3 Conclusion

Figure 5 summarizes the sections 2.1 and 2.2 kseptieg a mapping between Galileo bands,
signals and services [GJU, 2005].
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The E5a and E5b signals are composed of a data BRfBEI| and a pilot BPSK signal.
Before being transmitted by the satellite payladhése four signals are multiplexed around
their carrier frequency (1191.795 MHz) thanks tpaaticular modulation, called Alternate
BOC modulation and presented in chapter 4, as owadi previously.

The E6P signal is a BOCcos(10,5) and the E6C signalBPSK signal in base band.
They are also multiplexed around their carrier tiemwcy (1278.75 MHz) before being
transmitted. The modulation for their multiplexirg called Interplex modulation. It is also
used to combine the three E1 signals: BOCcos(1521P signal, the data BOC(1,1) E1F
signal, and the pilot BOC(1,1) E1F signal. This miation will be described in chapter 5.

Now that the Galileo signals, their frequency barttieir carrier frequencies, their
associated services and their waveforms have hesemqted, all the elements are gathered to
study the power link budget of the Galileo system.

2.3 Galileo Link Budget

One of the objectives of this thesis is to exantime Galileo payload and particularly, the
evaluation of the payload amplifier non-lineariti@sfluence on the Galileo signals.
Consequently, the study of the Galileo link budtgeinteresting in order to evaluate the
necessary power at the payload output and thereéfmerequired operating range of the
payload amplifier.

2.3.1 Definition

The Galileo system considered to calculate the péinikebudget is represented in figure 6:
Gs

Ps
amplifier Li

L+La

satellite

Gr

A Receiver

Figure 6 Galileo system link budget

with:
= Pg, the power at the amplifier output
= Gg, the satellite antenna gain
= Pg, the power at the receiver input
= Gg, the receiver antenna gain
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L, the free space losses

= L., the global losses introduced by the filter aftexr amplifier and the losses due to
payload components imperfections

= La, the atmospheric losses and the polarization $osse

Considering figure 6, the Galileo link budget exsien can be written as:

P, = LIL (LR I(_3|L [BITBA P in order to evaluate the power at the amplifieipati
S R

The value of Rand G are set by specifications in [GJU, 2005]. Indegd), 2005] states
the minimum and maximum signal power levels reatiwéth a 0 dBi isotropiaight hand
circularly polarizedantenna for the different emission bands (table 6):

Signals E5 E1l E6
Pr (dBW) -152 -154 -154
Gr (dBi) 0 0 0

Table 6 Receiver antenna gain and input power

The minimum signal power levels received for the &id E6 signals are calculated
considering that the power is equally shared betvike E1F/E6C and E1P/E6P signals. And
[GJU, 2005] set R(E1F/E6C) = -157 dBW.

These values are valid for elevation angles betwHerand 90 degrees, considered as
example angles. The Galileo signals could actuadlyalso used at lower elevation angle like
5 degrees for instance.

The satellite antenna gains@ function of the satellite « Off Boresight » amglhe link
budget should be calculated considering the wase ¢dhat means for a receiver elevation
angle equal to 10°. Consequently, according tosidak satellite antenna gain values; I6
equal to about 15 dBi for each band ([Czopek, 1093]

The values of @ Gs and R have been determined; consequently the only ngssitues
necessary to evaluate the power at the amplifiggutare the free space losses L, the payload
losses k. and the atmospheric losses L

2.3.2 Calculation of the free space losses
The free space losses depend on r, the distanaedretthe receiver and the satellite and
2
the carrier frequency. Indeed, L is equaﬂ.t@(@} with A = % and r as presented in

figure 7.
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Receiver
Satellite r
E Rt
a=Rr+h ¢

E = elevation angle

Rr = earth radius

h = satellites altitude

Figure 7 Geometric relations between satellite agckiver

To calculate L the following system should be sdlve
r’ =R’ +a’ -2R.acos@)
COSE) = %sin(¢)

Considering the hypothesis made previously, the $fgace losses calculation can be made
considering the worst case (10° elevation anglejredver, it is known that the Galileo
satellites altitude h is equal to 23616 km ardsRaken equal to 6378 km. Consequently, r is
equal to 28220912.7 m.

The results obtained for the free space lossesulasilin, considering the different
frequency bands and the different carriers’ fregies) are summarized in table 7:

Galileo Bands E1l ES5 E6
f (MHz) 1575.42 1191.795 1278.75
L (dB) 185.4 182.98 183.59

Table 7 Free space losses

The free space losses values are now known ascéidnrof the frequency bands. The
global losses have still to be calculated to coteptbe link budget, particularly the losses
introduced by the payload, in particular Output MpJeXers (OMUX), after the amplifier.
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2.3.3 Calculation of the payload losses

The payload losses are composed of the losseduaed by the OMUX, the atmospheric
losses, the polarization losses and the lossetodueeyload components imperfections.

2.3.3.1 OMUX losses

The carrier powers at receiver input (table 6)sprecified by the Galileo baseline considering
signals generated in an infinite bandwidth. Howebecause of interference problems the
Galileo signals are band limited, as seen in se@id.2. The OMUX filter used to limit the
transmitted bandwidth thus introduces losses whiakt be accounted for.

The OMUX filter is generally modelled by a Buttemtlo filter. The minimum losses
introduced by the filter are equal to the rationsstn the power of the non filtered signal and
the power of the filtered signal.

[Ls(hf R

Consequently, Filter _loss=-2
[7s,(hmf RO

with S(f) the power spectral density of the non-filteridnal s(t), {f) the power spectral
density of the filtered signal y(t),sRnd R their respective autocorrelation functions.

In the E1 frequency band, as seen in section 22e3Galileo satellites transmit the E1P
and the E1F signals thanks to BOCcos(15,2.5) an@®&Q) components. These two signals
must be considered separately, so with a filterdinédth equal to 40.92 MHz (table 1), the
minimum losses induced by the filter on each corepbare:

E1F loss (dB) 0.06

E1P loss (dB) 1.11

Table 8 E1 OMUX induced losses

The global losses on the E1 band signal are caémithanks to the following scheme:

PE_ X Ps
X
So & —10 9 =g and a-= Poiue + Fs e - Poiue t Fs e - Ps/ua
Pe P P e Ps/uip + Ps/ L 1 1
a, a, S\ 2a,  2a,
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Consequently, the global losses introduced byitteg bn the Galileo E1 signal are equal to:

1 XL1p XL1F 1 111 1 006
X= 10[[]09(5 [10 +§E|.0 10 J = 10[]]09(5 [0 +§L_'_|.O10 } = 062 dB

In the E5 frequency band, the central frequenapeffilter is equal to 1191.795 MHz and
the filter bandwidth is needed to be equal at [&a$®2.07 MHz (table 1). Consequently, the
losses induced by the filter on the E5 signal greakto 0.52 dB as a maximum.

In the E6 frequency band, as for the E1 frequerarydbthe two components transmitted
should be considered separately with a filter badtiwequal to 40.92 MHz (table 1).

E6P loss (dB) 0.02
E6C loss (dB) 0.02

Table 9 E6 OMUX induced losses

The global losses on the E6 band signal are equab2 dB.

2.3.3.2 Imperfections Losses

The other payload losses have been considereandarsio the payload losses obtained for
the GPS satellites ([Parkinson, 1996]). Moreovelytare considered to be the same for each
frequency band. Their global value is presentediae 10:

Loss due to payload

components (dB) 112

Table 10 Other payload losses

2.3.4 Atmospheric and polarization losses

The atmospheric and polarization losses are coregsidgmilar to the losses obtained for the
GPS satellites ([Parkinson, 1996]). Table 11 prisséimeir values whatever the frequency
bands:

Atmospheric loss
(dB) 0.3
Polarization loss 1
(dB)

Table 11 Atmospheric and polarization losses

85



2. The Galileo System

2.3.5 Results

The following table summarizes the different eletedaken into account in the Galileo link
budget and their values. It permits to evaluatertheessary power at the payload amplifier
output, without any margin:

Band

El

ES

E6

Frequency (MHz)

1575.42

1191.795

1278.75

Pr (dBW)

-154

-152

-154

Receiver Antenna
Gain (dBi)

Free Space Loss
(dB)

185.4

182.98

183.59

Atmospheric Loss
(dB)

0.3

0.3

0.3

Polarization Loss
(dB)

EIRP at the satellite
antenna input
(dBW)

32.7

32.28

30.89

Satellite Antenna
Gain (dBi)

15

15

15

Power at the
payload output
(dBW)

17.7

17.28

15.89

OMUX/Filter
Insertion Loss (dB)

0.62

0.52

0.02

Loss due to payload
components (dB)

1.12

1.12

1.12

Power at the
amplifier output
(dBW)

19.44

18.92

17.03
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Power at the

amplifier output 87.9 77.98 50.47
(W)

Table 12 Galileo power link budget

Table 12 shows that the payload amplifier shouloviple at least 88 W for the E1 band
signal, 78 W for the E5 band signal and 51 W fer B6 band signal. Afterwards during the
payload study, these conditions on the necessamgmpat the amplifier output will impose
conditions on the amplifier operating point, awiit be seen in chapters 3 and 6.

2.4 Conclusion

This chapter has presented the Galileo signalstarabsociated services. The BOC and the
BPSK waveforms proposed to transmit the differealil€o signals have also been exposed.
Moreover the main BOC waveform properties and #asons why it was chosen as a means
to transmit some Galileo signals have been undsztlin
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Chapter 3

Advanced Design Constraints for Galileo Signals
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After a general overview of the Galileo system, #i of this new chapter is to present a
generic Galileo payload and receiver in order tentdy the inherent impairments factors,
which could distort the signal during its genemaficts propagation or its processing and
consequently, reduce the signal performance frastaiver point of view. The impairments
determination will allow establishing some signahstraints according to which the Galileo
signal optimisation should be realized.
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3.1 Galileo signals generation

The Galileo signal is generated in the navigatiaglgad, the “brain” of the satellite. The
payload broadcasts navigation signal on 3 carregjuencies, each carrier being modulated
according to the services presented in chaptehg. payload is a regenerative transponder
with modern digital and semiconductor technologyliea to the essential subsystems,
described in this section.

3.1.1 Payload Scheme

According to [ESA,2005], the Galileo payload is qmsaed of several subsystems or units as
shown in figure 8:
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Figure 8 Galileo generic payload
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Five different units can be identified:

= a clock unit, composed of four atomic clocks an@lack Management and Control
Unit (CMCU),

= a Navigation Signal Generation Unit (NSGU), whi@ngrates the navigation signal,

= a Frequency Generation and Modulation Unit (FGMiQjch realises the digital-to-
analog conversion of the signal and its up-conwerdo the appropriate frequency
band,

= an amplifier unit, composed of Solid State Powerphifiers (SSPAS) or Travelling
Wave Tube Amplifiers (TWTAs), and

= an Output MUItipleX unit (OMUX)

3.1.2 The Clock Unit

The Galileo satellites will carry a clock ensemitemposed of four atomic clocks: two
Passive Hydrogen Maser (PHM) and two Rubidium Atofriequency Sources (RAFS) that
provide the time reference for the generation ef nlavigation signal. These atomic clocks
were chosen because of their high frequency and sitandards. Indeed, the stability of the
Rubidium clock is so good that it would be withinlyp3 seconds in 1 million years, while the
Hydrogen Maser is even more stable and it woulditiein only 1 second in 3 million years.
The Galileo satellites will carry two different t® of clocks on-board for a 100% safe
service.

The atomic reference is selected from one of tle &omic clocks and converted to the
Master Timing Reference (MTR) of 10.23 MHz by th¢k Monitoring and Control Unit
(CMCU). The MTR provides the time reference for theequency Generation and
Modulation Unit (FGMU), which generates the mastésck for the Navigation Signal
Generation Unit and up-converts the navigation agnto their appropriate carrier
frequencies.

The CMCU should not degrade the frequency stabalitthe atomic clocks and delivers
an extremely pure frequency. That is the reason Wiy CMCU implements a hybrid
synthesizer built on a Phase Locked Loop (PLL)I&eh, 2003]).

3.1.3 The Navigation Signal Generation Unit
The Navigation Signal Generation Unit generatesrtieigation message and modulates it

for each one of the different emission bands. kdmposed of a modulation circuit, called
modulator and a digital filter as shown in figure 9
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FGMU
. - . A
Sampling Navigation
frequency signals
v
Modulator > Digital Filter

Navigation Signal Generation Unit

Figure 9 NSGU generic scheme

3.1.3.1 Navigation signal modulator

The NSGU modulator generates three digital moddldtase band signals, one for each
frequency bands (E1, E5, E6). After that the mawwjaaccording mostly to the signal

bandwidth, can:

= put the base-band signals around a digital interaedfrequency to avoid the
problems linked to the setting and ageing of adognaixer. This is usually done for
signals with a relatively low transmitted bandwidfhhis scheme could be, for

instance, used for Galileo E1 and E6 signals. Or,

= keep the base-band signals in-phase and quad@nomgonents because their digital
generation around an intermediate frequency wouwoldbe possible owing to their
large bandwidth, which would impose a sampling diextcy not currently realistic for
a spatial payload. This scheme could be, for im®tansed for the Galileo E5 signal
because of its large bandwidth equal to at leat.003 MHz.

Table 13 summarizes Galileo signals generatiorhbyrtodulator :

Signals band Sig(nl\zi I;k):a:;jsvzir?ﬂltgtig\ﬁllgl)z] Central frequency [MHZz]
El 40*1.023 30*1.023
E5 90*1.023 Baseband
E6 40*1.023 30*1.023

Table 13 Galileo signals generation types
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3.1.3.2 Digital Filter

After being modulated, the signals are filtered dydigital filter to respect out-of-band

rejection and avoid partial spectrum mixing thatildoappear during the FGMU processes.
This filter is also in charge of performing the qmensation of DAC shaping and of the
possible distortions brought by the following ampfocessing.

The filter bandwidth should be at least equaht transmitted signals bandwidth from a
technical point of view, however it has to be nateak the choice of the filter bandwidth and
shape is important (and this is true for every pagimodule using filtering operations), since
it will cut the useful signal spectrum and, if n@operly chosen, could destroy desirable
properties of the signals.

3.1.3.3 The Frequency Generation and Modulation Uni

The FGMU receives the time reference from the CM&1d delivers it to the NSGU. This
subsystem also achieves the digital-to-analog asiove of the navigation signals before up-
converting them to their respective frequency bdadbroadcast to users.

Figure 10 presents an FGMU generic structure:
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The FGMU is composed of:
= digital-to-analog converters (DAC),

= several frequency synthesizers which use the mferéime delivered by the clock
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= : frequency frequency frequency i
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E e !
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Sl & | —»| Filter »()—pi Filter >
2| Ee6 | Q i
T h (&) 1
Z < _ :
E&, O | Filter >®—+ Filter >

Figure 10 FGMU generic scheme

unit to generate the intermediate frequencies, tisethe signals generation in the
NSGU and the signals up-conversion in the FGMU,
= mixers which permit to realize the up-conversion,
= wideband analog filters to avoid out-of-band enaissj spectrum distortions after the
digital-to-analog conversion and spectrum re-comtams after the up-conversion.

3.1.3.4 The digital-to-analog conversion

The digital-to-analog converter generates an analggal from the digital signal, which

comes from the NSGU.

Different types of DAC exist. The two major parasrst are the resolution, which

indicates the number of discrete values the DACpraduce over the range of voltage values
and the update rate. In space applications, theutésn is chosen around 12-14 bits and the
update rate is generally higher than 100 MSPS (Mgaaple Per Second). But whichever
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DAC is chosen, its way of functioning remains tlaensg: it realises an interpolation before
applying the sinus cardinal response (equivaletite domain of the square waveform), as
presented in figure 11
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Figure 11 Time and Frequency Domain Example of MA&iGg low-pass interpolation filter (JAnalog,

2006])

After the digital-to-analog conversion, the sigmalfiltered by a wideband filter to
avoid the out-of-band emission and eliminate tegdency harmonics.

3.1.3.5 The up-conversion

After being digital-to-analog converted and filtegr¢éhe navigation signals are up-converted in
one or more frequency stages. Each local frequased to realize the up-conversion comes
from a frequency synthesizer, considered based simale single-loop phase lock loop
(PLL). It is also considered in this study that lediequency is generated using a distinct
frequency synthesizer.

The frequency synthesizers are composed of twdlatecs (a reference oscillator and a
Voltage Control Oscillator (VCO)), a phase deteceioop filter and a frequency divider.
Figure 12 represents the block diagram of a FGMiduency synthesizer [Robins, 1982]:
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f f
Reference ref Phase Loop out

clock P detector P filter » VCO >

!

Figure 12 Frequency synthesizer generic scheme

1/N

The reference clock is the reference frequencyasigelivered by the clock unit. The
phase detector is capable of comparing the phadeafsignals and producing a control
signal proportional to that phase difference. Ti&0Vis tuned by the PLL to deliver a tone
whose frequency is a multiple of the referenceuesgry. Concerning the loop filter, it is used
to set the appropriate robustness and guarantegitgtavhen the other parts of the system
have been specified (phase detector gain, VCO daiier ratio, etc...).

So the frequency synthesizer used the referengaidrey signal delivered by the clock
unit to generate a higher frequency signal whichmits to realize the up-conversion. After
the up-conversion, the signals are filtered byrgddand filter to avoid, as after the DAC, the
out of band emission and to eliminate the frequéraynonics.

3.1.4 The amplifier unit

After the propagation through the FGMU, the sigisalamplified thanks to a non-linear
amplifier. Currently two main types of power am@i may be used on a navigation
satellite: the Traveling Wave Tube Amplifiers (TWYAnd the Solid State Power Amplifier
(SSPA). A TWTA has a larger size and mass than $ASbut it has a wider bandwidth,
which is a strong point to transmit wideband signkke the Galileo E5 band signal.

In the Galileo payload an SSPA was chosen accotdifioromina, 2004], but a TWTA
is on-board in GIOVE-A ([Bradford, 2006]). To dekea in a simple way the distortions
brought by a non-linear amplifier, the AM/AM and ARM curves (AM: amplitude

modulation, PM: phase modulation) are used. Figigeepresents classical SSPA AM/AM
and AM/PM curves:
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Amplifier AMAM and ARMTM characteristics

Fout [dBm]

phi out [*]

Pin [dBm]

Figure 13 Classical amplifier AM/AM and AM/PM chataristics [Armengou, 2003]

Assuming that s(t) is the signal at the amplifieput, z(t), the signal at the amplifier
output, can be expressed as :

2(t) = s(t) [o(s(t)))

with

io(r)
g(r) = 2

where a(r) is the AM/AM conversion, and represensevolution of the signal output power
according to the signal input power,

®(r) is the AM/PM conversion, and represents thgouphase difference according
to the signal input power.

The problem of the AM/AM, AM/PM characterization that it is realized with a
sinusoidal carrier and therefore it does not tdleedffects of signal bandwidth into account.
Moreover it fails to simulate memory effect of thmplifier. One possibility to take into the
memory effect account is to simulate a filter befor after the AM/AM, AM/PM amplifier.
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3.1.5 The OMUX

At the payload output, before the antenna subsystertput multiplexers are required to
combine the four output signals from the amplifieach at closely spaced frequencies.

Two different technologies are currently used toe tlevelopment of the multiplexers,
both based on the use of dielectric loading. Th&t fs the standard technology based on
“mushroom” type resonators, the second is essbntsahilar to the “re-entrant coaxial”
technology, but with the centre rod of the resonal@nged from metal to dielectric material
([ESA, 2005]).

The OMUX is generally considered as modelled byxaosder Butterworth filter whose
bandwidth is equal to the transmitted signals badithw

The multiplexers, beside the signals combinati@nimit to eliminate the intermodulation
products and the secondary lobes distortions dtleetamplifier unit.

After their generation in the Galileo payload, #ignals are transmitted by the satellite
antenna. The signals are then received in a Galleeiver which uses the received satellite
signals to derive position, velocity, and time msties. The receiver structure and processing
will be presented in the following section.

3.2 Galileo signals processing

This section describes the generic architectura @alileo receiver and the different

processings realized on the satellite signals ah seceiver.

3.2.1 Galileo receiver architecture

A generic Galileo receiver functional block diagrabased on a classical GPS receiver
scheme, is represented in figure 14:

RF front-end

Pre- Down- A/D Signal Navigation
L L N
» ampiifier [ > converter [>| converter [ | processing processing
A
L.O. L.O.
L. and and
clocks clocks

Reference Frequency
- — .
oscillator synthesizer

Figure 14 Galileo receiver generic scheme
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The radio-frequency chain and the A/D converterasent the RF front-end hardware of
the receiver while the signal and navigation pretegsrepresent the digital part that can be
implemented in hardware and/or in software.

The RF hardware part is composed of:

an antenna, passive or active, depending uponettiermance requirements.

a pre-amplifier, generally consisting of burnoubttection, filtering and a low-noise
amplifier.

a reference oscillator, providing time and frequereference for the whole receiver.
The reference oscillator is a key element of theeikeer, especially during the phase
tracking process.

a frequency synthesizer, which uses the referescélaior output to derive local
oscillators (L.O.) and clocks signals used durimg processing. One or more of these
L.O. are used by,

down-converters, to convert the radio frequencyispo intermediate frequencies
that are easier to process for filtering and in sfgmal-processing level. The down-
conversion is realized in several stages.

an analog-to-digital converter which digitizes tlast intermediate frequency (IF)
signal.

These two last receiver components realize, in, fded symmetrical functions of the
digital-to-analog converter and up-converter in freyload (except that the intermediate
frequencies can be different). Moreover the regeivequency synthesizers are, as the
payload frequency synthesizers, considered heesadon a simple single-loop PLL.

The signal processing part is the core of the veceperforming the following functions:

splitting the signal into multiple channels for rsad-processing of multiple satellites
simultaneously,

generating the signals’ spreading codes and intiateefrequencies carriers,
acquiring the satellite signals,

tracking the satellite signals codes and carriers,

demodulating the signals data.

The outputs of the signal processing function areudoranges, pseudorange rate, delta
pseudorangezarrier phase, doppler animodulated data bits; they are used as inputhdy t
navigation (data processing) part.

The next sections investigate in details the magnas processing functions: acquisition
and tracking. These algorithms allow the extractbthe navigation data, which provide all
the necessary information to compute the pseuderdetween the receiver and the visible
satellites. Therefore the acquisition and trackdegformances allows evaluating the quality
of the transmitted (and received) signal.
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3.2.2 The acquisition process

In order to track and decode the information comdiin the Galileo signal, an acquisition
method must be used to detect the presence ot#ialsignal.

The acquisition process consists in a two-dimeraigearch both in time and in
frequency. Indeed, because the user/satellite resngeknown, the received code phase must
be searched. Moreover relative changes in usdifgaiistances over time and receiver’'s
time uncertainty imply a Doppler frequency thatdaegeéo be searched as well in order not to
get zero energy at the correlators output. Theseddferent acquisition configurations, such
as the cold start where no a-priori informatioavailable so that the entire PRN code and the
full range of possible Doppler frequencies havbdaexplored. Another type is the warm start
for which satellite almanac data, approximate ugesition and time, amongst other
information, are available. This latter acquisitisiti not be studied in this section.

So, for cold acquisition the receiver has no infation on its location, on the time or on
the satellite ephemeris, thus it must search thirdhg entire code, with a search step of the
order of one half chip. It must also search throdiga full range of possible Doppler
frequencies. The two-dimensional search is reptedan figure 15:

One code delay bin
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Code phase search sequence

Figure 15 Acquisition search process

For each “cell” in this two-dimensional search, thecision statistic can be computed
through different methods, like serial search metidomain or FFT-based correlation in
frequency domain. Examples of algorithms usedeirh method are presented on the next
figures. For both algorithms, the output of theisieo statistic is generally compared to a
threshold, set to achieve desired false alarm asdet detection probabilities ([Tsui, 2000;
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Parkinson, 1996; Kaplan, 1996]). This comparisormits to decide if a possible bit was
identified or not. After several possible verificat stages, the cell position can then be
handled to the tracking loops to verify the lodktHe acquisition process is not successful
other cells should be tested.

The serial search algorithm, presented in figureustially uses a constant Doppler bin
size. The search pattern starts from the known mreare of the Doppler uncertainty (zero
Doppler when there is not any expected value) asts$ all possible code delays. If this fails,
the search is carried on to the next Doppler biith whe sequence of bins symmetrically
alternating on either sides of the initial value.

|
M [ e (P
ﬂ]&l % >, decision ¥

/2
‘@»@—» J“Z — e ()

Code <« Local
aeneratc oscillatol |4

Control logic ¢

Local
oscillator

Figure 16 Serial search acquisition algorithm

In the FFT-based acquisition algorithm, presentefigure 17, a Fast Fourier Transform
(FFT) is applied to the in-phase and quadratures@ltamponents of the IF incoming signal.
The result is multiplied by the conjugate FFT of tieplicated signal. The inverse FFT of the
product gives the correlation result in the timendm for all of the code phase offsets for a
given Doppler value. This method is computationatipre efficient and faster than the
conventional time domain technique, in secondsijthaan induce memory size problems.
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Figure 17 FFT-based acquisition algorithm

As mentioned previously, once the acquisition pssceuccessfully ended after several
possible verification stages, the estimated cotsebénd carrier Doppler are used to initialize
the tracking loops which perform a finer searchrdkie two parameters.

3.2.3 The tracking process

In order to track the incoming Galileo signal, twacking loops must be used:
= one loop to track the carrier of the incoming slgnalled Phase Locked loop (PLL)
= and an other one to track the code, called Delaké&d Loop (DLL)

3.2.3.1 The carrier-phase locked loop

The objective of the carrier-phase tracking loofpikeep the phase error between the locally-
generated carrier and the incoming signals closeet@. Any misalignment produces a

nonzero phase error, which is detected and codduayethe phase discriminator and taken
into account in the tracking loop, presented inifeg18:
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Figure 18 Carrier-phase tracking loop [Julien, 2405

The incoming signal after the down-conversion dr@A/D conversion is first multiplied
by a spreading sequence coming from the DLL, assgian estimate of the satellite signal
code delay in order to wipe-off the spreading sylsl{details in section 3.2.3.2). Then the
signal is split into two branches. One is mixedwatlocal in-phase carrier and the other one
with a local quadra-phase carrier. The resultiggals are then integrated by digital Integrate
and Dump filters (I&D). The output signals of ingge and quadra-phase digital 1&D, noted |
and Q, are expressed by [Parkinson, 1996]:

A ~ .
I :Ed(k)[l]](er)ﬁklnc(ﬂmf T, )ieode, )+
and Q zgd(k) (e, ) Binc(af ) Bin(e,) + ng
ﬁ(e,) represents the correlation with the code replitathe integration time,Af the
frequency error on Doppler estimatiap, the carrier phase erron, and n, independent
NO

noises witho, =o; =—2.
41,
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If the acquisition process has been realized sstulgs Af = 0 and if the spreading code

is correctly extracted by the DLL,O(g)= 1, so Izgd(k)cos(sw)+nl and
A .
Q:Ed(k)3|n(£¢)+nQ.

| and Q correlators outputs enter the discriminatoose aim is to provide a signal that is
proportional with the phase error between local sewtived signals. The discriminator type
can vary and depends on the signal structure, pantecularly it depends if the signals carry
navigation data or not.

Indeed in the presence of data, special discrimisatwhich are insensitive to the
inherent phase jump due to the data bits, are chddee most widely used is the 1xQ phase
discriminator, given by [Ward, 1996]:

Do =1 [@ ——sm( )cos(g ) —S|n(2£ )

—€&
DP 04 ®

The I1xQ is insensitive to phase jump since it is based on the product ointpdase and
the quadra-phase correlation components that wdhge sign simultaneously during a data
bit transition.

Another possible discriminator insensitive to daifatransition is the arctangent (atan)
discriminator ([Ward, 1996]):

D, = arctarElgj =g,

For pilot channel, the discriminator is not reqdite be insensitive to phase jumps. Two
exemples of discriminators proposed for pilot clerame presented:

* The coherent discriminator [Hegarty, 1999); , =Q = gsin(sw)cos(gq,)gwi Oga‘(ﬂ

= The extended arctangent (atan2) discriminator [Meseca  2003]:
D, .., = atan2(Q,1) =

atan2

More information on PLL theory can be found in [h&s, 82].

3.2.3.2 The code delay locked loop

The objective of the DLL is to keep the delay etvetween the locally-generated code replica
and the incoming signal code at zero. Any misaligntrproduces a nonzero delay, which is
detected and corrected by the following delay tiragkoop:
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I, = /—;d(k)ﬁ[g, —%J sin(e, )

>
A ~ .
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> > Rt 2
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Figure 19 Code Delay Locked Loop [Julien, 2005]

After the incoming signal carrier wipe-off stagbetresulting in-phase and quadrature
components are multiplied by three delayed sprgadaguence replicas: one prompt, one
early and one late, which are time shifted. Theltieg signals are filtered by “Integrate and
Dump” filters that provide six correlation valuestheir outputs. The correlation values are
then combined in a code delay discriminator whistingates the code delay error. In the
exact same way than for the PLL, the discriminatotput is filtered and fed to the code
NCO, which provides, thanks to the code generdta, updated local code, taking into
account the estimated delay error.

Of course the initialisation of the DLL is possiltlteanks to the code offset provided by
the acquisition process.

As for the PLL, the role of the discriminator istmely important. Different types of
discriminator exist. The most widely used are pnése:in table 14:
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Discriminator algorithm Characteristics
(IE—IL)EIP+( E—QL)BQP Dot product
(12+?)-(12+Q?) Early minus Late power

Table 14 Most common DLL discriminators [Kaplan96p

These two discriminators are insensitive to carpbase errors, which is extremely
interesting from a tracking robustness point ofwie

More information on the DLL can be found in [Kapldt®96; Parkinson, 1992; Julien,
2005]

Once the carrier tracking is achieved, the demaeddlaata bits will be converted into
navigation data through subframe matching and ypatiecking. From the subframes, the
ephemeris data can be extracted. The pseudo-rhegesen the satellite and the receiver can
also be determined, then the satellite positionbmfound using the ephemeris data. Once all
the necessary information is obtained, the usdtipp<an be calculated.

3.3 Signal impairments as performance drivers

In the two first sections of this chapter, the sigmath, from its generation to its processing,
have been described. The aim of this new sectipnadw, to list the elements which can
distort the Galileo signal during this path in arte determine signal constraints according to
which Galileo signals design should be realized.

Two main factors of impairments, due to hardwareigent, will be described in this
section: oscillators phase noise and amplifier inoearities. But another element, which does
not depend on hardware, entails also ranging enmauftipath.

For each factor, its definition, the way it affetite signal and the way it can be observed will
be described in this section.

3.3.1 Oscillator phase noise

The first factor of signal impairment is called istor phase noise and is due to satellites and
receivers oscillators.

Indeed, at the payload level, the atomic clockgneif they are very stable, suffer from
instabilities that create phase noise at the clouk output. As the payload FGMU uses the
reference frequency provided by the clock unitigptdl-to-analog convert and up-convert the
Galileo signals, phase noise is introduced oniteats during these conversions.

However phase noise is also introduced at thevec&vel during the down-conversion
and the analog-to-digital conversion because tbeiver clock suffers also from instabilities.
The receiver oscillators are of course less stiale the satellite oscillators.
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The next paragraph will present the phase noiséitlef and its characterization.
Afterwards the way the phase noise affects theassginrough the payload and the receiver is
studied. Finally, the parameters, which permitekieluation of the phase noise influence on
signal and receiver performance, are presented.

3.3.1.1 Phase noise definition

If the output signal of oscillators is modelled rika to the following expression [Rutman,
1991]:

V(t) = Alsin(27wt + ¢(t)) (3.1)

then the phase noise is a random process reprddsrigt).

Two sets of parameters are generally used to dearae the oscillators phase noise:

= the spectral densities of phase fluctuations, énRburier frequency domain

= the variance (or standard deviation) of the avetdggguency fluctuations in the time
domain

This thesis will focus on the frequency domain ghasise representation. In this case,

the most common engineering characteristic usepécify the phase noise is the Single Side
Band (SSB) Phase Noise Power Spectral Densitydéihed by:

S|\f
£(f) :10[I]og(#] where $(f) is the one-sided phase noise power spectraligen

As shown by theoretical considerations and expariasleneasurements in several articles
[[EEE Std. 1139-1988; Barnes, 1971} can be written as a power law model :

2 g=2

V a
S,(f) =—f°2 > oh,f for O<f<f (3.2)
a=-2

where f is an upper cut-off frequency. Each term is reldt® a given noise source in the
oscillator, as presented in figure 20.
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Figure 20 Phase noise spectral density

The random walk frequency noise usually relates the oscillator environment
(temperature, vibrations, shocks...). The flickexgliency noise sources are thought to be
related to electronics and environment in atomégdiency standards. The white frequency
noise arises from additive white noise sourcegmaleto the oscillator loop, such as thermal
noise. The flicker phase noise is usually addeddigy electronics. The white phase noise is
usually due to additive white noise sources extémtne oscillator loop.

Appendix B provides more information on the phaseise definition and its
characterization in time and frequency domain.

3.3.1.2 Phase noise in the payload

As explained previously, the phase noise is dubdcaclock instabilities and consequently, is
created in the payload clock unit. But it is intwedd on the signals during the analog-to-
digital conversion and the up-conversion.
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3.3.1.2.1 Clock unit phase noise

At the satellite level, very stable clocks suciRabidium and Hydrogen Maser atomic clocks

are used to reduce the oscillator phase noise ah amipossible. However, these clocks are
also disturbed by unavoidable phase noise. Thetaexgraphs represent examples of phase
noise power spectra, respectively, for Passive étyeln Maser and Rubidium clocks whose

frequency delivered is equal to 10 MHz.
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Figure 21 Passive Hydrogen Maser phase noise sp@cffQuartzlock, 2006])
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Rubidium phase noise spectrum ([Quartzl@606])

These spectra characterize the phase noise ofdhmecareference frequencies, which are
used by the CMCU to generate the Master Timing Refee (MTR). To not degrade the
stability of the atomic clocks, the CMCU implemeatprecise hybrid synthesizer built on a
Phase Locked Loop (PLL) to generate the MTR. Treespmoise at the Galileo payload clock

unit output is characterized by [Moreno Carrill@03]:
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Power Spectral Density of the CMCU phase noise
[Moreno Carrillo, 2005]
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Figure 23 Power Spectral Density of the clock wuitput phase noise

Figure 23 characterizes the phase noise at thé eloit output that means the phase
noise affecting the frequency reference signakdettie FGMU.

3.3.1.2.2 FGMU phase noise

The frequency generation unit uses the refererak dignal, delivered by the clock unit, for
the D/A conversion and the up-conversion. Consetyedock unit phase noise will be
introduced on the signal through these two coneassi

First of all, the phase noise introduced on thenaigduring the D/A conversion is
presented. The phase noise considered here ishihee pvariations on the analog signal
induced by the D/A sampling clock instability. Ttuee jitter §(t) on the sampling clock can
be related to the reference clock phase ng(se as presented in [Da Dalt., 2002]:

t
t; (t) = @ a note that this relationship is only vdfity << T, the sampling period.

Due to the jitter;f the sampling instants are moved away from tré@ali location. The
digital K" sample will not be outputted exactly at time kilit &t KT+ {(KT).

Let us now consider the phase noise introducedhguhe up-conversion. The frequencies
used for the up-conversion come from the frequesyythesizers, already presented in
section 3.1. Consequently, the signal phase noigeautput of the different PLL frequency
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synthesizers should be calculated to be able tluateathe phase noise added to the signal
during the up-conversion. For this, the equivalerar model of the frequency synthesizer is
used, as presented in Appendix C. This model shbesnodification of the reference signal
phase during the frequency synthesis:

eVCO

eref 4 m * eout
> > Kpp > F(S) > Kvcols >\_|J >

1/N

Figure 24 Equivalent frequency synthesizer lineadei

with
* O, the input reference phase which comes from tlekclinit and consequently
contains phase noise
* Byco, the VCO output phase which contains also phadsendue to the VCO
instabillities
Oout, the output phase used for the up-conversion
On, the feed-back phase
F(s) the transfer function of the loop filter,
Kvco and Kop are, respectively the VCO and the phase deteaiosg

Thanks to the calculation made in Appendix C, tlase noise at each frequency
synthesizer output can be expressed as ([Rebey2008]):

S, ()=, (F)IN?OH(f )" +s, (f)dL-H(f) (3.3)

where $Scu(f) is the power spectrum density of the phaseenatghe clock unit output,
Sovco(f) is the power spectrum density of the VCO phagise, and
H(f) is the PLL closed loop transfer function eqteal
KVCO l:KPD EF(S)

_ N
H(s)=
= R Ky F9

Eq. 3.3 implies that within the loop bandwidth, ttederence noise is multiplied by the
loop division ratio (). Outside the loop bandwidth, the reference nisissitenuated by the
loop transfer function (H is a low-pass filter). tin the loop bandwidth, the VCO noise is
attenuated. Low frequency phase noise is rejectatieloop, but high frequency phase noise
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passes directly to the output. Outside the loomiadth, the noise will be the same as of the
free running VCO.

If the up-conversion is realized in one stage,thase noise added to the Galileo signal
during the down-conversion is characterized gy,{). But if the up-conversion is realized in
several stages, the phase noise added on the siginracterized by:

Syl f)=S,(f)+S, (f)+..+S, (f) (3.4)

Pout

where n represents the stages number for the wersian, and
S, ()= Sy, (F)INZOH, (£) + s, (F)0L-H(f)° (3.5)

KVCO [ KPD [ F(S)
. N, _ N,
Wi .2:1: NEN - and R )= s+ Kyco Kpp [F(S) (36)

An optimal set of the Ncould be calculated to try to minimize the glophkhse noise
introduced on the signal. The highest value of pi@se noise corresponds to an up-
conversion realized in one stage. This case, wharhesponds to the worst case, will be
considered afterwards. So, this hypothesis indulcat the phase noise introduced on the
signal during the up-conversion is characterized by

S, (f)=S, (F)IN?OH(f) +s, (f)dL-H(f) (3.7)

and N depends on the ratio between the Galileoakigarrier frequency and the MTR
frequency.

3.3.1.2.3 Conclusion

To summarize, the phase noise introduced on tmalsigluring their generation in the Galileo

payload depends on the clock unit phase noisealsoton the frequency synthesizer VCO
phase noise. Its single side-band power spectrunsityes equal to:

Swpayload(f): S¢’(:LJ(1:)|:N2 I:IJH(f)|2 +Swvco(f)q]‘_ H(f)|2 + SD/A(f) (38)

3.3.1.3 Phase noise in the receiver

As for the payload, the phase noise introducechénreceiver is due to the receiver clock
short-term instabilities. As noticed in figure Ithe frequency synthesizer uses the receiver
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clock oscillators as reference frequency to downveot and digitize the signal that comes
from the satellite. Consequently, at reception, ghase noise created by the receiver clock
instabilities will affect the signal during the dovweonversion and the A/D conversion.

3.3.1.3.1 Receiver oscillator phase noise

The receiver clocks are usually less stable thars#tellite clocks and their quality depends
greatly on the receiver design and cost becausesttiator can easily be the most expensive
and largest component in the receiver.

Different categories of oscillators exist, but thest common oscillator used in receivers,
dedicated to the mass-market, is the TCXO (Temperatompensated crystal oscillators).
Indeed this oscillator is found in most commera@gplications. Other receivers could use
external rubidium atomic clocks, because theiriappbns need very good clock stability.

An example of power spectrum densities of 10 MHZ®Cand rubidium oscillators phase
noise is presented in figure 25. It shows that TI@XO phase noise is higher than the
rubidium phase noise for low frequency offsets.

Power Spectral Density of phase noise £(f)
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Figure 25 Power Spectral Density of TCXO and rulmdireceiver clocks ([Rakon, 2006])

3.3.1.3.2 Down conversion

The Galileo receivers considered are similar testtaal GPS receivers and consequently,
as in the GPS receivers ([Zarlink, 2006]), the daeonversion of the signal may not be made
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in one stage. However all the frequencies usethierdown-conversion are derived from one

local oscillator generated thanks to frequency lsgsizers, as presented in figure 26. The
frequency synthesizer used in the receiver is asduim be a common synthesizer based on
the simple single-loop PLL, as already presentedh® payload.

Down Conversioland Filtering

A/D Tracking
BPF -bg)—b BPF ‘>®—> BPF —® converter PLL [—>

____________________________________________________________________________

v

PLL loop Phase detector
filter [

Frequency Synthesi: T
Reference

oscillator

Figure 26  Receiver frequency synthesizer moderljf#a 2006])

According to Appendix C, the phase noise power tspet density at the output of the
local oscillator in the receiver is modelled as:

s, (f)=s, (f)IN*gH(f) +s, (f)iL-H(t) (3.9)

clock

where
»  Secock(f) IS the power spectrum density of the receiederence oscillator phase noise,
»  Spveolf) is the power spectrum density of the receiv@Q/phase noise, and
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= H(f) is the receiver PLL closed Iloop transfer fuoot equal to:
KVCOD<PD|:F(S)

_ N . . .
H(s) Koo Koo CE(S) with F(s) the transfer function of the loop filté€yco
S+

N

and Kep, respectively the VCO and the phase detector gains
= N=N31.N2.N3 according to figure 26.

Of course, the receiver synthesizer VCO is ledslestdnan the VCO used in the satellite
payload PLL synthesizer and has, consequenthygtzehiphase noise than the payload VCO.

Finally the global phase noise introduced on tigeali at the end of the down-conversion
Is characterized thanks to its power spectrum tiergual to:

. 2

s, (1) s, (f)
(N, TN, ) (N, TN, )

(] (3.10)

s, (1)=8, . (1)+S, ()+

payload

where $Qpayioadf) is the phase noise power spectral density efdiignal incoming from the
satellite and arriving at the antenna,
N3, Ny and N depend on the signal frequency carrier and reptedee down-
conversion stages, as presented in figure 26

Equation 3.10 can be simplified becaugeoJredominates due to the classical values Hf N
N4 and N (lower than 9 for example for the Zarlink GP20&Baiver [Zarlink, 2006]). So, the
phase noise power spectrum density at the downezsion output is equal to:

s, (f)=s

¢ payload

(f)+sS, (f) (3.11)

3.3.1.3.3 A/D conversion

The analog-to-digital converter is an electronicuait that converts continuous signals to
discrete digital numbers. It realizes the revenseration performed by the digital-to-analog
converter (DAC). That is the reason why the inflicenf the time jitter introduced by the A/D
converter is taken into account in the same wayprathe D/A converter.

Consequently, the time jittet) due to the A/D converter sampling clock is tetato the
receiver reference clock phase naix# :

t, (t) =00 note that this relationship is only vdfiti << T, the sampling period.
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3.3.1.3.4 Conclusion

In addition to the phase noise introduced by thdqgaal, the receiver introduces an offset on
the signal phase during the down-conversion and digtal-to-analog conversion.
Consequently, at the signal processing input, igeas phase noise is characterized by
([Rebeyrol02, 2006]):

S¢CU (f )ENpawoadz I:IJH (f )|2 + SWpaonadvco(f )I:l]'_ H (f )|2 + SD/A( f )
S¢(f ) = 2 2 (312)
+S40 (f)EN ZI:IJH(f)| +S¢receivervq:)(f _H(f)| +SA/D(f)

receiver
clock

Now that the phase noise introduced by the pay&atithe receiver on the signal has been
evaluated, the way it can be observed is presented.

3.3.1.4 Phase noise influence

To evaluate or observe the phase noise influenifiereht observables characteristic of
receiver performance are used. These observalggsled in this section, are:
= the correlation function,
» the power spectrum density,
= the phase error estimation to assess the errocéadoy the clocks phase noise as seen
by a typical receiver PLL,
= the modulation constellation.

3.3.1.4.1 Correlation function and spectrum

The correlation function is used as a characteristi order to evaluate the influence of
payload and receiver clocks instabilities on thelecaracking performance thanks to the
observation of the correlation peak.

Indeed, the correlation loss and the peak shargnessnformation on the code tracking
effectiveness. The correlation secondary peaksl| lamel their distortions can also be
observed.

The signal power spectrum density could also bel usenotice a possible spectrum
distortion or a side lobe rise, which could leadnierferences with other signals. The power
spectral density distortions are linked to the elation distortions.

3.3.1.4.2 Phase error estimation

To evaluate the influence of the phase noise duesteiver and satellite atomic clocks
instabilities, the phase error estimation in adgpreceiver tracking PLL has to be analyzed.
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The generic tracking loop block diagram is similarthe one presented in figure 18, so
its linear equivalent model can be representedduwyd 27 :

Fte T - PLL phasze
LS 7| discriminator
F
L, €8
. Fis)
84 5%@0 Loop Filter
—
Us

&

Figure 27 Tracking PLL phase model

The phase of the incoming signél is affected by the phase noise introduced in the
payload and in the receiver during the down-corngarand the A/D conversion, so an ereor
on the initial phase (excluding thermal noise) Ibasn added. Moreover, the NCO of the PLL
is driven by the reference oscillator of the reeeivso the phase noise of the reference

oscillator creates also an errdf, ., on the estimated pha8e

As already explained, the objective of the PLLasggenerate a local signal that has the
same phase as the incoming signal. So the aimhawed+ J6,., as close as possible to the

value of @ +e. To evaluate the error made on the estimationfalh@wing expression has to
be calculated:

£,=0+e-6- b0
It can also be written as
£,=0-6+N_ with N, =e-db,
However, the phase noise introduced by the NCCGegligible in front of the incoming
signal phase noise because the frequency of thi® ¥@put signal is low in front of the

down-conversion frequency. Consequentl, =€— 08, =€ since e >>d6,,, and the

present tracking PLL phase model can be simplibgdntroducing the effect of the phase
noise only on the incoming signal:
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FLL phase
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15

&

Figure 28 Simplified Tracking PLL phase model

Moreover according to [Parkinson and Spilker, 1996]
6(p) =6(p)H(p)+ N, (p)H(p) , where H(p) is the PLL transfer function .

So,as, =0+N, -0, &,(p)=[1-H(p)](6(p)+[1-H(p)]IN.(p)

Thus, the variance of the error of a PLL due togagload and receiver clocks phase noise, in
radians, is given as:

o’ :Isw(f)ql— H(jf ) caf (3.13)

where $ (f) is the single-sideband power spectrum densityhe incoming phase noise,
presented in Eqg. 3.12 and, H is the transfer fonatif the PLL.

Considering a8 order PLL, the following model can be used [Paskim 1996]:

6

f
T4 76 where f=2n*1.2*B., and B is the loop noise bandwidth.
L

L-H(jf )" = f

3.3.1.4.3 Modulation Constellation

The influence of the phase noise can also be viaehbn the signal modulation constellation
to examine the variation of the signal envelope.

Indeed, as the phase noise introduces an offseteosignal phase, the signal modulation
plots can rotate or spread if this offset depemd8roe, as illustrated in figure 29.
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Signal modulation constellation

Example of plots rotation due to phase noise

< Example of plots spread due to phase noise

Figure 29 Examples of phase noise influence orP&B-modulation constellation

3.3.1.5 Conclusion

The phase noise due to oscillators’ instabilities been deeply described in this section.
According to this presentation, it seems that thly evay to reduce this element of signal
distortions is to use extremely stable clocks.

At the payload level, atomic clocks are considetbdy are the most stable current clocks. It
is so impossible to reduce the payload clocks phase further.

In the receiver, it is possible to use also atoohcks but this is limited to few applications
(ground stations). That is not acceptable for tressnmarket because of the cost of such
clocks.

Consequently, it is difficult to reduce payload aneceiver clocks phase noise. No
optimization and no signals design constraintsheadeduced from this parameter.

3.3.2 Amplifier non-linearities
The second element of distortion is due to the qeylamplifier. Indeed, during the signal

generation, in addition to the phase noise dug¢amia clocks instabilities, the amplifier unit
can also induce signal impairments, because abitslinearities.
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3.3.2.1 Amplifier characterization

As seen in figure 13, the AM/AM and AM/PM charagiéics of the amplifier have a non-
linear part.

Consequently, if a constant envelope signal is idensd at the amplifier input, as the
signal points have all the same power, the amg@ittd phase non-linearities of the amplifier
have no impact on the signal because all the pamtamplified in the same way.

However, in the case of a non-constant envelop®kithe signal points do not have the
same power, and due to the non-linear charactexitiey are not amplified in the same way
by the amplifier. Distortions can then be considas introduced on the amplitude and on the
phase of the output signal.

In general, the operating point of the amplifiesitsiated in the linear part of the AM/AM
characteristic to avoid amplitude distortions. étessary an input back-off (IBO) is applied to
this operating point to have less distortions whiteepting a loss of the amplifier efficiency.
However the linear part of the AM/AM curve corresgs to a non-linear part of the AM/PM
characteristic, as shown in figure 13 and consatjudistortions remain on the output signal
phase.

So, distortions are introduced by the amplifiertboh signals phase and amplitude. But
the amplitude distortions are considered negligibléhe DLL compared to other introduced
noises and afterwards only the phase distortionddvoe considered. These phase distortions
could be put in the same category as phase noise.

3.3.2.2 Amplifier influence on the signal

As the signal distortions due to the amplifier t@nconsidered as phase noise, the figures of
merit used to evaluate their influence are the sasribese presented in section 3.3.1.4.

The figures of merit, chosen to quantify amplifieon-linearities influence on
performance, are so:

» the correlation function,

= the power spectrum density,

» the phase error estimation in a typical receiver,Rind

» the modulation constellation.

3.3.2.3 Conclusion

To conclude, this section has shown that, contit@the phase noise due to oscillators, it is
possible to minimize the amplifier non-linearitieéstortions by transmitting a constant
envelope signal. Indeed if the signal envelopeoisstant, the amplifier amplitude and phase
non-linearities have no influence on the signalexgdained previously. To reduce the signal
impairments at the amplifier unit, the Galileo mtadion should so be optimized to transmit
constant envelope signals. The chapters 4 andIshkalv that, indeed, a lot of studies have
been realized to design Galileo constant envelopgulations.

121



3. Advanced Design Constraints for Galileo Signals

3.3.3 Multipath

The previous sections have described the two immmaits due to hardware equipment: the
phase noise due to receiver and satellite clodklgies and the phase error due to amplifier
non-linearities.

But, as already mentioned, another element, whoss chot depend on hardware, should
be taken into account for the Galileo signal desagtimization because it entails ranging
errors. Indeed, navigation signals and particul@Bblileo signals can also be affected by
multipath issues.

3.3.3.1 Definition

Multipath is the phenomenon whereby a signal asrieé a receiver via multiple paths
attributable to reflections and diffraction on gwmding terrain: buildings, canyon walls, hard
ground, etc ..., as presented in figure 30.

Galileo
satellite
Direct
signal
reflectol

Reflected
signal

Galileo receiver

Figure 30 Multipath illustration

The reflected signals, entering the front end efriaceiver and mixing with the line-of-
sight signal, entail tracking errors. Multipathtdigs the signal modulation but also the phase
of the carrier.

For long delay multipath (higher than one chipg thultipath signal has no impact on the
receiver tracking. To address shorter delay muhipspecialized antennas and special signal
processing techniques may be used. This form ofipadih is harder to filter out since it is
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only slightly delayed as compared to the directnalg causing effects almost
indistinguishable from routine distortions. A vayieof receiver techniques, e.g. narrow
correlator spacing or double delta correlators,ehbeen developed to mitigate multipath
errors.

Multipath effects are much less severe in dynarpjaieations such as cars and planes.
When the receiver antenna is moving, the falsetisolsi using reflected signals quickly fail to
converge and only the direct signals result inlstablutions.

3.3.3.2 Influence and visualisation

In the absence of multipath, the receiver trackowps discriminators are able to track the
direct incoming signal phase. However, in the pmeseof multipath, the input to the

correlation process is so a composite incomingasighrect plus multipath) rather than the
desired direct component. So, the tracking loofleioa composite incoming signal.

As the correlation process is linear, the multipattect will be present in the receiver
correlators’ output. Indeed, the resulting coriielatis the superposition of the direct signal
correlation, also called Line Of Sight (LOS) signadrrelation, and multipath signals
correlated with the local replica. The correlatsuperposition is illustrated in figure 31 for an
in-phase multipath with amplitude equal to halftieé LOS signal amplitude. The resulting
correlation peak presents a distortion which wilbact the discriminator and consequently
the tracking performance.
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Figure 31 Impact of a multipath on a BOC(1,1) sigearrelation function [Julien, 2005]

The impact of multipath on code tracking accuracyften represented as a multipath-
induced tracking error envelope representing th&immam error resulting from one single
multipath in-phase and out of phase with the LGSa dunction of the relative delay of the
reflected ray.

3.3.3.3 Conclusion

Multipath influence can be reduced by a smart desifjthe signal modulation. Indeed,

certain modulations have a better inherent resistdn multipath than others. That is for
example the case of the BOC modulation, which isemmesistant to multipath than the BPSK
modulation ([Betz, 2002]). The signals chosen tms$mit the Galileo should so present an
inherent resistance to multipath. The chapter bskidw that indeed the multipath resistance
is an important factor for the optimization of Balileo Open Service signal.

As the Galileo signal passes through the atmosphene the satellite to the user, the signal
encounters, in addition to the multipath, a numiifepropagation effects, whose magnitude
depends on the signal path elevation angle antieatmospheric environment. These effects
include:

= Jonospheric group delay and scintillation
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= Group delay caused by wet and dry atmosphere, spty@ve and stratosphere

= Atmospheric attenuation in the troposphere andostphere.
All these effects which can introduce distortiomstibe Galileo signals have been neglected in
this thesis. The receiver thermal noise and theaimpents due to interferences with other
systems have not also been considered.

3.4 Conclusions

The study of signal generation in the payload agdas processing in the receiver has led to
the identification of several factors which ensagnal impairments.

The first factor of signal distortions is the phaseise introduced by the clock
instabilities. This phase noise is added to theaigluring the digital-to-analog conversion
and the up-conversion in the satellite and durimg down-conversion and the analog-to-
digital conversion in the receiver. The phase nofleence on signal and performance can
be evaluated thanks to the observation of the lediwa function, the power spectrum
density, the modulation constellation and the dateen of a PLL phase error standard
deviation.

The second element of signal impairment is dueh&rton-linearities of the amplifier
characteristics in the payload. If the signal eapel is not constant, the non-linearities
introduce an equivalent phase noise whose effeigmal and performance could also be
characterized thanks to the observation of theetation function, the power spectrum
density, the modulation constellation and the dataan of a PLL phase error.

Finally, the last factor identified, different the previous ones because it is not linked to
hardware equipment, is the multipath which distdhis correlation function and leads to
worse performance, by adding reflected signal ¢oli®S signal.

All these factors can distort the signal and entalrse performance. It would so be
interesting to reduce the influence of these elémen performance whether optimizing the
Galileo signals or optimizing the transmission ahdi has been explained that the oscillator
phase noise can not be reduced by a particulagredi the signal, whereas the amplifier
phase noise and multipath distortions can be maachiby generating constant envelope
signal with an inherent resistance to multipath.

The following chapters (chapter 4 and 5) will prasthe Galileo civil signals definition
and optimisation according to at least one of estraints, defined in this chapter: constant
envelope or resistance to multipath. Once the &aldignals will have been presented, an
optimization of their generation chain and an eaatin of the influence of the last
impairment factor the clocks phase noise will kadized in chapter 6.
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Chapter 4

Galileo E5 Band Signal Structure
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The objective of this chapter is to present thel &% band signal structure, but also the
modulation, called ALTBOC (Alternate BOC) chosertremsmit it.

Then, it will be verified that this signal verifiqe design constraints exposed in chapter 3.
In particular, the optimization conducted on theTAOC modulation, in order to transmit the
E5 band signal with a constant envelope will becdbed. And the resistance of this signal to
multipath is set out.

4.1 E5 band contents

On the E5 band, the modulation objective is to iplgk three different services, the Open
Service (OS), the Commercial Service (CS) and thiet$ of Life Service (SoL), included

127



4. Galileo E5 Band Signal Structure

into two Binary Offset Carrier (BOC)-like signalsegulting into 4 components), while
maintaining a constant envelope.

As already seen in chapter 2, the Galileo E5 sigoakists of the multiplexing of four
components. These four components are respectively:

= The E5a data channel: it results from the modutadiothe E5a navigation data stream
with the E5a data channel PRN code sequence whislai0.23 Mcps chipping rate.
The primary code length is equal to 10230 chips t#redsecondary code length is
equal to 20 chips.

» The Eb5a pilot (dataless) channel: it results frdra todulation of the E5a pilot
channel PRN code sequence which has a 10.23 Mapgiradp rate. The primary code
length is equal to 10230 chips and the secondaig ength is equal to 100 chips.

= The E5b data channel: it results from the modutatid the E5b navigation data
stream with the E5b data channel PRN code sequehesh has a 10.23 Mcps
chipping rate. The primary code length is equd @230 chips and the secondary code
length is equal to 4 chips.

= The E5b pilot channel: it results from the modwatof the E5b pilot channel PRN
code sequence which has a 10.23 Mcps chipping Tée.primary code length is
equal to 10230 chips and the secondary code leésgitual to 100 chips.

The modulation proposed to multiplex all these cleds is called the constant envelope
Alternate Binary Offset Carrier (ALTBOC) modulatidiGJU, 2005]). This modulation is
suggested with a code frequency of 10.23 MHz asdbacarrier of 15.345 MHz, leading to
an ALTBOC(15,10) configuration, as it will be sdater.

The next section will present the “classical” ALTBOmodulation and the way it is
modified to obtain the constant envelope ALTBOC wlation.

4.2 E5 band multiplexing technique

4.2.1 ALTBOC modulation with a non-constant envelop

The first idea to transmit all the E5 signal compais was to use an Offset Carrier
modulation in order to benefit from its spectradanacking properties, but transmitting a
different service through each side-lobe of the §g&ctrum. One solution was then to
multiply the base band signal by a “complex” suldea. In that way the different baseband
signal spectra are not split up, but each is shifdehigher or lower frequencies.

In [Ries02, 2003], the ALTBOC signal is clearly imhefd as the product of a PRN code
sequence with a “complex” square sub-carrier. fitlsa composed of two or four codes. Since
the E5 band signal transmits four different chasinéur codes are needed. If the data
channels are considered on the in-phase compondrha pilot channels are considered on
the quadrature component, then the base band signabe expressed as follows [Ries02,
2003]:
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Xar soc(t) = (¢, + § 08, ) er(t) + (e, + j &, )rer (1) (4.2)
with
er(t) = sigrlcos@7f )] + j [sigrsin@7f4t)] = ¢ (t) + j (s (t) (4.2)

Rsc is the sub-carrier frequency, the product between the E5a code and the E5aataong
data, ¢ the pilot E5a code, gproduct between the E5b code and the E5b dat#he pilot
E5b code and er(t) the “complex” sub-carrier. The-sarriers cand g are represented on the
next scheme:
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Figure 32 Time representation of the ALTBOC sulriees

By developing Eq. 4.1, the ALTBOC signal can alsoAritten as:
Xpr_soc® ={lle, +e ), 0 -(c, —c. )5, ]+ i, +c )= 0+, e )m ) (4.3)

As presented in [Godet, 2001], according to thatie? signs of the code chipg ¢, a,
co and the values of the ALTBOC sub-carrierard g, Eq. 4.3 can take 9 different values
and consequently the ALTBOC signal could be writien

Xr s =AY kO{ 012345678}
(4.4)
A =0 fork =0
with { A =22 k odd
A =4 k even
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where k defines the “scattered plot” number on &ieTBOC modulation constellation
represented below:

Figure 33 “Classical” ALTBOC modulation constellati

Figure 33 clearly shows that the ALTBOC modulatemvelope is not constant. This
would not be optimal considering the non-lineasitté the Galileo payload amplifier and thus
would distort the broadcast signal, as seen in ch&ptehis solution is then not suitable and a
new modulation, based on the same principles, wagopeal. This new modulation called
constant envelope ALTBOC modulation keeps the samoperties than the “classical’
ALTBOC modulation but is obtained with a differemtocess in order to have a constant
envelope ([Ries02, 2003]).

4.2.2 ALTBOC modulation with a constant envelope

The ALTBOC with a constant envelope is, in fact, ol#d thanks to a modification made on
the ALTLOC modulation, as presented in the following sectio

4.2.2.1 Transformation of the ALTLOC modulation

The constant envelope ALTBOC modulation is basedhenmodification of the Alternate
Linear Offset Carrier (ALTLOC) modulation [Ries020@3]. This ALTLOC modulation is

similar to the basic ALTBOC modulation presenteeviwusly, the only difference being that
the sub-carrier is not a square-wave sub-carrier but aositalsub-carrier.
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The constellation plots of the ALTLOC base bandhalgas presented in [Ries02, 2003],
can be defined by either Eq. 4.5 or EqQ. 4.6, dependintp® relative signs of the code chips
CU) CLI’) CLI CL'-

XaLT _Loc (t) = 2|:Sin(2rRsct tk 7_2'[j + ) K, Bin(27ﬂsct +k gﬂ (4.5)

. . T
Xair_toc () = 2‘/5(1 )kl [Esm(ersct +k, Zj} (4.6)

wherek, 0{1234} andk, = 1. Note that the k values depend on the values ofiifferent
spreading codes chips, as shown by table 15:

Cu -1|-1,-1} -1 -1} -1 -1 -3 1 1 Y} 1 1 1 L
CL -1,-1}-1} -1 12 1} 1, 1 -y -1 -1 -1 1 1 1L
c/’ -1(-1}y1} 1} -1 -1, 1 1 - -1 1 1 -1 -4 1
c’ -1{1,-12} 12, -1, 1, -3 1 -y 13 -1 1 -1 1 11

EXE’;SZ?O” 45|46|46|45|46|45|45|46|46|45|45|46|45|46|46|45

K1 3|1 4| 2| 3| 3| 4] 2 3 1 4 2 1 1 4 2

Ko 11,2} -1 21 -1 1 -3 -4y 13 -1 1 -1 1 11

Table 15 Relationship between expression typemdk for any combination of cc,, ¢, ¢

To obtain an ALTBOC with a constant envelope, theaids to modify the previous
equations by changing the sine-wave sub-carriest Bguare-wave sub-carrier, or in other
sign(sin(x))

—\/5 :

So the ALTLOC expressions become [Ries02, 2003]:

word, by using the following transformation: sin(®)

X(t) = \/E[sig{sin(zmsct +k, gﬂ + j [K, E‘sigr{sin{ZnRSCt +k, gjﬂ 4.7)

or
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x(t) = 2(j)" E‘sigr{sin(Ziﬂsct +k, ’ZTD (4.8)

with k, 0{1,234}, k, = +1

These expressions enable to write x(t) thanks ¢osimple equation below because the
signal phase takes exactly 8 different values:

x(t) = 20" kO{ 12345678} (4.9)

Figure 34 represents the modulation constellatmmesponding to Eg. 4.9. It shows that
the signal obtained has a constant envelope, whiteggua complex square-wave sub-carrier.
That is why the modulation presented and introdusgdhe CNES [Lestarquit, 2002], is
called constant envelope ALTBOC modulation.

Figure 34 Constant envelope ALTBOC or ALTBOC 8-Rfdidulation constellation

This definition of the constant envelope ALTBOC mtadion will be used to generate
the E5 signal in the Galileo payload. Note thatrimlulation could easily be implemented
using simple look-up tables for the phase assigtenéys seen above, the ALTBOC features
an 8-PSK constellation. The idea is here to allaaty of the 4 codes and 8 sub-carrier
phases combinations to a phase spot in the catgtell using a look-up table, and then to
generate the corresponding | and Q signals. The dltiee constellation spot is a function of
the value of the 4 codes [-1 or +1], and the capéiod is divided into 8 time bins (related to
the k values), as shown by table 16. There are 4nbioades, resulting in 16 (24) code
combinations: this means that there are a totaR8fdifferent phase plots, whose value may
vary between 1 and 8. Figure 35 presents a simplEBRIC generation diagram and the table
16 an example of a look-up table associated [Ries02, 2003].
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Figure 35 Simple E5 ALTBOC 8PSK generation diagfiasier, 2003]

Manipulating the 8PSK-ALTBOC expressions, the foilogv look-up table can be
produced:

E5a data code -1 -1 -1 -1 -1 -1 -1 -1 1 1 1 1 1 1 1 1
E5b data code S U S U S B S | 1 1 1 1 -1 -1 -1 ] -1 1 1 1 1
E5a pilot code -1 ] -1 1 1 -1 ] -1 1 1 -1 ] -1 1 1 -1 -1 1 1
E5b pilot code -1 1 -1 1 -1 1 -1 1 -1 1 -1 1 -1 1 -1 1

t modulo Ts

[0.Ts/8[ slalal3]e6| 7|5 |2|6]1]|3]27]|8]|s8]1
[ Ts/$. Ts/4 [ s s |4 3|67 |5 |6|2]1]3]27]|8]4]1
[ Ts/4.3Ts/8 [ 1| 8|4 |7 |67 |s5|6|2|1|3|2]3]|8]4]s:s
[3Ts/8. Ts/2 [ 1| 8|8 | 72|75 |6|2|1|3|6]|3]|4]4]s:s
[Ts/2.5Ts/8 [ 1| 88| 7|23 |1|6|2|5]|7]|6]|3|4]4]|s:s
[5Ts/'8.3Ts4[ | 1 | 4 |8 | 7|23 |1 ]|2|6|5|7|6]|3|4]|s8]|s
[3Ts4.7Ts8[ | s | 4 |8 |3 | 2|3 |1 26|55 |7|6|7|4]|s]|1
[7Ts/8.Ts [ sl a4 3|63 |1 |2|6|s|7]27]|8]|s8]1

Table 16 Example of ALTBOC Look-up table
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4. Galileo E5 Band Signal Structure

4.2.2.2 Constant envelope ALTBOC definition
The innovations previously proposed introduce nemms which can be compared to

intermodulation product3.he expression of the new signal obtained, calkewtant envelope
ALTBOC, is presented in [Soellner, 2003]:

e+i )cﬁscasa)—msca{ Tﬂ (Cu*J@u)tﬁscas(t“‘ﬁca{t_zsj} (4.10)
G+iE )cﬁscap(t) - Bcap[ Tfﬂ o @:'U)EES%(‘) i Es%(t ] Tfﬂ

XaLT_BOC =

with

C,L=C,C,C, C_=C,C,C, C, =C,C,C, C, =C,C.C,

and

S (t) = {gsigr{cos{Zn‘St _721]] +%sigr{cos(2n‘ t +—S|gr(co{2n‘ t+ j
sG, (1) = —Qsig co{Zn‘ t—i—Tj +£sign(cos(2n‘ t))——zsig co{Zn‘ t+7—T
P 4 S 4)) 2 S 4 S 4

=hapes of sub-carrier functions SCas and =Cap

(4.11)

S N S S S
1 1 1 1 E _SCap 1
— 5SCas

1 """" L B e r--===" 'i' """ Aa=====" ': """" r-==" r===-=- 1
0.6 femee b
I:I """" L A==~ ===°-r- ;' """ T=====" L aTTTsTTsTs r-==" r===-=- 1
08 L L
1 """" T===°-°=° b Bt e rTTT==" 'i' """ 1aTr-°-°° i r-T==°-" r=-=--- ]
el b

0 0.1 0.2 03 04 s 0B 07 s 09 1

tits
Figure 36 Shapes of constant envelope ALTBOC suieraScas and SCap
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4. Galileo E5 Band Signal Structure

It can be seen that the first line of Eq. 4.10 regmesthe useful signal and is composed,
as expected of 4 channels: the E5a data and pietnels (on an in-phase/quadra-phase
scheme) on the left part, and the E5b data and ghiannels (on an in-phase/quadra-phase
scheme) on the right part.

It has to be noticed also that the second linepf4£10 represents additional terms that
are not useful signal but intermodulation produdisey are necessary to keep a constant
envelope, but will consume a small part of the ogawver. Consequently, they will take a
short fraction of the available power for the usefignal, equal to 15% according to
[Soellner, 2003]. It has also to be noted that tlesgmted equations don’t take into account
the filtering processes which might be applied in thereuGALILEO payloads.

The next tables present the look-up tables corretipg to Eq. 4.10 in function of code
signs and sub-carriers values. These look-up tahtesequivalent to the look-up table
presented in table 17, the constant envelope ALTBOC cazadly be expressed by Eq. 4.10.

C. -1}-1-1| -1 -1} -1, -1 -1 1 1 1 1 1 1 1
Cu -1 -1 -1 -1 1 1 1 1] -1-1}-1|-11 1] 1] 1
C.' -1 -1 1 1 -1 -1 1 1] -1-1 1,1 1-1 1|1
Cu' -1 1 -1 1 -1 1 -1 1] -11 111 -1 1] -1] 1
t 0:Ts/8 | Ts/8:Tsl4 | Ts/4:3Ts/8 3Ts/8:Ts/2| Ts/2:5Ts/8| 5Ts/8:3Ts/4| 3Ts/4:7Ts/8| 7Ts/8:Ts
Scas(t) 1,2 0,5 -0,5 -1,2 -1,2 -0,5 0,5 1,2
Scas(t+Ts/4)| -0,5 -1,2 -1,2 -0,5 0,5 1,2 1,2 0,5
Scap(t) -0,2 0,5 -0,5 0,2 0,2 -0,5 0,5 -0,2
Scap(t+Ts/4)| -0,5 0,2 0,2 -0,5 0,5 -0,2 -0,2 0,5
t k scattered plot
0:Ts/8 5| 4 4 3 6 7 5 2 6 1 3 2 1 3 3
Ts/8:Ts/4 | 5 8 4 3 6 7 5 6 2 1 3 2 1 3 1
Ts/4:3Ts/8| 1 8 4 7 6 7 5 6 2 1 3 7 3 3 2
3Ts/8:Ts/2| 1 8 8 7 2 7 5 6 2 1 3 @ 3 4 2
Ts/2:5Ts/8| 1 8 8 7 2 3 1 6 2l 5 (O 3 4 1
5Ts/8:3Ts/4 1 | 4 8 7 2 3 1 2 6/ 5 (O 3 4 3
3Ts/4:7Ts/8 5 | 4 8 3 2 3 1 2 6] 5 7 ¢ T 4 3
7Ts/8:Ts | 5| 4 4 3 6 3 1 2 6] 5 1 2 T 8 3

= B Or Oor O O BB B

Table 17 Constant envelope ALTBOC look-up tables
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4. Galileo E5 Band Signal Structure

4.3 ALTBOC Power Spectrum Densities

4.3.1 Assumptions

The assumptions are the same as these made ttataltie power spectrum density of the
BOC signal in chapter 2. The ALTBOC signals are rdgd as stationary signals. The
different PRN code sequences are considered iddgtidistributed and independent. The
Galileo E5 band signal is an ALTBOC(15,10), consetlyetme calculation of the power
spectrum densities and their plots will only be m&ar an odd ratio between the sub-carrier

frequency and the code frequency :(2%). The theory used to calculate the power
spectrum density of the ALTBOC signal will be therrse as the one used to calculate the
power spectral density of the BOC signal. So, anicniphodification will be made on each
code sequence in order to be able to considertllgasub-carrier is included in the chip
waveform in the case n odd.

4.3.2 Non constant envelope ALTBOC signal Power Sgteum Density

The theoretical expression of the non constantlepeeALTBOC power spectrum density is
calculated in Appendix A. The calculation is only deafor n odd because, as already
mentioned, the ALTBOC proposed to transmit the Badlsignal is an ALTBOC(15,10) and

in this case n is equal to 3.

Consequently, the normalized power spectrum derdfitthe non constant envelope
ALTBOC with n odd is:

1 T, )? T
Garsoc(f) = T 212 COS( -F) 2 {l_ CO{HC FCJ} (4.12)
’ co{n‘ nj

Figure 37 represents the power spectrum densifieheo ALTBOC(15,10) with a non
constant envelope computed with the expression above.
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Power Spectrum Density of the non constant envelope ALTBOC(15,10)
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Figure 37 Power Spectrum Density of the non-constamelope ALTBOC(15,10)

frequency [Hz]

4.3.3 Constant envelope ALTBOC signal Power Spectnu Density

The calculation of the power spectrum density & &LTBOC with a constant envelope is
based on the calculation made in [Betz, 2001] toutate the power spectrum density of the
BOC signal. All the calculations made are also @né=d in Appendix A and as previously,
the calculations are only made considering n odd.

The appendix shows that for n odd the normalizedegpospectrum density of the
ALTBOC signal with a constant envelope is [Rebeyrol, 2005]

Gareoc(f) = 1 cos(nT.) [cosz(nf TS] - co{ﬂ TSJ - 2co{n‘ TS) cos{ﬂ TSJ + 2} (4.13)
2 £ 7T, cosz(n‘ch 2 2 2 4

n

Figure 38 represents the power spectrum densitidteecALTBOC(15,10) with a constant
envelope calculated with the expression above.
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constant envelope ALTBOC(15,10) power spectrum density
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Figure 38 Power Spectrum Density of the constanélepe ALTBOC(15,10)

4.3.4 Conclusion

A comparison can be made between the spectrumecfAtiBOC and the spectrum of the
constant envelope ALTBOC.
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Comparison of the ALTBOC Power Spectrum Densities
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Figure 39 Comparison of the ALTBOC Power Spectrendiies

The spectra of the ALTBOC signal and constant empelALTBOC signal have similar
main-lobes and first side-lobes, even if the centia¢ of the constant envelope ALTBOC is
1 dB lower than that of the ALTBOC. However theirther side-lobes are different. This
difference is due to the modification made in ortteobtain a constant envelope. Indeed the
transformation made on the time domain ALTBOC signgression added side-lobes at 60
MHz.

In the Galileo system these side-lobes would her&t by the 90*1.023 MHz RF filter
after the amplifier and the two signals would, finally, hagey\close filtered shapes.

4.4 ALTBOC signal properties

4.4.1 Constant envelope modulation advantages

The constant envelope ALTBOC modulation has several atuantages:

= First, as seen in chapter 3, the signal does noerséibm payload amplifier non-
linearities if an infinite bandwidth is kept; theieless signal impairment during the
generation and a better accuracy is expected. Hawvelistortions on the signal
constellation induced by filtering have to be accurateblyaed.
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Then, the constant envelope permits also a gaireicigion thanks to the possibility to
transmit a coherently wideband signal and not tawawband QPSK signals. Indeed
the ALTBOC modulation does not directly improve ttarrier tracking noise with
respect to a BPSK modulation. But, as the ALTBOC aigsmthe coherent sum of the
E5a and E5b components, the available G#\3 dB higher than for a loop tracking
E5a or E5b only. This will lead to a reduction byiftaf the noise variance. The
wideband ALTBOC provides also very good code tnagkperformance with a code
tracking noise below 5 cm for C{Nigher than 35 dB/Hz (if the pilot channel is
tracked with a dot-product power discriminator) ([Slegarg 2005]).

Finally, the ALTBOC represents an optimisation ok usf E5a and E5b signals:
simple receivers can use a single band (E5a or #hkjeas more complex receiver
can operate in two modes and thus get advantages in teaosurécy.

Indeed the ALTBOC modulation provides a very flégilsignal for the user segment,
because of the various tracking configurations it allaiteout any major degradation:

A single QPSK, on E5a or on E5b, for simple receiver.

A double QPSK, on E5a and E5b independently. Thamkiset ALTBOC modulation,
which provides spectral isolation, the interferen@e very low in this tracking
configuration.

A BOC(15,10) reduced to its main lobes. This trackiogfiguration allows a high
precision while limiting the susceptibility to interfeen

A BOC(15,10) in a wide bandwidth for the high precision nesei.

If the upper (E5b) and the lower (E5a) bands aaeked independently as if they were
QPSK(10) signals, the correlation losses are lower thadBL.dompared to a full tracking.

4.4.2 Resistance to multipath

It has also been seen in chapter 3 that the resesttp multipath is a constraint on Galileo
signals design. The next two figures will show ttheinks to the constant envelope ALTBOC
modulation this constraint is verified and that tiesistance to multipath of the Galileo E5
signal is quite good thanks to an optimal spectral rejoarti

Indeed, figure 40 represents multipath error envedqguotted for different modulations.
The curves show that the maximal error induced Hgy rhultipath on pseudo-range is the
lowest in the case of the wideband ALTBOC signak $lgnals bandwidths are chosen not to
filter the main lobes of the modulation.
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Multipath error for SMR=6dB
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Figure 40 Code multipath error envelopes compariordifferent modulations considering a signal-
to-mutipath ratio of 6 dB [Sleewagen, 2005]

Figure 41 represents the multipath errors for Jedéht ALTBOC signal receiver
bandwidths. It shows that increasing the receiaardividth does not lead to a significant
reduction of the multipath error. Consequently, procedsiadull bandwidth of the ALTBOC
signal does not significantly improve the multipatisistance and the performance with
respect to the main lobe only.
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Multipath code error [m]

Multipath delay [m]

Figure 41 ALTBOC code multipath error envelopesdiffierent signal bandwidths [Sleewagen, 2005]

The ALTBOC seems to present an inherent immunity to naihip

More information on the ALTBOC performance in retep could be found in [Soellner,
2003] and [Sleewagen, 2005].

4.5 Conclusion

This chapter has presented the modulation chosearismit the Galileo E5 band signals and
their associated services. It has also describedotbeess followed to obtain a constant
envelope modulation, constraint necessary to nofeisufom payload amplifier non-
linearities.
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Moreover, constant envelope ALTBOC multipath errenvelopes have been exposed.
They have shown that the ALTBOC modulation alsodedés the constraint of resistance to
multipath.

The Galileo E5 constant envelope ALTBOC signalasasvery interesting signal thanks
to its constant envelope but also thanks to the diffgressibilities of tracking it offers.

However, as seen in chapter 3, after being moduthtealileo signals are filtered by a
NSGU filter. This filter distorts the constant envelmfesignal and phase noise is so added on
the signal during the amplification. The evaluatidthis phase noise and the filter bandwidth
necessary to not too degrade the constant envelope willidiedin chapter 6.
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Chapter 5

Galileo E1 Band Signal Structure
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After the description of the Galileo E5 signal imapter 4, this chapter presents the other open
Galileo signal: the E1 band signal in order to fyeif its design follows the constraints
established in chapter 3.

In June 2004, an agreement ([E. C., 2005]) has bgeedibetween the United States of
America and the European Union. This agreement adopbmmon baseline to transmit both
Galileo E1F signal and GPS future L1C signals. Heawehe agreement plans a possible
optimisation of the baseline and that is the reasbwy recently different studies have been
conducted to find an enhanced signal, while stithptying with the constraints imposed by
the agreement.

First, the baseline signals approved by the agreetoemansmit the Galileo entire E1F
and encrypted E1P signals are presented. The constaelope modulation chosen to
multiplex them, called Interplex modulation, is aksgosed. Moreover the performances of
the baseline E1F signal are described, in particdolavaluate its resistance to multipath, one
of the impairments exposed in chapter 3.

Then, the Galileo E1F optimized signals are preserttegether with the performance
criteria allowing to select them. The adaptationtlsd Interplex modulation to these new
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signals, in order to transmit them with a constantedope, is also explained. To finish, the
performance of these optimized signals will be cared with regards to receiver
performances (resistance to multipath but also Rid&dwidth ...) to find the most suitable
signal to provide the Open service at the E1 band.

5.1 Galileo E1 band baseline signals

5.1.1 E1 Band contents and signals

The E1 band modulation should combine three dissignals associated to four different

services (as seen in chapter 2) into a phase ntedutmposite signal that respects the
design constraints defined in chapter 3: a conganelope at the payload amplifier input in

order to optimize the link budget and the poweicefficy on-board, and a good resistance to
multipath.

The Galileo E1 signals, as presented in chapter 2, are tiespec

= The E1F signal corresponding to the OS/CS/SOL sesvi&s already mentioned in
introduction, for June 2004, the United States of Acaeand the European Union
have signed the "Agreement on the promotion, promisind use of GALILEO and

GPS satellite-based navigation systems and rekgpetications”. This agreement

plans, in particular, to adopt a sine-phased BOC(1,1) sigraabaseline to transmit

both Galileo E1F signals (Open Service signals) and GR&fut.C signals. So,

o the carrier of the E1F data channel correspondinghé data OS/CS/SOL
services is modulated by three components: the rEMigation data stream,
the E1F data channel PRN tiered code sequence hendEXF sine-phased
BOC(1,1) sub-carrier. This signal is often calledad@ipen Service signal,
noted OSA.

o the carrier of the E1F pilot channel correspondinghe pilot OS/CS/SOL
services is modulated by two components: the Eidt phannel PRN tiered
code sequence and the E1F sine-phased BOC(1,1)ast#rcThis signal is
often called pilot Open Service signal, noted OSB.

» The E1P channel corresponding to the PRS servicétahemit the E1P signal, a
cosine-phased BOC(15,2.5) was adopted in [GJU, 20@5]fdB this signal, the
carrier is modulated by three components: the EeM®gation data stream, the E1P
channel PRN tiered code sequence and the E1P qusased BOC(15,2.5) sub-
carrier. This cosine BOC(15,2.5) signal is the E1 PRRSeline, according to the
2004 US/EU agreement.

The power spectrum densities of the Galileo baselinelsignarepresented in figure 42:
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sine-phased BOCI1,1) and cosine-phased BOC{15 2.5) power spectrum densities
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Figure 42 Baseline PRS and OS signals power spadatiensities

However, as already explained in introduction, tigeeament left the door open for a
possible optimization of the OS signal considerithgg overall framework conditions.
Consequently, the E1F signals are still under ingasbn and several studies are conducted
to find the most suitable signal that means a $igthéch verifies all the conditions set by the
agreement in terms of interoperability and complgiybwith the GPS system, while
improving performance.

These baseline signals should be multiplexed befoedr transmission thanks to a
constant envelope modulation to minimize the digiog brought by the payload amplifier, as
seen in chapter 3. Several technigques were proposed talsishpeoblem:

the Coherent Adaptive Subcarrier Modulation (CASMJs proposed by Dafesh
et al (1999);

the Quadrature Product Subcarrier Modulation (QP3W8thod which was
developed for general quadrature-multiplexed comoation systems [Dafesh,
1999];

the so-called majority vote logic technique explored bijk&pand Orr (1998).
and the Interplex modulation, presented in [Butman, 1972].

The Interplex modulation was preferred ([Wang, 20J&TF, 2002]; [GJU, 2005])
because it provides the best overall satellite peffeciencies by combining multiple signals
into a constant envelope phase modulated compsigital. Its general formulation and its
application to the baseline Galileo signals are predeantthe following section.
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5.1.2 E1 Band multiplexing technique: Interplex modilation

In the E1 band, the objective of the multiplexinghieique is different than in the E5 band,
even if the final result should be the same: a t@msenvelope modulated signal. The E1
band modulation should multiplex three distinct poments associated to two different
services into a phase-modulated signal. This can be ralyzthe Interplex modulation.

5.1.2.1 General definition of the Interplex modulabn

Indeed, the Interplex modulation is a phase-shijiekiéphase modulation (PSK/PM),
combining multiple signals into a phase modulateshgosite signal, as shown by its general
form, presented in [Butman, 1972]:

s(t) = cod27f. [t +6(t) + §) (5.1)

where t is the carrier frequency(t the phase modulation ard a random phase.

In GNSS applications and more particularly in theil@o system, the phase modulation
is defined as ([Butman, 1972]):

o(t) = ,qu(t)+nZ: B, (), (t) with s, (t)=+1 (5.2)

and where

= N is the number of multiplexed signalgty and

= [, is the modulation angle or modulation index.
The value of the modulation index@sdetermines the power allocation for each signal
component.

In the baseline case, the Interplex should multiphere distinct signals: two BOC(1,1)
sub-carriers (data and pilot Open Service sigraats) one BOCcos(15,2.5) sub-carrier (PRS
signal), consequently N is equal to 3.

5.1.2.2 Three components Interplex modulation: apptation to the E1 band
baseline configuration

5.1.2.2.1 Formulation

As mentioned previously, if the baseline signals eomsidered, three components are
multiplexed on the same carrier. Without loss of generalitan be assumed that:

= one signal will be in the quadrature channgl, s

= two signals will be in the in-phase channglasd s

Thus, the general formula of a three componentggiete signal can be expressed as
([Rebeyrol01, 2006]):
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n

) = cof 27, 1- 7 150)+ . 50,0+ 4, 5050+ | 3

Note thaff, is taken equal te- 77/2 because the signal Bas been chosen in quadrature
with the two others signals.

By developing Eq. 5.3, it can be shown, considering binary Isigiat:
0 { s, (1)rsin(5,)cod,) + s, (1) eod 3, Jin( ) eod27A, 1 + ¢) } 54
+(s,(t)eod 3, )cod8,) - 5,(t) 5, (t) () 3in(8, )sin(B, ) sin(272,,  + ¢)

Thanks to Eq. 5.4, it can be noticed that the firetghterms correspond to the desired
useful signal terms; s, Ss; the fourth term is an undesired intermodulation (IMinter

This IM term is equal to the product of the threesiced signals balanced by the
modulation indexeg,andg,. As in the case of the constant ALTBOC modulatibis term,
even if it permits to obtain a constant envelopajsames a short fraction of the total
transmitted power available for the three desiigdads. Thus a small part of the transmitted
power is used through this IM component and is reddrom the useful signal. However,
differently from the ALTBOC modulation, the modulai indexes, although dependant upon
the final signal configuration, can allow the minmation of the power consumed by the IM
component. This can be shown when looking at thgressions of the power of each
component, obtained while assuming orthogonal signadscod

R, = cog(B,)cog(B,)
P, =sin’(8,)og(3,)
P, = cog(8,) Bin*(8,)
Py =sin’(,)sin’(3,)

These equations show that a trade-off must be nmadeve sufficient power on the
desired signals and non-disadvantageous power on thigisl.s

(5.5)

5.1.2.2.2 Galileo E1F BOC(1,1) signal

If the current Galileo E1 OS baseline signals arsilered, two signals are transmitted in the
in-phase component ([GJU, 2005]):
» the data OS signal: a BOC(1,1) signgl ®mmposed of data, code and sub-carrier,

Sosalt) = /Py [ (1) ol (1) Bign(sin(2771.02366 1)) = /P, (3(t)
» the pilot OS signal: a BOC(1,1) signal, composed of code and sub-carrier,

Soul®) =P, (0 Bigr{sin(271 02611) = P, 5,0

The quadratrure channel transmits the PRS signal:

Sprs(t) = /R, [prs(t) [Whprs(t) Sigr{cod 2771151102366 1)) = /R, (3(t)
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The formulation of the three components Interplex can biegpso:

() = { s,(t) in(B,)codB,) + s, (t) eod 3, )sin(B,)) eod27£, [T + ¢) }
+(s.(t) eod3, Jeod 3;) - (1) 3, (t) 15, (t) 8in(, )sin(4,)) sin(27£, (1 + ¢)

and

In this case, according to [GJU, 2005], the total @oshould be equally divided into the
in-phase and the quadrature components. Moreovepdier of the data OS component
should be equal to the power of the pilot OS compbonConsequently, the parame@ysand

B, are constrained by the following relationships:
{Pl = cos(3,) [20g (8,) = 205in*(B,) (oS (3,)
P, = R, =sin’(B,) eos(B,) = cos(,) in*(5,)
This system leads t, =, =m=0. 615&dians and £-3.52 dB, B=Ps=-6.53 dB.

(5.6)

Consequently, the expression of the transmitted signal is:

7

s = cof 2, 1~ 7 50+ mis )5, -mis() s () g )

(s,(t) in(m)codm) - s,(t) todm)sin(m)) (eod 274, [ + ¢) } 5.8)

= { (6t) w0 (m) + 1) 5,(0) ,(0) sire(m)rsin(2rt, 11+ 9)

As foreseen, the IM term is the product of the algrg, $ and g, so in this case, it is a
BOCcos(15,2.5) as the PRS signal. The power usechéiM is thus equal to -9.54 dB
compared to the unit power of the global Interplex signal.

The different states of the Interplex signal carrdygesented on a phase diagram whose
x-axis is the in-phase component and whose y-axithe quadrature component. For the
present case, the diagram of the modulation constellairepresented in figure 43:
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PR S

[
i

L J

sint {p2) - cos(m)

6

> Signal s OSA
In-phase signal

—> Signal s PRS
Quadrature
. Signal IM signal
O Points of modulation cotellatior

Figure 43 Galileo baselinE1 Band Interplex modulation constellation

Figure 43 confirms that even if it consumes somthefavailable power, the introduction
of the IM product in the quadrature component kebpsmagnitude of the composite signal
envelope constant, facilitating so the use of stadramplifier in the payload, as seen in
chapter 3.

Moreover, this diagram shows that the modulationstadlation is only composed of 6
plots and not 8, as it could be expected due t@tegence of 4 signals. This is due to the fact
that the signals,sand g are both BOC(1,1) sub-carrier with the same powethe data and
pilot components and thus the constellation plot goesigiirthe points 2 and 5 twice.

According to Appendix A, the power spectrum densityhe Galileo baseline E1 signal
is:
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S(f) = 20e0(m) @in?(m) & (f)+(cos'(m)+sin*(m)) s, (f) (5.9)
with
(T ’

_25 Sm(ﬂ 25] T,

S ()= T —ﬂ Co{ﬂ ch{co{n‘ 3()) 1}
30
(5.10)
T ’

1 sin( Zc)sm(zﬂc) 1

S(0=¢ and T =1 026

c 7f cos(——*2)
2

Figure 44 represents the power spectrum densign imfinite bandwidth, of the Galileo
baseline E1 signal using the Interplex modulatiod eonsidering that the modulation index
m is equal to 0.6155 radians.

Fower Spectrum Density of Galileo L1 Interplex signal

85
70
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a0
asli.
90

95 1

Mormalized Power [dBWY]

=100

105 {f

1ok

frequency [Hz] w10

Figure 44 Galileo baseline E1 Interplex signal naifimed power spectrum density

So, it has been shown that the Interplex modulation trangmeitGalileo E1 signals with a
constant envelope, if they are considered as binary wangfidee the BOC(1,1).
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5. Galileo E1 Band Signal Structure

Now the performance of the BOC(1,1) Open Servicaaiwill be presented to verify if
the baseline signal presents a good rejection titipath, which is a necessary condition to
obtain good tracking performance according to chapter 3.

5.1.3 Galileo E1F baseline signal performance

All the parameters used to evaluate the BOC(1,fppaance are presented in this section.
First the tracking performances are described thaolautocorrelation function, Root Mean
Square (RMS) bandwidth and multipath error envelogleulations (chapter 3). Then the
intra and inter-system interferences are exposedikih to power spectrum density and

Spectral Separation Coefficient (SSC) calculation.

If the Open Service signal follows the baselineJ2005], the data and the pilot open
service signals are both a BOC(1,1) signal:

Sysa(t) = cosm) [sin(m) [c, (t) [d,, (t) [sign(sin(272[1.0236(t)) (5.11)
Soea(t) = cosfm) [sin(m) [c, (t) [sign(sin(27211.02361t)) (5.12)

with m=0.6155, considering the baseline distribution of peywas seen previously.

The BOC(1,1) autocorrelation function is plotted figure 45 considering an infinite
bandwidth. The autocorrelation function consista gkt of connected line segments with two
zero crossings and three peaks. Each peak is separatddyirbg T=1/(2*1.023e6) seconds.
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BOC(1 1) autocaorrelation function
e T e T et

Cia code
— BOC(1.1)

amplitude

time [=] « 10"

Figure 45 BOC(1,1) autocorrelation function in arfinite bandwidth

The main autocorrelation peak is narrow comparedhto autocorrelation peak of a
BPSK(1) signal (like the C/A code), which leads tmod tracking performance. But the
secondary peaks are sufficiently high to lead ttempiial false peaks acquisition and biased
tracking if it is performed using direct BOC sigraaquisition and tracking algorithm. That is
the reason why different new algorithms have be®pgsed to avoid the ambiguity due to
the secondary peaks ([Heiries, 2004], [Julien, 2005]).

The Root Mean Square (RMS) bandwidth, whose expression is:

Brus = [ 17 8(1) Calf (5.13)

with B the double-sided signal bandwidth and Sii@ signal power spectrum density
([van Trees, 1968], [Betz, 2002]), enables to compeaeking performance for different
waveforms. Indeed, a lower bound on code-trackingracy in white noise can be obtained
using the RMS bandwidth.

The expression of the smallest RMS code-trackimgreahat can be achieved in white
noise using any discriminator is:

O = 1 B, (5.14)
2B /]£
NO
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with B, the code-tracking loop bandwid%ﬁ,— the carrier power to noise density ratio aihd

0
the fraction of power remaining after bandlimitithe signal to the bandwidth B:
B/2
A= jS(f)df ([Betz, 2002]). Expression 5.14 shows that the higherRMS bandwidth,
-B/2

the smaller the code-tracking error.

The sine-phased BOC(1,1) power spectrum densityledér! in chapter 2, is represented
on figure 46, considering an infinite bandwidth:

BOC{1 1) Power Spectrum Density
0 : : : : :

o)
o

-110

amplitude [dBVWHz]

20 b - e AN N [ | | U | .

=130

-140

. | | | |
-1.58 -1 0.5 a 0.5 1 15
frequency [Hz] w10

Figure 46 BOC(1,1) power spectrum density

This spectrum is used to plot the following cunepresenting the RMS bandwidth as a
function of the double-sided signal bandwidth:
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RIS bandwidth of the OSA signal

——— BOC{,1)
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Figure 47 BOC(1,1) signal RMS bandwidth

The greater the RMS bandwidth; the better the eriteability to yield small tracking
errors, as explained previously. Consequently, figtiteconfirms the advantage of using a
BOC(1,1) signal instead of a BPSK(1) signal like the C/Aecod

To complete the study of the BOC(1,1) tracking perniance, the BOC(1,1) resistance
against multipath is exposed thanks to code trgckmultipath error envelopes. An early-
minus-late discriminator is considered with a 0.fp@pacing. Moreover, only one multipath
signal with relative amplitude equal to 0.5 with pest to the direct signal is taken into
account. The curves are plotted considering a 12 and 2z rkit¢iver bandwidths.
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BOC1,17) and C/fA code multipath errar envelope (3=0.5, Cs=0.1 Fc=1.023 MHz, BW= 12 MHz

1 ! : ' : :

T |
BOC(L1) |
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Figure 48 BOC(1,1) and C/A code multipath error @opes comparison

Figure 48 shows that the BOC(1,1) resistance toipailt is quite good, particularly for
multipath delays higher than 150 meters compared to the @fé c

Moreover figure 49 shows that a higher receiverdipadth does not improve so much the
tracking performance if the bandwidths considenedaready wide. If the bandwidth would
be narrower (for example 4 MHz), the observed paréorce would be improved with a 6, 8
or 12 MHz receiver bandwidth.

The multipath is a constant source of errors foe thseudo-range calculation.
Consequently, from a receiver/user point of viewgendnog signals with high resistance to
multipath is very interesting because it permitsmprove the performance for all the users,
included the mass market. Its good resistance tdipath is so a strong point of the
BOC(1,1) signal.
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CODE MULTIPATH ERROR EMWELOPE (a=0.5, Cs=0.1 Fe=1.023 MHz, BYY =12 or 24 MHz)
1|:| I I I I I I I

METERS

a0 100 150 200 240 300 350 400
DELAY IM METERS

Figure 49 BOC(1,1) multipath error envelope

To evaluate the radio-frequency compatibility o tBBROC(1,1) with the GPS system, the
Spectral Separation Coefficients (SSC) are now calallatdeed, they permit to evaluate the
interference between two signals sharing the saeggéncy band. Consequently, they allow
the estimation of the intra-system interferenceveen the Galileo OS signal and itself, and
the inter-system interference between the Galil€si@nal and the GPS L1 C/A code, the
GPS M-code signal (BOCsin(10,5)) and the future GPS L4Ras(BOCsin(1,1)).

The spectral separation coefficient is calculated usetz| 2002]:

SSCs/sgna = | Sos((F) Bugna( ) [ (5.13)

BWx
The SSC represents the power of the residual correlatantaiup to interference.

The two power spectrum densitieS,{( f) and S’Signal(f)) are considered normalized in

their transmission bands (40.92 MHz for the Gali@&® signal and 30.69 MHz for the GPS
L1 signals). The integration bandwidth (RWis equal to the receiver bandwidth and is
considered equal to 24 MHz. Table 18 summarizes the SSlsresu
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Intra system SSC

Inter system SSC

Self SSC

GPS L1 C/A

GPS M-cod

e GPS L1¢

BOC(1,1) baseline

-64.74 dB/Hz

-67.78 dB/H

iz -82.29 dB

Hz 4.76 dB/Hz

Table 18 Spectral Separation Coefficient considgtire Galileo baseline signal

The BOC(1,1) Open Service signal exhibits the Ispsictral isolation with the GPS M-
code; this result is in accordance with the spéctpartition of the different signals, as
presented in figure 50. The SSC value obtained Herimterference with the GPS L1C is
similar to the intra-system SSC value because #isellme signals considered for Galileo OS
and GPS L1C were both BOC(1,1).

GPS and Galileo signals power sepctrum densities

-0

-80

-0

Mormalized P=D [dBYWHz]

-100

-110

Figure 50

g e

— BOC{1,1)
h-code
— A code

n

0.5

frequency [Hz]

GPS and Galileo signals power spectrumsidis

These SSC values will be used as a benchmark toatgathe intra and inter system
interferences with the optimized Open Service signals.

This section has presented and described the Gdaignals approved by the 2004
EU/US agreement. However, as already explained, theeagnt left the door open for a
possible optimization of the Galileo Open Servigmal considering the overall framework
conditions. Consequently, the E1F signals were stiler investigation until a recent
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agreement, signed in July 2007, notifying that EU B8R have adopted a jointly optimized
signal for the GPS L1C and the Galileo E1 OS, caMBOC (Multiplexed-BOC). This
chosen signal will be presented afterwards.

Several studies have so been conducted to finanthet suitable signal, that means a
signal which verifies all the conditions set by thgreement (interoperability and radio-
frequency compatibility with the GPS system) while havingroved performance.

To improve the tracking performance, the RMS bantwigljuations show that power
should be added to the high frequencies componbrised, if the repartition of the signal
power is higher for high frequencies, the RMS baulthwis improved and the code-tracking
error is reduced. One of the idea to optimize thes@8als ([Hein, 2005], [Avila-Rodriguez,
2006]) is so to combine a strong BOC(1,1) compométiit another square sub-carrier whose
frequency is higher. Thus, the strong BOC(1,1) comporpermits to keep a narrow
bandwidth signal (and a limited sampling frequenaith good tracking performance, and a
compatibility with mass-market receivers designeddceive only BOC(1,1) signals. The
high frequencies component permits, as for it, torowe the tracking performance for “more
specialized” receivers/users.

5.2 Galileo E1 band optimized signals

This section will describe the optimized waveforpreposed to transmit the Open Service
signal. As these new waveforms are based on thdi@ddf a new component to the

BOC(1,1), the Interplex modulation should be modifiecbe able to transmit not anymore
three but five components with a constant envelofjee adaptation of the E1 band

multiplexing will also be presented. Finally, therfpemances of three optimized signals,
chosen according to criteria set out in this sec¢t@re exposed to evaluate the provided
improvement, particularly in terms of multipath performman

5.2.1 Galileo E1F optimized signals

Two main new signals have been studied to optithizeOpen Service signal before the 2007
agreement: the Composite Binary Coded Symbol (CBE®)in, 2005]) and the Composite
Binary Offset Carrier ([Avila-Rodriguez, 2006]).

5.2.1.1 CBCS signal

The Composite Binary Coded Symbol (CBCS) signaixigressed by a linear combination of
a BOC(1,1) signal and a BCS signal with the same chip itde&n([ 2005]) :

s (t) = P[BOC(LL) + Q[BCS([p,...p,.]1) (5.14)

where P and Q are values in % under the condition P+Q=100 %.

The signal, noted BCS, is a Binary Coded Symbolsasigtefined in [Hegarty, 2003] and
[Hegarty, 2004]. It is generated using a general dabidun technique referred to as direct
sequence spread spectrum (DSSS) and represented as:
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2(t) = > ¢, p(t—KT,) with p(t) = Nzl P, Pro/y (t—NTO (5.15)
k=—00 n=0

where {G} are PRN code symbols (which may be periodig)isTthe chip period and p(t) the
“chip” waveform is broken up into N rectangular ge8 of duration JN with amplitudes of
+/- 1 defined by the sequencefp

The model defined above includes both BPSK and BQE) modulations if the ratio

2m is even. In fact these two signals are particcéemes of BCS. Note that the BOC(m,n)
n

with an odd ratio can not be put into the same categoryed3G5.

The general notation of a BCS modulation is BCS@p...], n) with p representing the
BCS sub-carrier.

The CBCS signal can be noted CBCS([pn],n,%). [p...pn] represents the BCS
sequence used, £ n*1.023 MHz the code frequency and % represdmsdtio between the
BCS power and the global E1F signal power. In theed of Galileo, § is generally equal to
1.023 MHz and the amplitude of the BCS sequenceouged than the amplitude of the
BOC(1,1) to keep a signal as close as possiblest8@®C(1,1), compatible with mass-market
receiver designed to receive only a BOC(1,1) signal (seex&n@e [Novatel, 2006]).

An example of CBCS signal sequence is time-representeguirefbl:

& 'll'lll'
r{l Code Clip \ Code Chip

=
- =

i

BOC(1,1) } i |—

Figure 51 CBCS signal time sequence

If the Open Service signals are transmitted witltCSBsignals, the data E1F signal, noted
OSA, and the pilot E1F signal, noted OSB, could respectivelyriiten ([Hein, 2005]):

Sose(t) = G (1) [, (1) [(PIBOC(LY) + QI BCH( pi...p,. ] 1) (5.16)
and
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Soselt) = (1) [(PBOC(L1) - QIBCH(p,...p,,] 1)) (5.17)

with ¢p and ¢ respectively the data and pilot codes,tide data stream for the data channel
and BOC and BCS respectively the BOC and BCS sub-carriers.

An addition between the BOC(1,1) and the BCS corapbrns realized on the OSA
component while a subtraction is realized on th& ©&mponent so that the cross-correlation
terms between the BOC(1,1) and the BCS cancel gaelhn out to obtain a Galileo OS signal
power spectrum density equal to the sum of a BOCElghal power spectrum density with a
BCS signal power spectrum density, as it will be shown later.

Note also that the data and the pilot signals aterchangeable and that the most
performing component would be allocated to thetmignal because the tracking process is
likely to be realized on the pilot component.

According to the power definition of a periodic rs@d, the OSA and OSB signals powers
are equal to:

.

Pes= Ti [[eo () i, () (P CBOC LY + QEBCY ..., )] [t with T, the code chip rate
co 1 .

Posa = P* +Q* + 2P Q- [(Bocwy BCH(p,...p,|:D) et (5.18)
o

P = P?+Q? - 2P T [(Boc@y BC(p....p, )t (5.19)
co

and the Open Service signal power B ; = 2P* + 2Q°. (5.20)

SO % - PBCS - Q2
’ POS P2 + Q2

2
The CBCS waveform associated to the OSA signdius hoted CBCS(fp..pm],1, P2QTQ2

“+") and the CBCS waveform associated to the OSghali is noted CBCS(fp..pm].1,
Q2 “_”)
P2 +Q2 ! '

5.2.1.2 CBOC signal
The Composite BOC (CBOC) is another modulation psep for the Galileo E1 OS signal

[Hein, 2006]. It is expressed as a linear combinatiba BOC(1,1) signal and another BOC
signal with a higher sub-carrier frequency but the samerakep

s (t) = PIBOC(L1) + Q[BOC(pJ) (5.21)
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where P and Q are values in % under the conditi®®@-R200 % and $p*1.023 MHz
represents the sub-carrier frequency of the BOC(p,1) cadhvith the BOC(1,1).

This signal is noted CBOC(p,1, %) where % represiatsatio between the BOC power
and the global E1F signal power. As for the CBCS ctise amplitude of the BOC sequence
is, generally, lower than the amplitude of the BOC(19lkeep a signal as close as possible to
the BOC(1,1).

The CBOC can be considered as a particular CBCS@&vhab-carrier changes every bit.
The time representation of the CBOC signal is thinslar to the time representation of the
CBCS signal, but the BOC(p,1) sequence is a regular altenraitil and -1:

R

{ Code Chip } ‘{ Code Chip

Figure 52 CBOC signal time sequence

If the CBOC is proposed for the Open Service sigtid data E1F signal can be written as
[Avila-Rodriguez, 2006]:

Sosalt) = Co (1) [ (1) [(P[BOC(LY) + Q[BOC(p ) (5.22)
And the pilot E1 F signal can be written as:
Sosslt) = G (1) [(PTBOC(L]) ~QIBOC(p/D)) (5.23)

with ¢p and ¢ respectively the data and pilot codes,tide data stream for the data channel
and BOC(1,1) and BOC(p,1) respectively the BOC(1,1) and PQET¢sub-carriers.

An addition between the BOC(1,1) and the BOC(p,1) mament is realized on the OSA
component while a subtraction is realized on th& ©&mnponent so that the cross-correlation
terms between the BOC(1,1) and the BOC(p,1) cana#l ether out to obtain a Galileo OS
signal power spectrum density equal to the sumB®&(1,1) signal power spectrum density
with a BOC(p,1) signal power spectrum density, as it willHma later.
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Note, as for the CBCS case, that the data and tbiegminals are interchangeable and that
the most performing would be allocated to the pfignal because the tracking process is
realized on the pilot component.

Similar to the CBCS case,

TC
Pooa= P? + Q7 +2PBQE—IT£'[(BOC(1,1) BOC( p;L))mlt (5.24)
co0
1%
Poss = P* +Q° ~2P Q- [ (BOC(Y) TBOC(p ) et (5.25)
co
2
Pys = 2P +2Q° and % = Focs — 2Q -
Pos P*+Q
2
So, the CBOC waveform proposed for the OSA signaloid CBOC(p,l,PZQfQZ, “+7)
2
and the CBOC waveform proposed for the OSB signal is ncB@KILp,l,PZQfQZ, “.

5.2.1.3 Conclusion

To conclude, new modulations have been proposethtsnit the Galileo E1F signal. The
CBCS signal proposes a large variety of waveformisereas the CBOC, which can be
considered as a particular CBCS if the code andcautier frequencies ratio is even, is a
simpler waveform, easier to generate because of its redtdiaragion of 1 and -1.

But whatever the signal, one objective remainsstdae: multiplex the three different
channels (data and pilot E1F signals and E1P 9igntd a modulated constant envelope
signal. The Interplex modulation, presented presijpuwas chosen to transmit the baseline
Open Service signal. This modulation is also prgel@ to transmit the optimized signals but
some modification must be taken into account bexanfsthe addition of the BCS or
BOC(p,1) waveforms. The Interplex is not anymorlraé components modulation but a five
components modulation, described in the following secti

5.2.2 Five components Interplex modulation: applicéon to the CBCS and
CBOC cases

This section will focus on the application of theterplex modulation to the two E1F
optimized signals proposed: CBCS and CBOC. Indeedthiese two cases, five signals
should now be considered and not only three.

5.2.2.1 Formulation

In CBCS and CBOC cases, the Interplex modulation multipl&xségnal components:
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the data BOC(1,1) OS componen(DCp(t)x(t)

the pilot BOC(1,1) OS componentp@x(t)

the data BOC(p,1) or BC[B(...pml,1) OS component: £§t)Cp(t)y(t)
the pilot BOC(p,1) or BCH:...pm],1) OS component: g&t)y(t)

the PRS component:pRqt)Cprdt)z(t)

Dp, Dprsrepresent respectively the OS and PRS data st@anp, Corsthe data OS, pilot
OS and PRS codes, x(t) a sine-phased BOC(1,1) subfcat) a BOC(p,1) sub-carrier or a
BCH([p;:...pm],1) sub-carrier and z(t) a cosine-phased BOC(15,2.5) suigrcar

The general expression of the Interplex is then:

27kt - g Drrs(D)Cors(t) Z(t) + B, D (D)Cp (1) X(t) MDpgs(t) Cors(t) (1)

S(t) = cog + 3, [Cp (1) X(t) MDpgs(t)Cors(t) Z(t) + B; LT, (1) Y(t) Dprs(t)Cors(t) (1) | (5.26)
+ B, Dy (1)Cp, (1) Y(t) MDprs(t) Cops(t) (1)

considering the PRS signal on the quadrature chamieboth Open Service signals on the
in-phase channel.

By developing Eq. 5.26:

(sin(B,) cos(B,) cos(B,) cos(B,) ~ cos(B,) sin(B,) sin(B;) sin(B,)) T () x(1)

+(cos(B,) sin(é;) cos(B;) cosiB,) =sin(B) cos(B,) sin(B) sin(B,)) Do O XV | o r ),

+(cos(B,) cos(B,) sin(B,) cos(B,) ~sin(B,) sin(B,) cos(B,) sin(B,)) [T, () y(t) : (5.27)
+(cos(B,) cos(B,) cos(B,) sin(B,) = sin(B,) sin(B,) sin(B;) cos(B,)) (s ()Co (1) y(1)

s(t) =

(cos(B,) cos(B,) cos(B,) cos(B,) +sin(B,) sin(B,) sin(B,) sin(B,)) Dpps(t) Corns(t) 2(t)

~(cos(B,) cos(B,) sin(B,) sin(B,) +sin(B,) sin(B,) cos(B,) cos(B,)) [y (t)Co (t)C,, (1) Ders(t)Cors(t) 2(1)
~(sin(B,) cos(B,) sin(B,) cos(B,) +cos(B,) sin(B,) cos(B;) Sin(B,)) Ders(t) Cers(t) () X(1) y(1)

~(sin(B,) cos(B,) cos(B,) sin(B,) +cos(B,) sin(B,) sin(B,) cos(B,)) Dy (t)Cp (t)C, (1) Ders(t) Cors(t) Z()X(1) (1)

sin(27£ t)

It can be seen that the intermodulation term (IM) is therletgp:

_(cos(3)cos(B,)sin(B,)sin(B,)
© sin(B)sin(A,) cos(y cos(g,) | 2o O ODers®CerZ)

_] sin(B)) cos(B,) sin(B;) cos(B,) (5.28)
IM@® =3-1, cos(B)sin(B,) cos(B,)sin(B,) [Dprs(t)Crrs(t) Z(1) X(1) y (1)

_ sin(B)) cos(B,) cos(B,)sin(B,)
+ COS(Bl) Sin(ﬂz) Sin(ﬂa) COS(B4) DDD (t)CD (t)Cp (t) DPRS(t)CPRS(t) Z(t) X(t) y(t)

This term depends on the different components and on thelatiodundexes.
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The modulation indexes values are linked to the ggowf each components and
consequently, they depend on the relative power dmiwthe BOC(1,1) and the
BOC(p,1)/BCS([p...pm],1).
5.2.2.2 Application to CBCS/CBOC signals

If a CBCS or a CBOC signal is considered to trahsha Galileo E1F signal, the OSA signal
can be written:

Sosa(t) = Co (1) [Dp () [(PLx() + Q1 (1)) (5.29)
and the OSB signal is equal to:

Soselt) = Co (O L(PIX() - QLY()) (5.30)
with x(t) the BOC(1,1) sub-carrier and y(t) the BCS or the BXOG-carrier.

Consequently, the modulations indexes are linketigécsignals’ power by the following
system:

sin(f,) cos(B,) cos(B;) cos(B,) — cos(B,) sin(B,) sin(B;)sin(B,) = P
cos(B,)sin(B,) cos(B;) cos(B,) — sin(B,) cos(B,) sin(B;) sin(B,) = P
cos(B,) cos(B,)sin(B;) cos(B,) — sin(B,) sin(B,) cos(B,) sin(B,) = —Q
cos(B,) cos(B,) cos(B,)sin(B,) —sin(B,) sin(B,) sin(B;) cosB,) =Q

(5.31)

This system leads to:

_sin(24)
{181 = :82 and P - 2
,34 = _/83 Q= Sin(2ﬂ3)
S22

Finally, the E1 Interplex signal with a CBCS or a @B waveform as Open Service
signal could be written:

SIN@A) ric, 1) + Dy (H)C, O] TX()
st)=] 2 2 ool
" Sm(f) (- Co ) + Dy (C, (] B(t)

(cosep) ;COSQIBS)) [Dpre(t)Cora(t) z()

, (coseB,) - coses,))
2

(5.32)

sin(27 1)
Dy, (1)Cp (1)C, (1) Dprs(t) Cprs(t) (1)
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5. Galileo E1 Band Signal Structure

Eq. 5.32 shows that the IM term only depends on tBe@les and data and on the PRS
component. It is, as in the baseline case, a cosing(B&)2.5). Moreover the power of each

component is equal to:

_sin(2B) . sin(28,) . sin(23,)sin(28.,) 1
Posa = 4 + 2 + 5 ?C l; (X(t) [y(t)) Lot
_sin(28) | sin(28,) _sin(28)sin(28,) 1
POSB - 4 + 4 2 ?c _([ (X(t) Ey(t)) Lot
_sin(2B)° | sin(24,)f — (005(2,6’1) + cos(Z,Bg)j2 and P = (005(2,6’1) - 005(2,[;’3)j2
oS 2 2 ' ' PRS 2 IM 2

If the IM power expression obtained with a BOC(1(1% signal is compared to the
expression obtained with a CBCS/CBOC OS signalait be noticed that for the baseline
case the IM power depends on only one modulatidexnwhereas for the CBCS case, the
IM power depends on two modulation indexes. Sos ieasier to find a trade-off to have
sufficient power on the desired signals and non-disadgaous power on the IM signal.

The phase diagram of the modulation constellagasimilar to the phase diagram of a 8-
PSK modulation. Figure 53 confirms that the Gali@BCS/CBOC Interplex signal has a

constant envelope.
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cos(2 8,0+ cos(28; )
2

- PRY

Figure 53 CBCS/CBOC on data and pilot OS comporaoidulation constellation

The power spectrum density of a general CBCS EE lma@nd signal is calculated in
Appendix A:

%sinz (28) Buocuy () + %sin2 (28,) Bucs( )
Sé(f) = (5.33)

+~[c0%(25) + c03(26)) Buocicsts (1)
with

(LT 2
25 sm[n‘ > 5) -
SBOCCOSQ.B,Z.S) ( f ) =— —j {CO{T‘: —Cj - 1}

f ). L7
SBOC(M)(f ) = (n‘ )2 tanz(?J E‘klnz(f—]
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e
> sin (nfj . ot
= fcﬂ—zcz 2Pip CO{(J —i)—}

i=1 )= nf

C

f
Sscs(f): ch

The power spectrum density of the CBOC E1 base band sigAgdpsiidix A):

1. 1.
- n221 oc1f+_ n223 OCplf
. (28) Brocen (1) +5in°(28:) o (1) 5.3

+ 2 (c08 (25 + c03(26)) Buocmgs (1)

5.2.2.3 Conclusion

It has been shown that even considering the opgdinggnals, the global E1 Galileo signal
can be transmitted thanks to the Interplex modutatwith a constant envelope. So, in the
absence of filtering, the E1 optimized signal shoubd be affected by the amplifier phase
non-linearities (chapter 3).

Now it will be interesting to evaluate the performa, particularly the resistance to
multipath, of the different proposed signal in ordershow the improvement provided by
these new signals.

5.2.3 E1F optimized signals performance

In this section the optimized signals performance wildlescribed.

First, as CBCS and CBOC are generic waveforms wtichespond to a large number of
signals, performance criteria should be establigbeselect the best sequence and the best
percentage of BCS or BOC(p,1) associated.

Then, three particular waveforms, proposed in tlegditire, will be studied according to
these criteria to evaluate their performance whih dbjective to find the best Galileo Open
Service signal.

5.2.3.1 Performance factors
As shown by the definition equations of the CBCSl &dBOC, these signals have a

significant flexibility by changing the CBCS seqgenp...pm or the CBOC sub-carrier
frequency and the percentage of BCS or BOC power related taddulation indexes.
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So the following factors are used to find the @SS or BOC(p,1) signal and the best
associated percentage, which permit to obtain tte performance, while respecting the
conditions of compatibility and interoperability put by th004 EU/US agreement:

First, the best CBCS or CBOC waveforms should hevearrow autocorrelation
function peak to provide good performance in terms of trackinbe RMS
bandwidth of the CBCS or CBOC waveforms should be bettesimilar to the RMS
bandwidth of the BOC(1,1) waveform.

Then,the multipath rejection, studied thanks to multipath error envelopsslso an
important performance factor. As seen in chaptett & a main constraint for the
signal design because of its important contribution of feeigo-range calculation.

Moreover, the CBCS/CBOC waveform should presesufficient spectral isolation
similar to this obtained with a BOC(1,1), to not ¢eeinterference with the GPS
system.

Finally, another factor could be taken into accodhg& limitation of the secondary
peaks in the correlation function to avdalse acquisition and tracking But, the
current accuracy specified for the Galileo Open servicé4sweters in horizontal and
8 meters in vertical. The offset between ambiguous peake icorrelation function of
the optimized signals are generally much highen ti@se accuracies. Consequently,
[Hein, 2005] deduces that if the Galileo systems$ias the accuracy requirements,
any pseudo-range step resulting from slips or fads& in the correlation function
would be detected by the navigation algorithm of the vecei

The factors above permit to study the CBCS/CBOGoperance considering a tracking
with an exact replica. But the objectives of these/ICBCS or CBOC waveforms are not
only to obtain better performance than the BOC(bdgeline by tracking the signal with an
exact replica but also to obtain similar performearnian the baseline by tracking the OS
signal with a BOC(1,1) replica. Indeed, the receptbthese new waveforms should also be
possible with mass-market receivers, currently desigto receive only BOC(1,1) signals
([Novatel, 2006]). That is the reason why othersdes;twhich take into account the tracking
performance according to a BOC(1,1) replica, havenberoduced to find the best
BCS/BOC sequence. These factors are:

The delta correlation lossesThis parameter was defined in [Hein, 2005], it asses
the degree of compatibility of a BOC(1,1) receiver receiar@BCS or CBOC signal.
The delta correlation losses compares the restifteofross-correlation in the data and
pilot channel when the input is a CBCS/CBOC with thsult of the autocorrelation
function when the input is a BOC(1,1). They are expresseHdin,[2005]:

AL = (%ﬂ:::ggg{“ r %Jz with r = Ti Tj x(t) Oy(t) [t

c
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and A the CBCS/CBOC input amplitude,cAhe BOC(1,1) input amplitudg, the
BOC(1,1) modulation indexB, and S, the CBCS/CBOC modulation indexes, x(t)

the BOC(1,1) waveform and y(t) the BCS/BOC waveforms.
The last term with r gives an idea of how similarBOC(1,1) the CBCS/CBOC
waveforms are. The contribution of this term to tberrelation losses can be
eliminated by two ways:

0 f; =0, that corresponds to the BOC(1,1) baseline

o r = 0, that corresponds to a CBCS/CBOC waveformhwiéro mismatch
correlation losses.
To minimize the delta correlation losses it wolldrefore be interesting to choose as
Open Service signal, a CBCS/CBOC waveform which gmss zero mismatch
correlation losses.

» The symmetry of the CBCS/CBOC correlation with a BOC(1,1) refica. Always
with the objective to track a CBCS/CBOC wavefornthna BOC(1,1) replica, it is
necessary to have a symmetric correlation funcbetween the two components.
Indeed, a dissymmetry of this function could inducacking bias in a receiver
designed to receive only the BOC(1,1) waveform. [Pra006] underlines this
problem and presents an effective method of rengoemavoiding the bias. However
it is preferable to not choose, as Open ServiceakignCBCS/CBOC sequence which
introduces a dissymmetry on the correlation function.

The search of the best BCS/BOC sequence and ito@mygte percentage thanks to the
performance evaluation is carried out following all thevjmnes constraints.

After global analysis according to the previouderia, [Hein, 2005] has isolated three
main optimized signals: the CBCS([1 -1 1 -1 1 -1111 1], 1), the CBOC(5,1) and the
CBOC(6,1), whose performances will be studied in the follgvgections.

5.232CBCS([1-11-11-11-111],1) performea

First have a look at the autocorrelation functiérthe CBCS([1 -11-11-11-11 1], 1)
waveform for different percentages of BCS power.
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Autocorrelation of the CBCE O34 signal

— BOC(1,1) reference

— BCS power/OS power = 10%
BCS power/0S power = 20%

— BCS power/0S5 power = 30%

— BCS power/O3 power = 40%

Maormalized Correlation

-1.5 -1 0.5 0 0.5 1

Figure 54 Autocorrelation function of the CBCS Gsignal

Figure 54 shows that when the percentage of BC&ases, the autocorrelation peak
becomes narrower, necessary condition for a suedesatking. Moreover high secondary
peaks appear with the increase of the BCS percentAg explained previously, the
navigation algorithm generally permits to avoid thebiguity induced by the secondary
peaks. However, if the level of the secondary pearasigh, during a fraction of time, it can
remain acquisition ambiguity, especially in the cateeduced satellite availability. That is
the reason why, in the following, the percentage ©SBwill not be considered higher than
20%.

The autocorrelation function of the OSB signalepresented in figure 55. In this case the
main peak is less narrow than in the OSA case, dirathe OSA case it becomes narrower
with the increase of BCS percentage.
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Autocorrelation of the CBCE O3B signal

— BOC{1 1) reference
— BCS power/O3 power = 10%
BCS power/0S power = 20%
— BCS power/O3 power = 30%
— BCS powerf/O3 power = 40%

Mormalized correlation

Delay [s] . -

Figure 55 Autocorrelation function of the CBCS Gsghall

The increase of the peak narrowness as a function of the B&Shiage can be modelled
using the equation of the autocorrelation functions, cafedlin Appendix A:

Tosd) = 71 6N@B)) T pocyn (1) - (SN Tacelr)+SN@BYSINCE) T sociay cslr)

C C

oser) = 761NN Mooy 1)+ (i@ T cslr) = SN@BISINGE)T socqyscslr)

C

Indeed these equations show that when the pereetfaBCS increases, the part of the
BCS autocorrelation function increases, so the OSR@SB autocorrelation functions come
closer to the BCS autocorrelation function.

Even if the performance seems to be better for pigfieentage of BCS power, as already
mentioned, afterwards the percentage of BCS will Im@tconsidered higher than 20%,
because if too much power is put on the BCS comporibe compatibility of the Open
Service signal with BOC(1,1) receiver is reduced, tedta correlation losses are not
optimized and acquisition ambiguity can appear.

The potential good performance in tracking showrtheyautocorrelation function is also
obvious on the RMS bandwidth curves. Figures 56 @ndghow an increase of the RMS
bandwidth, while the BCS percentage increases, f@r foandwidths higher than 10 MHz
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(double-sided). The CBCS waveform has an inhererlityalio yield tracking errors
significantly smaller than the BOC(1,1). Moreover, 8B signal curves (figure 57) show
that the performance gain is significant for BCS power pgages higher than 10%.

RM= bandwidth of the CBCS[1-11-11-11-111],1) O5A signal
45 T T T T T I I

i i i i ! ——— BOC{1,1)
4 frmnmmmebeennmn bbb ——— 10% of BCS
- : : : —— 20% of BCS

rJ L
(8] i ] (i)

RMS bandwidth (MHz)

_,.
in

] 0.5 1 15 2 25 3 3.5 4
Double-sided Bandwiths y 1III?

Figure 56 CBCS([1-11-11-11-11 1],1) OSASERMS bandwidth
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M= bandwidth of the CBCS([1-11-11-11-111],1) OB =ignal

3 ! ! ! ! ! 1 I
: : : : | ——BOoc(1,1)
: : : : L | —— 10% of BCS
o peeoeee Feroooes Ponnoeees bomnoeees $---o| ——20% of BCS H

RMS bandwidth (MHz)

1] 0.5 1 1.5 2 2.8 3 3.5 4
Caouble-sided Bandwidths w10

Figure 57 CBCS([1-11-11-11-111],1) OSBnsigRMS bandwidth

According to autocorrelation functions and RMS baidlths, it seems that the gain in
tracking performance for this CBCS waveform stéwtbe interesting for percentages of BCS
around 10%. Indeed for a receiver bandwidth equal to 12 MRS bandwidth decreases
from 3.25 MHz to 2.25 MHz for the OSA component arehf 1.75 MHz to 1.45 MHz for
the OSB.

Now the study of the multipath rejection (figurésdnd 59) shows that for percentages of
BCS power higher than 10%, the error due to theipaih on the measured pseudo-range is
smaller (minimum two meters) than with the BOC(1hBseline for both OSA and OSB
components. An early-minus-late discriminator isnsidered with a 0.1 chip spacing.
Moreover, only one multipath signal with relative @itude equal to 0.5 with respect to the
direct signal is taken into account. The curves@otted considering a 12 MHz receiver
bandwidth.
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CODE MULTIFATH ERROR ENVELOPE (a=0.5, Ce=0.1 Fc=1.023 MHz, BW2=12 MHz)
1D T T T T T T T
| | : | BOC(L | : :
11 10" = o Eoemeoeees doreenes -
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Figure 58 CBCS([1-11-11-11-111],1) OSAnsigmultipath error envelope

CODE MULTIPATH ERROR ENVELOPE (a=0.5, Cs=0.1 Fc=1.023 MHz, BW2=12 MHz)
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BOC(LL) |

S R AN i S W SRR 0% ef BCFT -y 7
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]
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Figure 59 CBCS([1-11-11-11-11 1],1) OSBsigmultipath error envelope
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All the figures corresponding to tracking perforroarshow that the CBCS([1-11-11-1
1 -1 1 1],1) presents better tracking performanan tthe BOC(1,1) for BCS percentage
higher than 10% and lower or equal to 20%. Moredhese figures show that a tracking with
an exact replica of the CBCS([1-11-11-11 -1],1, “+”) is more efficient than a tracking
with an exact replica of the CBCS([1-11-11 -1111 1],1,”-"). So this waveform would be
put on the pilot component and not on the data componentnsisleced on this study.

Tables 19 and 20 present the SSC calculationsifiereht percentages of CBCS. They
show that the CBCS signal presents a spectraltisolavith the GPS L1 signals similar to the
spectral isolation obtained with the BOC(1,1) bameliThe CBCS SSCs are lower for GPS
L1C and C/A code than the BOC(1,1) SSC. That ig@ngtpoint for this CBCS sequence.
However the CBCS SSC is higher for the GPS M-caddh®e value obtained represents only
a slight variation compared to this obtained with a BOC(1,1).

Self SSC (dB/Hz)

% of BCS in CBCS 10% 15% 20%

CBCS -65.49 -65.9 -66.27

BOC(1,1) baseline -64.74

Table 19 Self SSC of the CBCS([1-11-11-1111]L1) Open Service signal

Inter-system SSC (dB/Hz)
0%
% of BCS in CBCS BOC(1,1) 10% 15% 20%
baseline
SSC with GPS C/A code -67.78 -68.13 -68.33 -68.52
SSC with GPS M code -82.89 -82.41 -82.48 -82.53
SSC with GPS L1C -64.71 -65.1 -65.32 -65.53

Table 20 SSC of the CBCS([1-11-11-11 -11)Xpen Service signal with GPS signals

All the results listed above show that the CBCS{{1L -1 1-11 -1 1 1],1, 15% or 20%)
presents better performance than a BOC(1,1) acaprtbnthe requirements presented
previously, if the tracking is realized accordingaio exact replica. Now it is interesting to
establish if the BCS sequence chosen presentgyatsb tracking performance when using a
local BOC(1,1) replica.

To begin, it can be noticed that the studied CBC8eftam verifies the condition which
permits to minimize the delta correlation losseslebd, the CBCS sequence has a zero
mismatch correlation losses, as shown in figure 60:
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Figure 60 CBCS waveform with a zero mismatch datign losses

However, the correlation functions of the CBCS([11-31 1 -1 1 -1 1 1],1,”+") and
CBCS((1-11-11-11-11 1]1"" waveforms with BOC(1,1) sub-carrier exhibit a
dissymmetry, as shown in figures 61 and 62.

carrelation of the CBCS[1-11-11-11-111],11 O3A signal with a BOC(1,1) signal
T

1 T T T T
i e R R EEEEY CER LR EE T
' ' i '

—— BOG{1 1)
— 10% of BCS
—— 20% of BCS

Mormalized correlation

Delay [s] «10®

Figure 61 OSACBCS([1-11-11-11-11 1],1)retation with a BOC(1,1) replica
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carrelation of the CBCS{[1-11-11-11-111],1) OZE signal with a BOC(1,1) signal
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Figure 62 OSBCBCS([1-11-11-11-11 1],1)retation with a BOC(1,1) replica

The dissymmetry is visible both on the OSA and @8Biponents. The tracking of this
CBCS waveform by a BOC(1,1) receiver could so suffem tracking bias even if the delta
correlation losses are optimized.

Consequently, the CBCS([1-11-11-11-11 1],26180%) is a good candidate for
the optimized signal because of its performanceims of multipath rejection and tracking
with an exact replica (minimum 2 meters of improvaten the multipath pseudo-range error
calculation). But it can not be considered as #& bne because it does not have a symmetric
correlation function with a BOC(1,1) replica, thatutth induce a bias using a BOC(1,1)
receiver tracking. Non-optimized performances witB@C(1,1) replica are not acceptable
for the mass-market receivers, designed to recailyeaoBOC(1,1) signal. That is the reason
why other optimized signals have been proposed.

5.2.3.3 CBOC(5,1) performance

An other CBCS proposed in [Hein, 2005] has beenietiignd their performances will be
compared to the performances of the previous ode@the performances of the BOC(1,1).
In this case, the BCS sequence is [1 -1 1 -1 1-1111-1], so this CBCS corresponds not only
toaCBCS([1-11-11-11-11-1],1) but also to a CBOC(5,1).

The same study as previously is carried out to uatal if this CBOC verifies the
optimization factors and the requirements.
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First let’s start with the observation of the autodatren function.

Autocorrelation of the CBOC(S,1) 024 signal
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Figure 63 Autocorrelation function of the CBOC(5C1$A signal

As for the CBCS case, the autocorrelation functiohshe CBOC(5,1) OSA and OSB
signals show that when the percentage of BOC isessahe autocorrelation peak becomes
narrower. However, as previously, the percentage & B@hsidered in this report will not be
higher than 20% in order to increase the compdtibdf the Open Service signal with
BOC(1,1) receivers and to avoid acquisition problem andéitrgambiguity.
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Autocorrelation of the CBOCS, 1) OSE signal
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Figure 64 Autocorrelation function of the CBOC(5C1$B signal

Now it is interesting to verify if this CBOC wavefarpresents good performance in terms
of multipath rejection, RMS bandwidth, spectral isolatiamny&lation losses and tracking with
a BOC(1,1).

An early-minus-late discriminator is consideredhndt 0.1 chip spacing. Moreover, only
one multipath signal with relative amplitude eqt@l0.5 with respect to the direct signal is
taken into account. The curves are plotted considering aH2rkteiver bandwidth.

The CBOC(5,1) offers a good multipath rejection asnsin figures 65 and 66. Its
performance is similar to the performance obtaimeth the CBCS and better than the
performance obtained with a BOC(1,1).
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Figure 65 CBOC(5,1) OSA signal multipath error dope
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Figure 66 CBOC(5,1) OSB signal multipath error dope
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The CBOC(5,1) performances in terms of RMS bandw(fittures 67 and 68) are also
similar to the performance obtained with the CBd®e CBOC(5,1) waveform has an
inherent ability to yield tracking errors smalldmah the BOC(1,1) for percentages of
BOC(5,1) power higher than 10% and for filter bandwidth&&ighan 10 MHz.

EIMS Bandwidth of the CEOC(5,1) O5A signal

45 ! ! ! ! ! ! !
: ! : : : — BOC{,1) |
g ———— 0% of BOC A
’ ’ ’ ’ i | ——20% ofBOC
35 ' '

RMS bandwidth (MHz)

] 0.5 1 1.5 2 2.5 3 35 4
Couble-sided Bandwidths 7

Figure 67 CBOC(5,1) OSA signal RMS bandwidth
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EMLE Bandwadth of the CBOC(S, 1) Q5B signal
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Figure 68 CBOC(5,1) OSB signal RMS bandwidth

Concerning the spectral isolation (tables 21 any #& CBOC(5,1) presents a better
spectral isolation than the BOC(1,1) with the GP& lahd the GPS C/A code signals but its
spectral isolation is slightly worse with the GPSchte. This SSC value is however
acceptable because it is nearby the SSC value obtainethwitiaseline BOC(1,1).

Self SSC (dB/Hz)

% of BOC in CBOC 10% 15% 20%
CBOC(5,1) -65.5 -65.91 -66.27
BOC(1,1) baseline -64.74

Table 21 Self SSC of the CBOC(5,1) Open Servicalsig

Inter-system SSC (dB/Hz)
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0%
% of BOC in CBOC BOC(1,1) 10% 15% 20%
baseline
SSC with GPS C/A code -67.78 -68.2 -68.43 -68.65
SSC with GPS M code -82.89 -82.55 -82.7 -82.84
SSC with GPS
BOC(1,1) L1C -64.71 -65.11 -65.35 -65.56

Table 22 SSC of the CBOC(5,1) Open Service sigithl GPS signals

To continue, the other parameters of optimizationiclvipermit to evaluate performance
assuming a BOC(1,1) tracking, should be verified.

Figures 69 and 70 show that the correlation betwkenCBOC(5,1) and a BOC(1,1) is
symmetric.

carrelation of the CBOC(E 1) OSA signal with a BOC(1,1) signal

T T T T
L Y R —— BOC(1.1)
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—— 20% of BOC(5,1)
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Figure 69 OSA CBOC(5,1) correlation with a BOC(Irdplica

185



5. Galileo E1 Band Signal Structure

carrelation of the CBOC(E 1) 058 signal with a BOC(1,1) signal
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Figure 70 OSB CBOC(5,1) correlation with a BOC(Irdplica

Consequently, no additional bias will be introduckding a tracking with a BOC(1,1)
receiver even if correlation losses are introduetmvever, the delta correlation losses are not
minimized. Indeed, the CBOC(5,1) waveform does nosgmea zero mismatch correlation
losses, as exposed in figure 71. Its reception mass-market BOC(1,1) receiver would not
be optimized.
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5. Galileo E1 Band Signal Structure

Figure 71 CBOC(5,1) waveform with non zero mistmaturrelation losses

To conclude, the CBOC(5,1,15-20%) is also a good daneli for the Galileo E1
optimized signal because of its good tracking pemfoce but it can not be considered as the
best one because it does not minimize the delta correlatises.

So, the CBCS and the CBOC(5,1) signals, studied amgbped by [Hein, 2005], present
good tracking performance with an exact replica aockptable spectral isolation. However,
they do not verify the requirements (symmetric BOC)/CBCS or CBOC correlation
function, minimization of the delta correlation |pssecessary to obtain also good
performance with a BOC(1,1) tracking. Choosing onthe$e signals as Galileo Open service
signal would mean to introduce a bias or non-o#uicorrelation losses during BOC(1,1)
tracking. As currently the majority of Galileo reeeis have been designed to receive a
BOC(1,1) signal, another CBOC signal was proposed: GBOC(6,1), presented in the
following section.

5.2.3.4 CBOC(6,1) performance

Recently, the CBOC(6,1) signal was proposed in [H2D06]. This new optimized signal
was the base for a new agreement signed betweesmBWS on July, 2007. This agreement
notifies that the United States and Europe adgptrély optimized signal for the GPS L1C
and the Galileo E1 OS, called MBOC (Multiplexed-BO)nsistent with the previous
agreement, whose normalized power spectrum dengiggifeed without the effect of
bandlimiting filters and payload imperfections, is gi\sy:

10 1
Sueoc(f) = ESBOC(l,l)(f) +ESBOC(6,1)(f) (5.35)

with Sgocq,1)the power spectrum density of the BOC(1,1) subieaand $ocs,1)the power
spectrum density of the BOC(6,1) sub-carrier.

[Hein, 2006] explains that a variety of time serés be used to produce the power
spectrum density of the MBOC(6,1,1/11). It focusestwn different approaches, Time-
Multiplexed BOC (TMBOC) and Composite BOC (CBOC).

In this thesis, the choice was made to study ondy GBOC(6,1) as Galileo E1 Open

Service. If a CBOC(6,1,"+") is considered as data OSA), a CBOC(6,1,"-") is considered
as pilot OS (OSB) to verify the MBOC power spectrum densiggifipations,

Sosa(t) = Co () [D, ) [(PIx(t) +QLy(t)) and Syet) = Co(t) [(PIX() ~QLY(1))

with x(t) the BOC(1,1) sub-carrier and y(t) the B®(( sub-carrier, so, according to the
calculation made in Appendix A:
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P? Baocan( f) + Q Byocy (F) + 20F, [PQRFT(BOC D) (FTHBOC(6) )}

Sosal f) = P7 s Q2
S(f) = P? Bgocay( ) + Q% Byocn (F) — 20F, (P REFT(BOC(LY) FT(BOC(6Y) )}
SB P2 + Q2

with Sgocq,1ff) the BOC(1,1) waveform power spectrum density &@Bhee1(f) the
BOC(6,1) waveform power spectrum density.

So,

_ P Q° _
S)s( f ) - PZTQZ |:9\‘3130(:(1,1)( f ) + PZTQZ [BBOC(G,l) ( f ) - S\/IBOC( f )

with P = 0.383998 and Q = 0.121431 to verify the MB@ower spectrum density,
considering the case of equal power on data antl @ component and the PRS component
3dB above the OS component ([Rebeyrol04, 2006]). 3w OSA signal is a
CB0OC(6,1,1/11,"+") and the OSB signal is a CBOC(6,1,1/11,”-").

As regards the intermodulation term generated byltierplex modulation to transmit this
signal with a constant envelope, the values chosethé percentage of BOC(6,1) induce a
IM power equal to 15.6 dB below the total signal power.

The performance of this new signal will be comparethe performances of the CBCS([1
-11-11-11-111],1), the CBOC(5,1) and the BQD)(With similar power repartition. The
spectra of these four signals are presented in figure 72.
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Figure 72 Open Service signal power spectral derssitonsidering the different optimized signals

First the observation of the autocorrelation fumsi in figures 73 and 74 shows that the
narrowest peak is obtained for CBOC(6,1,1/11,”-*). Swvould be preferable to track the
MBOC signal on the component with “-“ to obtain teettracking performance. For the
CBOC(5,1) and CBCS waveforms, the tracking was pabferon the component with “+”, as
already exposed previously.
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autacarrelation of the CEOC(E, 1) signal
T

| |
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amplitude

Delay [s]

Figure 73 CBOC and CBCS OSA autocorrelation fumstio

autacarrelation of the CEOC(E, 1) signal

T
—— CBOGH,1,111,%" ||
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Figure 74 CBOC and CBCS OSB autocorrelation fumdio
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5. Galileo E1 Band Signal Structure

Figure 75 shows that the correlation function betwthe two CBOC(6,1) waveforms and
the BOC(1,1) is symmetric. So a tracking with a BO) receiver would not suffer from
bias even if it would suffer from correlation lossét is a strong point for the CBOC(6,1)
waveform compared to the CBCS and the CBOC(5,1) feaves. Another strong point for
this signal is that it presents a zero mismatch correl&igses.

carrelation of the CBOCIE 1) signal with a BOC(1,1) replica

—— BOC(1,1) 1
—— CBOCE,1,1/11,"+"
—— CBOCE,1,1/11,""

Mormalized amplitude

Figure 75 Correlation function between CBOC(6,13 80C(1,1)

Figures 76 and 77 represent the tracking performaoic the CBOC(6,1), CBCS and
CBOC(5,1) waveforms in presence of multipath. Anearinus-late discriminator with a
1/12 chip spacing (to use the discriminator in tlagrowest part of autocorrelation peak) is
considered. The amplitude of the multipath is equal to 0.%pacsd to the LOS signal and the
signal bandwidth is equal to 24 MHz. Figure 77 reprgs the running average of a multipath
error envelope computing thanks to the following equafjbleiries, 2005]):

o

A©) = o [ [+ D] 4

dis the multipath delayé, . (d) is the maximum multipath induced bias, afig, (J) is the

minimum multipath induced bias. Only the absoluteedope values are considered and their
cumulative sum is used to compute average ranging errces([2D05]).

The figures show that the CBOC(5,1,1/11,"+"), the CHCS(1 1 -1 1 -1 1 -1 1
1],1,1/11,"+") and the CBOC(6,1,1/11,”-") have similar rfggmance. The
CB0OC(6,1,1/11,"+") have worse performance but it remeanore resistant to multipath than
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the BOC(1,1). These results are in accordance with abservation made on the
autocorrelation functions.

Multlpath errar envelupe (chip spacmg—mE bandwidth=24 MHz)

—— CROCE A A1 "+
—— CBOCE,1,1/11,"7 | |
—— CBOCHE 1141, |
——— CBCS(1/11,"+"
BOC(1 1)

Code Tracking Errar {m)

..............................................................

i &0 100 150 200 250 300 350 400
Multipath Delay (m)

Figure 76 Comparison of CBOC(5,1), CBCS([1-11-1 1 -1 1 1],1) and CBOC(6,1) multipath
error envelopes

Cumulative errar en\relupe (chlp spacmg 1112, bandwidth=24 MHz)

[—— cBocE.1 11 )
|| ——cBocE. 1.y |
e ———cBOCE I |
|| —— cBespn ey
BOC( 1)
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a A0 100 180 200 260 300 350 400 450
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Figure 77 Comparison of CBOC(5,1), CBCS([1-11-1 1 -1 1 1],1) and CBOC(6,1) cumulative
error envelopes
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Figure 78 also shows that the CBOC(6,1,1/11,"-) hawe®d tracking performance,
similar to this obtained for CBOC(5,1,1/11,"+") and CBCS(111"+").

RME bandwidths
4 ' ' ) ) ; ) )

—— CBOCE1,1411,"+7) |
25 L...] ——cBOCE 111, |

—— CBOG(E 1,141+ | i
——CBCS(1,"+) | ; ; e
3 BOC( 1) B I MR 7 (s A eEl .

RMS bandwidth (MHz)

0 0s 1 15 2 25 3 35 4
Double-sided Bandwidths 7

Figure 78 CBOC(6,1) waveforms RMS bandwidths
To end our study of the CBOC(6,1) signals, the spkedeparation coefficients are
calculated. Table 23 shows that the MBOC(6,1,1/11¢ S8lues are similar to the values
obtained with the BOC(1,1), this signal presentsfficgent spectral isolation with the GPS
L1 signals.

SSC (dB/Hz)
OS signal BOC(1,1) CBCS CBOC(5,1)  CBOC(6,1)
Self SSC -64.74 -65.41 -65.43 -65.45
SSC with GPS M code -82.29 -82.4 -82.53 -82
SSC with GPS C/A code -67.78 -68.11 -68.16 -68.17
SSC with GPS L1C -64.71 -65.06 -65.07 -65.08

Table 23 Comparison of BOC(1,1), CBOC(5,1), CBCS([1-11-11-11 1],1) and CBOC(6,1) SSCs

As the CBOC(6,1,1/11,”-*) presents good performancettaar CBOC(6,1) configuration
was proposed by [Hein, 2006] to verify the MBOC povepectrum density. This new
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5. Galileo E1 Band Signal Structure

configuration suggests to put all the BOC(6,1) poaerthe pilot component while having
only a BOC(1,1) sub-carrier on the data componerg. ddta and pilot Open service signals
are then equal to:

Sose(t) = Co (1) [Dp (1) [RIX(t) and soegt) = Co(t) [(PIX(1) ~QLY(1))

with x(t) the BOC(1,1) sub-carrier and y(t) the B®Q( sub-carrier. Thus, according to
Appendix A,

R
Sosal f) = m [SBOC(].,l)( f)
Sus() = P? Bgocay( ) + Q% Buoey (f) — 20F, (P REFT(BOC(LY) FT(BOC(6Y) )}
SB P2+ Q% +R?
and
S.o(f) = (P2 + RZ) Seocay(f) + Q’ Bsocey () =20, [PQ DRG{FT(BOC(ll)) (FT D(BOC(B,:I_))}

P2 +Q2+R2

This power spectrum density does not verify exatttyy MBOC power spectrum density
because of the cross-correlation term between QE(B,1) sub-carrier and the BOC(6,1)
sub-carrier. Fortunately, the cross-correlation team be zeroed by alternating the relative
polarity of the BOC(1,1) and BOC(6,1) signals in ttBOC term. This means there is an
alternation between “in phase” CBOC(6,1) (where firet part of the chip is of the same
polarity) and “antiphase” CBOC(6,1) (where the fipsirt of the chip is of opposite polarity).
This new CBOC is noted CBOC(6,1,"+/-*). This manipulatiorde¢o:

(P2 + R2)

Sos(f) = m [$BOC(L1)( f)+

Q* _
PP+ +R Boocen () = Sueoc()

with P = 0.358235, Q = 0.168874 and R = 0.396044 cerisigl the case of equal power on
data and pilot and the PRS component 3 dB aboveQfecomponent ([Rebeyrol04,
2006]).The OSA is so a BOC(1,1) and the OSB is a CBOC(6,1,2/1),"+/-

As expected, because of its high BOC(6,1) power mpéage, the performances of the
CBO0OC(6,1,2/11,"+/-) are better than the performanoéshe CBOC(6,1,1/11,”-*) or the
CBOC(5,1,1/11,"+"), as shown by figure 79:
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Figure 79 CBOC(6,1,2/11,"+/-*) tracking performance
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The RMS bandwidth figure shows that the CBOC(6,1,2#1Z) tracking performance is
better than the performance of the other wavefolonssignal bandwidths higher than 15
MHz. The CBOC(6,1,2/11,"+/-*) resistance to multipashaiso better whatever the multipath
delay.

Therefore, the CBOC(6,1,2/11,"+/-") presents the beatking performance with
excellent multipath mitigation. But this signal iora complicated to generate because of the
alternating sign of the BOC(6,1) sub-carrier, neagssa verify the MBOC specification.
However the complexity of the generation at thelgay level is not the only problem of this
waveform. Indeed to transmit the CBOC(6,1,2/11,"+/H)the pilot component associated to
the BOC(1,1) on the data component, the five compsnirterplex modulation should be
adapted. The general formulation of a five comptsénterplex modulation could be applied
but the system verified by the modulation indexes is diftere

Indeed if the OSA signal is writtersgg,(t) = C, (t) [Dy (t) [RIX(t , &nd the OSB signal is
equal t0 S,es(t) = Co(t) [(PIX(t) — QI y(t)) with x(t) the BOC(1,1) sub-carrier and y(t) the
BOC(p,1), the modulation indexes should verify the follonsggtem:

sin(B,) cos(B,) cos(B,) cos(B,) —cos(B,)sin(B,)sin(B;)sin(B,) = P
cos(B))sin(B,) cos(B;)cos(B,) —sin(B,) cos(B,)sin(B,)sin(B,) = R
cos(B)) cos(B,)sin(B,) cos(B,) —sin(B)) sin(B,) cos(B;)sin(B,) = -Q
cos(B,) cos(B,) cos(B;)sin(B,) —sin(B,) sin(B,) sin(B;)cosiB,) =0

(5.36)

If the modulation indexes verify this system, theSP&nplitude and the IM term could be
expressed in function of P, Q and R. The expressions obtaiagdspectively:

5= V1=(P+Q+Rf +1-(P-Q+Rf +\1-(P+Q-RI'+\1-(P-Q-R| (o 1o pRs
4

amplitude, and

X(t)Y(t)Cp(t)DD(t)CD(t)[_ 1-(P-Q-Rf +y1-(P+Q-R) J

+1-(P-Q+Rf -y1-(P+Q+RY)
J1-(P-Q-Rf -\1-(P+Q-R)’ ] (5.37)
+1-(P-Q+Rf -{1-(P+Q+R)

M (t) = % 2(t)] + x(t)y(t)[

*CP(UDD(t)CD(t)[_Jl_(P‘Q‘ R -1-(P+Q-R) J

~J1-(P-Q+Rf +{1-(P+Q+R)’

The IM takes 8 different values, so the modulatisnno more a 8-PSK modulation as
previously seen, but a 16-PSK modulation as presenteduire f&:

196



5. Galileo E1 Band Signal Structure

| PHIHR
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Figure 80 CBOC(6,1) on pilot OS component and BQLJ(@n data OS component modulation
constellation

The 16-plots modulation induces that each plot laser to another one. So if the
CBOC(6,1,2/11,"+/-*) configuration is preferred, thelghl Galileo E1 signal is more likely
to suffer from distortions created by the payload eeceiver phase noise. Indeed, the phase
noise, induced by payload and receiver clocks iilgtab and added to the signals during the
generation and the processing, spreads the cotistellplots, as seen in chapter 3.
Consequently, if the number of plots is too high, plats (or more) can be confused because
of the phase noise and errors can occur during the demiodula

Now, regarding the IM term, the values chosen forpbeeentage of BOC(6,1) induce an
IM power 12.2 dB below the total signal power cossidg that the IM term have zero cross-
correlation with the PRS signal. This value is weakan this obtained if the data and pilot
OS are a BOC(1,1) but it is higher than the valugiakd in the previous case (CBOC(6,1)
on OSA and OSB components). This is also a weak point of ¢gmalsi

To conclude, it has been seen that for the CBOC(G1)1tases, good tracking
performances were achieved for the CBOC(6,1,1/11fdulation. This waveform is thus
appropriated for pilot-only tracking. However, indhiase, a CBOC(6,1,1/11,"+") waveform
has to be used on the data channel to verify th©MBPBower spectrum density specification.
The performances of this modulation are the wofshe CBOC(6,1) waveforms but they
remain better than the baseline BOC(1,1) performance.
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The other option proposed to verify the MBOC speation is the use of a
CB0OC(6,1,2/11,"+/-*) on the pilot channel and a pur@@1,1) on the data channel. This
option would allow having a pilot channel with elest tracking performances (the best
multipath and tracking in white noise performanoghile the data channel would use a
simple BOC(1,1) modulation and consequently woukkpnt worse performance. Moreover
with this option, the alternating sign of the BOC{6slb-carrier complicates the generation
of this modulation at the payload level and the @oeonsumed by the IM product, to keep a
constant envelope, is higher.

Therefore, the choice of the best candidate, amoegQBOC(6,1) modulation is a
compromise between good tracking performance antergdon complexity. But other
criteria should be taken into account during tluspromise study, particularly the impact of
such a modulation on the different user needs, anceceiver architectures ([Julien, 2006],
[Avila-Rodriguez, 2006]).

Finally, Europe has chosen to transmit the data Ofemvice signal with a
CB0OC(6,1,1/11,"+") and the pilot Open Service signal with &0Ci6,1,1/11,"-").

5.3 Conclusion

This chapter has presented the baseline adopththa 2004 by the United States and Europe
for the Galileo and the new GPS L1 signals. Thiselias foresaw for a sine-phased
BOC(1,1) as Galileo Open Service signals and prapaleays a cosine-phased BOC(15,2.5)
as Public Regulated Service signal. The trackindopmance of the BOC(1,1) baseline and
the modulation used to multiplex the OS and the RR8als, called Interplex, have been
described to verify their compliance with the sigdesign constraints exposed in chapter 3:
good resistance to multipath and constant envelope mamulat

However, as the 2004 EU/US agreement plans a pessgilmisation of the baseline,
particularly for the Open Service signals, differeietv waveforms have been proposed to
transmit the E1F signal instead of the BOC(1,1). Tmain waveforms have been studied in
this chapter: the Composite Binary Coded Symbol@SBsignal and the Composite BOC
(CBOC) signal. It has been shown in this chapter tihese waveforms present indeed better
tracking performance than the BOC(1,1) baselinethetCBCS([1 -1 1-11-11 -1 1 1],1)
and the CBOC(5,1) studied do not have optimal perémce assuming BOC(1,1) tracking
(currently proposed in mass-market receiver). Moeeohe necessary adaptation of the
Interplex modulation to transmit these new signals has bgposed.

Recently (July 2007), a new agreement was signéselee the USA and the European
Union. It proposes to adopt for the GPS L1C and @atleo E1 OS signals a jointly
optimized signal, called MBOC(6,1,1/11). As explainedhis chapter, the MBOC can take
different waveforms. Here, it was decided to studyy dhe CBOC(6,1) and its different
variations. It has been shown that the CBOC(6,1,2#11)” has the best tracking
performance with both an exact replica tracking amlDC(1,1) replica tracking. However, it
requires more complexity at the payload generagwel because of the alternation “+/-.
Moreover, as seen during the study of the Interptedulation, because of the 16 plots
modulation constellation, the Galileo E1 signal assg a CBOC(6,1,2/11,"+/-*) pilot Open
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5. Galileo E1 Band Signal Structure

Service component, is more likely to suffer fromtaiisons created by the payload and
receiver phase noise.

Finally, Europe has made its choice and has dedwdthnsmit the data Open Service
signal with a CBOC(6,1,1/11,"+") and the pilot Opem#ee signal with a CBOC(6,1,1/11,"-

).
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Chapter 6

Impact of equipment impairments on receiver
performance
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Chapters 4 and 5 have presented the civil Galiigoats in the E5 and E1 bands and the
modulation used to multiplex and transmit them.ds lalso been shown that the signals and
their respective modulations have been chosen deroto minimize signals impairments
during their generation, their propagation andrtleception. Indeed these signals have a
constant envelope and an excellent resistance agairtghattul

However, as seen in chapter 3, it exists anotherrfatinpairments whose effect can not
be reduced by the signal optimization: the phassendue to clocks instabilities but also the
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distortions induced by payload filtering. This crepwill therefore present the impairments
induced by the clocks phase noise on the Galilgaass, especially on the Galileo E5 signal,
chosen because of its wide bandwidth. It also dessrihe influence of payload filters and
amplifiers on this signal.

First the characteristics of payload and receivpripgment considered for this study are
presented. Then simulations results, obtained withlalda are set out to evaluate the
influence of the equipment (clocks, payload amgdifind filters) on the Galileo E5 signals as
regards receiver performance, such as correlatioetibns and tracking loop phase error. The
effect of phase noise on the receiver code trackiog has not been studied because of lack
of time.

6.1 Payload model

A generic Galileo payload model and its sub-systemg been described in chapter 3. This
generic model will be detailed in this section lggenting the characteristics of the different
units’ equipment chosen for the phase noise study simulations. The payload model
characteristics are presented for the generatiothefdifferent Galileo signals even if the
simulations will be carried out only for the E5 band signal.

6.1.1 The Clock Unit

Concerning the clock unit, the characteristics efdtomic clocks are not taken into account,
the CMCU phase noise characteristic is directlysmgred. The CMCU studied is the CMCU
presented in [Moreno Carrillo, 2005] and in chapter 3, its@maise is shown in figure 23.

6.1.2 The Navigation Signal Generation Unit

As described in chapter 3, the NSGU is composed of a modaladoa digital filter.

6.1.2.1 The Modulator

As seen in the previous chapters, the modulatorrg®ethe Galileo signals and multiplexes
them:

= thanks to the Interplex scheme for the E6 and E1 band signal

= orthanks to the ALTBOC scheme for the E5 band signal.

Figure 81 represents a possible simplified germraacheme for the Galileo E1 signal if
the BOC(1,1) baseline is considered (chapter 3 &®ih| 2002]). After being multiplexed,
the E1 signal is put around an intermediate frequesqual to 30*1.023 MHz, as seen in
chapter 3. This scheme can, of course, be adaptediftqplex the optimized Galileo E1
signal, based on the CBOC(6,1) waveform (chapter 5).
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Figure 81 Galileo E1 signal generation scheme [H2002]

Concerning the Galileo E5 signal, it can be easiplemented using simple look-up

tables for the phase assignments, as already eagglairchapter 4. The modulator is based on
the generation scheme, presented in figure 35 (ehdpt As already mentioned in chapter 3,
due to its wide bandwidth, the E5 band signal isputtaround an IF but transmitted in base-

band.

6.1.2.2 The digital Filter

The digital filters considered for the simulatiomse Finite Impulse Response (FIR) Least-
Squares (LS) filters with 51 coefficients. The filteandwidths depend on the generated

signals, the specified values (chapter 2) are reminbedea

Signals Filter bandwidth (3 dB)
El 40*1.023 MHz
ES 90*1.023 MHz
E6 40*1.023 MHz

But because of the bandwidth limitation, the fikkan distort the signal constant envelope
generated by the modulator. If the envelope is moistant anymore, distortions could be

Table 24 Digital filters bandwidths
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6. Impact of equipment impairments on receiver performance

created by the amplifier non-linearities. Howevelis tHigital filter can not be removed,
because it permits to respect the signal bandwagithcifications at the satellite output.
Moreover, thanks to it, the DAC, the mixers and theldrar operate in a known frequency
band. Indeed these equipment are not characterized fatarifamdwidth signals.

According to the bandwidth specifications at theglpad output (table 24), this filter
should have a bandwidth at least equal to 92 MHEweaucan wonder if a wider digital filter
would not be preferable, considering that the OMabthe payload output implements the
narrow filtering necessary to avoid interferencéhwhe other systems. As mentioned above,
the filter bandwidth is all the same limited by the DAC, mixand amplifier bandwidths.

Therefore a precise study of the filter bandwidttiuence will be carried out during the
simulations in order to evaluate if a wider digital fileould not be better.

Two bandwidths will be considered for the simulaioFigure 82 represents, as example,
the transfer functions of the different filters for the #igpnal simulations.

Digital Filter Transfer Functions
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Figure 82 E5 signal digital filter transfer functis

The characteristics of the different NSGU elemdratge been presented, now the design
features of the FGMU will be set out.

204



6. Impact of equipment impairments on receiver performance

6.1.3 The Frequency Generation and Modulation Unit

The FGMU has been deeply described in chapter 3digil-to-analog conversion and the
up-conversion, realized in the FGMU, introduce phasise, coming from the clock unit and
modified by FGMU frequency synthesizers. The charéstics of the frequency synthesizers’
elements are presented in this section in ordpreoisely quantify the phase noise introduced
on signals in the FGMU.

6.1.3.1 Frequency synthesizers design

The Galileo payload frequency synthesizers consdieare commonly used synthesizers
based on a simple, single-loop PLL. The phase naisleeafrequency synthesizer output is
therefore expressed as a function of the CMCU pimaése chu(f) and the VCO phase

noiseS, (f) (chapter 3):

Syl 1) S (F)INZOH(F) + 5, (1) L= H ()

KVCO [ KPD [ F(S)

i e (S) N
where H(f) is the PLL closed loop transfer functib{s) = —245= = ,
(0 P (B) 0. (S) s+ Kyco Kpp CF(8)

F(s) is the transfer function of the loop filter,dé and Kop are, respectively the VCO and the
phase detector gains and N is the loop division ration wdeglends on the frequency band.

Figure 83 represents the VCO phase noise powetrapeensity considered for the study.
The VCO gain Kco is assumed to be equal to 150 MHz/V ([Rakon, 2006]).
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Power Spectral Density of VCO phase noise
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Figure 83 VCO phase noise characteristic ([Rakd0@&)

The phase comparator has a gain equal to 5.3 V/taglldop filter is an integrator and
+
L 1Sy ith T,=CR,
s, 1+ s,
T,=R,[(C, +C,) and T, =C,R,. It is considered that;R 50 k2, R= 270Q, C,= 470 nF

and G = 10 nF ([Zarlink, 2005]).
Thanks to these parameters the phase noise atefregsynthesizers’ output used to
realize the D/A conversion and the up-conversion can beateal.

lead/lag filter, with a transfer function equal t&(s)=

6.1.3.2 D/A converter phase noise
The payload sampling frequency considered is efquak0*1.023 MHz = 12*10.23 MHz =

122.76 MHz ([Bradford, 2006]). So the DAC samplingqgitency has a phase noise
characterized by the following equation:

S¢DAC(f): S(”CU(f)EI-22 I:l]H(f)|2 + S(”vco(f)ql_ H(f)|2

and by the following figure, representing the théoet and simulated phase noise power
spectrum densities:
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Sampling frequency phase noise characterization
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Figure 84

The simulated phase noise power spectrum density cakculated on a 1 second time

window.

Consequently, the time jitter added to the signatinduthe D/A conversion and

[T., and one realization is

_¢t)
27

_¢

considered during the simulations, is equal tq)(t)

represented in figure 85:
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L 102 D/A conversion time jitter
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Figure 85 Time representation of DAC jitter

6.1.3.3 Up-conversion phase noise

As explained in chapter 3, the up-conversion is iclemed realized in one stage, so the
FGMU frequency synthesizers’ ratios, as a function of thguency band, are equal to:

Bands FI (MHz) N
ES 0 116.5
El 30*1.023 151
E6 30*1.023 122

Table 25 Frequency synthesizers’ ratios for thecapversion in the different frequency bands

The phase noise added to the signals during theonypersion is characterized in figure
86 for the different frequency bands:
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Characterization of the phase noise added during the up-conversion on the three Galileo Signals
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Figure 86 Up-conversion phase noise SSB power spansities

As the VCO considered is the same for each frequeyethesizer, for frequency offsets
higher than 10 kHz, the three curves, correspondinbe three Galileo frequency bands, are
identical because for this frequency range the VCO phase poedominates.

Figure 87 represents the theoretical and simulptede noise power spectrum densities
for the E5 band signal. The simulated phase noise powerwpedensity was calculated on a
1 second time window.
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E5 band up-conwersion phase noise characterization
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Figure 87 E5 band up-conversion phase noise SSRBpgpectral densities

So the phase noises introduced by the FGMU dutmegD/A conversion and the up-
conversion have been precisely characterized. T$teHG@MU characteristics, necessary to
realize the simulations, concern the FGMU filters.

6.1.3.4 FGMU filters

The FGMU filters are used to avoid out-of-band emoiss and more particularly spectrum
distortions after the digital-to-analog conversaml spectrum re-combinations after the up-
conversion. These filters are wideband (around Mz) analog filters but for the
simulations they are modelled by FIR Least-squdiésrs, whose transfer function is
represented in figure 88.
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FGMU filter transfer functions
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Figure 88 Transfer function of the FGMU filtersefthe D/A conversion and the up-conversion

Contrary to the digital filter, this filter, thanks its wide bandwidth, has a negligible
influence on the signal envelope.

At the FGMU output, the signal enters in the amgdifion unit, so the features used to
simulate the non-linear amplification will now be preseint
6.1.4 The Amplification Unit
The amplifier studied is an SSPA amplifier, built the “Universidad del Pais Vasco” in

Bilbao in collaboration with the CNES. A miniature modetlog amplifier is presented in the
following picture:
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RF QUT

Figure 89 Studied amplifier picture

This prototype of amplifier has characteristics immto the SSPA foreseen for the
Galileo satellites ([Coromina, 2004]) even if themeo it delivers is weaker than the power
necessary to verify the Galileo power link budgetided, as seen in chapter 2, the power at
the amplifier output to transmit the Galileo E5 Basignal should be equal to 19 dBW,
whereas the simulated prototype amplifier couldyarplify to 30 dBmW, as seen on their
AM/AM and AM/PM characteristics, represented in figsi 90 and 91. Its gain compression
point at 2 dB corresponds to{gs = 16.9 dBm, Bizgs = 30.1 dBm, Re2qs = 69%). Figure 92
represents the power added efficiency of this amplifier.
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Figure 92 SSPA power added efficiency

This amplifier was designed to amplify signals smtted in the E5 band that is the
reason why its gain as a function of the frequerxycentred around 1191.795 MHz.
Moreover its bandwidth, characterized thanks to r&@ garrier wave, is around 100 MHz, as
seen in figure 93. That means that if the inconsiggal has a bandwidth wider than 100
MHz, a filtering effect should be taken into accoduating the amplification. The 92 MHz E5
band signal, as filtered by the digital filter, idunot be filtered by the amplifier but if it is
decided to widen the digital filter bandwidth abdW@ MHz, the amplifier bandwidth should
be taken into account. To simplify the study, it bagn decided in section 6.1.2.2 to only
consider digital filters with a bandwidth narrower or egoahe amplifier bandwidth.
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Amplifier gain in function of the carrier frequency
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Figure 93 SSPA gain in function of the carrier fuegcy

However, the AM/AM, AM/PM curves, presented previoyshre sometimes not
sufficient to precisely characterize an SSPA, asaaly explained in chapter 3. Indeed these
curves do not take correctly into account the digpaadwidth because they are characterized
thanks to pure carrier waves. The memory effectsabs@ not represented by the AM/AM,
AM/PM characterization. That is the reason why adlostudies are carried out currently to
find new models which permit to precisely charazeethe amplifier by simulating their non-
linear and memory effects ([Ircom, 2006]).

During the simulations, only the AM/AM and AM/PM atacteristics will be used, but
while being aware of the model limitation.

The last element of the payload before the sigraismission will now be precisely
presented.

6.1.5 The OMUX

The Output Multiplexers are generally simulatedBagterworth filters, as exposed in chapter
3. But for this study, to avoid the problem due te tlon-linear Butterworth filter phase, the
OMUKX filters simulated are considered as FIR Léagtrares filters whose bandwidths are
equal to the signal bandwidths defined by the @alilCD ([GJU, 2005]). The OMUX filter
transfer function, considered for the Galileo E5 band siggeepresented in figure 94:
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OMUKX filter transfer function

amplitude

100 1+ 1

Figure 94

frequency [Hz]

OMUKX filter transfer function

In order to conduct the simulations, the differemalylpad units have been precisely
described. Now the reception side will be studiedhvihe description of the simulated

receiver.

6.2 Receiver model

As for the payload, the generic receiver model hasady been presented in chapter 3. The
main stages, considered for the simulations, are reminded fiollowing scheme:

» Wide RF Down- A/D Signal
filter conversion IF filter conversion processing
Reference
oscillator
Figure 95 Simulated receiver architecture
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This section will give more detail on the charastezs of the different receiver
equipment chosen for the phase noise study and simulations

6.2.1 Oscillators models

Let us start with the main receiver equipment:rédgference oscillator. Two different types of
oscillators, associated to two different types afereers, will be considered for this study.
The first one will use a very stable external clbased on the rubidium technology and the
second one will use a classical “mass-market” lagoil, a TCXO. Both oscillators deliver a
frequency equal to 10 MHz.

The phase noise characterizations of the two asoi$ have already been presented in
chapter 3 in figure 25, they are reminded above:

Power Spectral Density of phase noise £(f)
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Figure 25 Power Spectral Density of TCXO aumuidium receiver clocks ([Rakon, 2006])

The oscillator is the heart of the receiver becassalready mentioned in chapter 3, it is
used by the different receiver units to realize tlmvn-conversion, the analog-to-digital
conversion and the processing.

6.2.2 Down-conversion
The down-conversion of the incoming signal is @&l thanks to frequency synthesizers,

using the reference oscillator. The model of thguency synthesizer considered is detailed
in this section to deduce the phase noise added to tia digring the down-conversion.
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6.2.2.1 Frequency synthesizers’ characteristics

As already explained, the down-conversion may retrdalized in one stage but all the
frequencies used for the down-conversion are derifrem only one local frequency
synthesizer based on a simple single-loop PLL. Tladiléd receiver considered has
equipment (VCO, frequency synthesizers ...) similathe GP2010 receiver, designed by
Zarlink ([Zarlink, 2006]).

The phase noise power spectral density of the vec&CO is represented in figure 96.
The VCO gain Kco is assumed to be equal to 150 MHz/V ([Rakon, 2006]).

Power Spectral Density of VCO phase noise in Galile o receiver
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Figure 96 Receiver VCO phase noise characterifitaon, 2006])

The phase comparator has a gain equal to 5.3 Vhddtre loop filter has a transfer

+
L 1+S, ith T, = 235ms, T, =1296ps andT, = 2.7ps.

function equal to:F(s) =
s, 1+s(T,

The frequency divider ratio N is considered eqoal@0 for the Galileo E5 band signals.
Moreover, the frequency synthesizer parametercamnsidered to be the same for the two
receivers chosen.

6.2.2.2 Down-conversion phase noise

According to chapter 3, the phase noise power sgadnsity at the receiver local oscillator
output is equal to:
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()N OH(E) +s, (f)f-H(f)’

wclock

s, (f)=s

with

Sociock(f) the power spectrum density of the receiver referencilaisr phase noise,
Sovco(f) the power spectrum density of the receiver VCO phase nainsl

to:

functiorequal

loop transfer

closed
with F(s) the transfer function of the loop filtétyco

and Kep, respectively the VCO and the phase detector gains.

N the frequency divider ratio is equal to 100
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So, figures 97 and 98 represent the theoreticaltlaadimulated power spectral densities of
the phase noise introduced on the signal duringdihen-conversion in function of the

receiver type:
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se characterization for a TCXO receiver
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Figure 98

As the VCO considered is the same for the two tygfe®ceivers, for frequency offsets
higher than 10 kHz, the two phase noise charadtwisire identical because for this

frequency range the VCO phase noise predominates.

6.2.3 Recelver Filters

A first receiver filter is situated in the RF freend part. This filter is a wide filter. It will be

considered as a 120 MHz FIR filter for the simulations.

There is another filter at the down-conversion atitphis filter is called IF (Intermediate
frequency) filter. Currently, in GPS and Galileo rigees, this filter is very often Surface

Three different IF filter bandwidths will be takemto account for the reception of the
Galileo E5 band signal: 90, 70 and 50 MHz. The tremn&fctions of these three IF filters are

Acoustic Wave (SAW) filter. Its properties are sianito these presented by FIR filters, that’s
presented in figure 99:

the reason why, in our simulations, it will be considered adif&éR
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Receiver IF filters transfer functions
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Figure 99 Transfer functions of the receiver IFfil

6.2.4 A/D conversion

After the down-conversion and the IF filtering, tignal is digitized by an analog-to-digital

converter. The ADC sampling frequency is derivednfithe frequency generated by the local
oscillator used for the down-conversion. It shoukl dt least equal to twice the signal
bandwidth which depend on the bandwidth of the iltkerf The sampling frequencies

considered are therefore: 90, 70 and 50 MHz.

For example, the A/D conversion phase noise of th&IBlz case is characterized by the
following equation and figure 100:

S, (F)aod gH(f)*+s, (f)fi-H(r)

172

221



6. Impact of equipment impairments on receiver performance

-80

-90

-100

-110

-120

-130

-140

-150

-160

SSB power sepctrum densities [dBc/Hz]

-170

-180

A/ID conwersion phase noise characterization for a rubidium receiver

A/D conwersion phase noise characterization for a TCXO receiver
-60

TTTO T o 1o 1o 1o —
(R 1T A A R O R A N1 TR A WA A} Simulated

frequency [Hz]

i
\ | | simulated |
77777 R e theoritical N R A R AT R AR theoritical
g0l NN I LI LU L LI L i
z SRR R R R R R
3 1 ST T T T T E
g 1 A R R R T R T IR ARI
@ 100 & +LHIN = 1P I = I ] HBI = I )
2 Crrme e e o e e o
g N Nk A A AR R A RT
3 R R L T I R AN AR AR IR
£ 1201 o Ty — T T R TR ST e e T e
g FOUTI 1 UEOIE T W e e
g IR AR f R A IR
@ R A AR
g WO T mmm - mTimir T Timm T o L TITIT T T T T
g R R R [t
o R R R [t
@B ook L LU e i e ]
T T 1T T
R R R [0 Il
R R R [0 o
-180 L Ll LU L L Ll LUl Lo IR
10" 10° 10° 10* 10° 10° 10 10°

frequency [Hz]

Figure 100 Receiver sampling frequency phase ri®& power spectral densities

An example of the time jitter introduced on the nsily during the analog-to-digital
conversion is represented in figure 101:

amplitude

x 1072 A/D conversion time jitter
| | | | | rubidium
77777 TCXO ||
! ‘JI i
uHm L i il
\ il
, ’ AL LA J |\’
\ L HIGLE L HI
| | | | | | | |
0 0.001 0002 0003 0004 0005 0006 0007 0008 0009 0.01

time [s]

Figure 101  Time jitter introduced during the A/Dne@rsion

In the two previous sections, the payload and the receivers models considered have
been precisely described. These models will permitdrry out simulations which will
present the impact of each payload and receiver units dbalileo E5 band signal.
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6.3 Simulations results

The simulations results will be presented in three stages:
» First, the impact of payload units on a generatedégalt5 band signal will be carried
out.
* Then, the receiver units’ influence on an ideal g Galileo E5 band signal will be
presented.
* Finally, an end-to-end simulation will be performéde received signal will be the
signal at the payload output.

6.3.1 Payload performance

6.3.1.1 Introduction

First, the influence of the payload units will tedied. The four main units of the payload
have already been described at length. The nexinsehmesents the payload simulations
process by underlining the most important payloadspand the points where the figures of
merit will be plotted.

Baseband DAC Up-
signal vy Digital & + [®) conversion [®] SSPA 2] oMux &
generation filter wide +
filter Wide filter

- Signal PSD, modulation constellation, correlationction
- Phase distortion evaluation by PLL phase error standaidtebn calculation and
Phase difference standard deviation calculation

Figure 102  Payload simulations scheme

Three of the figures of merit (the modulation cefiation, the correlation function and
the power spectrum density), presented in figui2 Héve already been exposed in chapter 3.
We will not give more information on them. Howeves will give more information on the
two other figures of merit.

All the equipment described previously will indudistortions on the signal phase. It is
therefore interesting to evaluate the individual ieflce of each element.

This analysis will be conducted in this section dtirthe equipment, including the filters,
thanks to the calculation of the signal phase difiee between each equipment output and
input according to the following scheme:
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S, (t) = Mo (t) &% 5(t) = M, (1) (&
Unit
> (ex : amplifier, >
filter ...)

If a signal is modelled aft)= Ac(t)é(z’*"”“’(t)), it is assumed that the only component
inducing a phase tracking error is the additivesphaomponem(t). Consequently, the

complete phase error appearing on the carrier pdgewvould appear in a pure carrier phase
tracking loop or estimator can be calculated thanks tolthsepdifference:

phi_diff (t) = ,(t) - 4, (t).

Moreover, the phase noise at the satellite outptitésaggregate of the contribution of
each payload element on the carrier phase of tiialigenerated signal in the payload.
Therefore, in addition to assessing the individualtgbution of each element, it has been
decided to study a differential phase noise caledlaetween the useful signal, going through
all the payload equipment, and a reference signakeher, the reference signal considered is
not the initially generated signal, because of tleeessary contribution of vital payload
elements such as the filters.

Indeed, as it will be shown afterwards, the payloadawest bandwidth filter introduces
a very large phase noise on the signal, larger thancontribution of each other payload
equipment because of the high bandwidth limitattamposes on the wide Galileo E5 band
signal. But this filter, which is masking the contriilon of each other element, is in any case
an essential element of the payload. That is theoreavhy it has been decided that the
reference signal will go through this filter, thehets payload filters and “ideal” equipment
such as linear amplifier and clocks without phase noise.

The phase error used to calculate the PLL phasar etandard deviation (already
presented in chapter 3) will therefore be extractedraatg to figure 103:

phase error = phasduseful _signal) — phaséreference signal)

Payloax :
Mod. [» Num. > D/A > wide P Up- P Wide OMUX
» filter conv. |, filter conv filter

—> Reference signal

—p Useful signal
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Figure 103 PLL phase error variance calculationtive payload

Now that the simulation stages and the figures efinhave been clearly explained, the
simulations results could be presented.

6.3.1.2 Baseband Galileo E5 band signal

This section reminds the “ideal” (infinite bandvhjifigures of merit of the Galileo ALTBOC

signal.

Figure 104 presents the E5 signal modulation consteilatio

guadrature component

Figure 104
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Galilea ES band signal modulation constellation
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in-phase component

Infinite bandwidth Galileo E5 band sign@odulation constellation

As already seen in chapter 4, the modulation cdast#l of the E5 band signal is similar

to a 8-PSK constellation, moreover its envelope is cahstaan infinite bandwidth.

The two next figures represent the absolute vafufe autocorrelation function and an
estimated spectrum of the Galileo ALTBOC signal.
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ESTIMATED CORRELATION FUNCTION

NOILV13Hd0D

RELATIVE SHIFT IN CHIPS

Galileo E5 band signal autocorrelatiamétion

Figure 105

Galileo E5 signal power spectrum density

[zH/map] asd

<

x 10

frequency [Hz]

Galileo E5 band signal estimated speutru

Figure 106
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These three figures will be used as reference &buate the influence of each payload
units.

6.3.1.3 Digital filter influence
The following figures show the impact of the 92 MHz digith&fion the signal.

Figure 107 represents the signal modulation cdasitat at the digital filter output. The
first one is a representation of each sample; ¢kersl one is a representation as a function of
the points’ density. These two figures clearly shthat the modulation constellation is

distorted by the filter; the signal envelope is not tamsanymore.

Galileo ES band signal modulation constellation Areas of modulation constellation with high points density x 10"
T T

quadrature cormponent

in-phase compaonent

Figure 107  Galileo E5 band signal modulation coilat®n after a 92 MHz filtering

This observation is confirmed by figure 108 whiokpnesents the phase difference
between the signal at the filter output and the sigrihlesfilter input:
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92 MHz influence on signal phase
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Figure 108 Phase comparison between 92 MHz filtgpuat and input

The standard deviation of this phase differenceqgsal to 5°. The filter modifies the
signal phase and also the signal envelope.

As explained previously, the problem is that a nonstant envelope signal suffers from
amplifier non-linearities. However the digital &t can not be removed because, thanks to it,
the payload equipment such as the DAC, the mixetBeoamplifier do not operate in infinite
bandwidth. As mentioned in section 6.1., perhaps Ilthwilbetter to have a filter with a wider
bandwidth all the more so since the OMUXs filteg thgnal at its emission bandwidth before
its transmission by the antenna. But this bandwsahtbuld be at least equal to the DAC,
mixers or amplifier bandwidths. It was therefore s to study also the influence of a 100
MHz digital filter.

Indeed, if the filter bandwidth is equal to 100 MHze modulation constellation is less
distorted, as shown by figure 109.
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Signal modulation constellation at the numerical filter output Signal modulation constellation at the numerical filter output with a 100 MHz filter , 4%
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Figure 109 Galileo E5 band signal modulation coflat®n after a 100 MHz filtering

The standard deviation of the phase difference é&tvthe signal at the 100 MHz output
and the signal at the 100 MHz filter input is equ@aB° (figure 110); this result confirms that
the 100 MHz distorts less the signal than the 92 MHz filter.

100 MHz influence on signal phase

phase difference N
100 MHz filtered signal phase
ideal signal phase

phase [rad]

; | | | | | | | |
3.689 3.6891 3.6892 3.6893 3.6894 3.6895 3.6896 3.6897 3.6898
time [s]

Figure 110 Phase comparison between 100 MHz filteput and input

Figure 111 represents the absolute value of thecatrelation function of the Galileo E5
band signal for the two different filters consideré\s expected, because of the bandwidth
limitation due to the digital filter, the main pebdvel is weaker. The correlation losses are
equal to 0.2 dB in the case of the 92 MHz and todB1n the case of the 100 MHz filter.
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However, even if there is a loss of power due to dpectrum limitation, the correlation
function is not distorted.

ESTIMATED CORRELATION FUNCTION ESTIMATED CORRELATION FUNCTION
T T T T

T T T
infinite bandwidth
92 MHz filter

T T
infinite bandwidth I
|
—— 100 MHz fiter |,
|
|

T

| |

| || =——— 92 MHz filter
08— — - — - :7777777 -—-L 100 MHz filter

|

|

]
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0.4
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RELATIVE SHIFT IN CHIPS RELATIVE SHIFT IN CHIPS

Figure 111  Galileo E5 band signal correlation fuiect modulus after different filtering

Now, the influence of the two digital filters consréd on the signal spectrum is
presented. The spectrum limitation due to the fiiandwidth is clearly visible; the main
lobes of the spectra are not distorted by the filtering.

Fower Spectrum density
60 : : ! : : ' !
: : : : infinite bandwidth
— 100 hiHz
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-180
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frequency [Hz] < 10"

Figure 112  Galileo E5 band signal power spectrumgity after different filtering
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Afterwards, to better evaluate the digital filter ndavidth influence on the signal
performance and particularly on amplifier non-linges, all the simulations will be made
considering both a 92 MHz and a 100 MHz generated ALTBOGkign

6.3.1.4 DAC influence

Now the influence of the time jitter due to the DAMI be evaluated. The figures of merit
will be evaluated at the DAC output after a widedbdtier which permits to eliminate out-of-
band rejection.

To begin the DAC phase noise influence on the modulatiostetiation is studied.

Signal modulation constellation at DAC output S|gna| modulation constellation at DAC output
. T T

DS & * :l‘

a5 g T i 14

Modulation constellation at DAC output

-ﬂ

Figure 113 DAC influence on Galileo E5 band sigmaldulation constellation (92 and 100 MHz filters)

With a 92 MHz or a 100 MHz digital filter, the DAG@ds not distort or only slightly the
modulation constellation. Indeed, there is no visild&ation or spread of the modulation
plots. That seems normal because the phase dis®itiduced by the DAC are negligible in
front of the phase distortions induced by the digital filter

Indeed, the phase difference between the signaeaiDAC + wide filter) output and the
signal at the (DAC + wide filter) input (figure 1j1dhows that the phase noise introduced by
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the DAC is very low (in accordance with figures 84d 85) and confirms that the phase
distortion introduced by the wide filter is neghtg. The standard deviation of the phase
difference at the DAC output is equal to 0.003°, \whig negligible compared to the 5.5°

obtained for the digital filter. The following figeris plotted considering a 92 MHz digital

filter but the same observation can be made with a 100 MHz:Udiidfer.

w10 FPhase difference at DAC output

phi
(rad)

A0 b---- —%— phase difference between DAC output and input .
—+— phase difference between wide filter output and input
12 k- —&— phase difference between (DAC+wide filter) output and input |~

1 1 1 1
I - b boeeees - boemeaee -

]
35883 35804 35985 35995 35087 35888 35000
time [5] 5 107

Figure 114 Phase study at DAC output (92 MHz didilier)

The DAC phase noise influence on the absolute vafube correlation function and on
the estimated spectrum is not important either. dddiggure 115 shows that the DAC does
not introduce correlation losses or distortions. Wiae filter at the DAC output introduces,
as for it, a slight correlation loss equal to 0.087cdmpared to the correlation function at the
digital filter output. The effect on the estimated speutis, as for it, not really clear.
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Figure 115 DAC influence on Galileo E5 band sigoairelation function with a 92 MHz filter
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Figure 116 DAC influence on Galileo E5 band sigpaiver spectrum density (92 and 110 MHz filters)

The slight influence of the DAC phase noise ondigmal is confirmed by the PLL phase
noise error standard deviation calculation. The Phhase noise error is calculated
considering the following scheme:

Num oA : Phase error =
Mod. filter. > i V_Vlde I phase(seful signa)-
> -~ Lconv. , fiter | phase(Reference signal)

Its standard deviation is equal to 8e-4° after@AeC with a loop bandwidth equal to 10
Hz, whatever the digital filter bandwidth.

6.3.1.5 Up-conversion influence

The up-conversion influence will now be studied. pksviously, the figures of merit are
plotted after the up-conversion at the wideband filtepwaiu

The up-conversion phase noise has more influencéhersignal than the DAC phase
noise which is logic because the DAC phase noisgesker than the up-conversion phase
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noise. However, this influence is not really cleartlo& modulation constellation, because it is
obscured by the digital filter influence.

Signal modulation constellation at the numerical filter output

Signal constellation after the up-corversion

R i i i R i H i i
a4 -1 05 1] s 1 148 -1.5 -1 05 o 05 1 15
| |

Signal modulation constellation after the up-conversion x 10°

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
|

Figure 117  Up-conversion influence on Galileo Efb signal modulation constellation (92 and 100
MHz filters)

Figure 118, which represents the phase differentedes the up-conversion output and
input, shows that the phase noise introduced bypheonversion is not negligible contrary to
the DAC phase noise. Indeed the standard deviafidtreghase difference is equal to 0.045°,
whereas it was only equal to 0.003° at the DAC autdawever, the up-conversion influence
remains weak in front of the digital filter influea. It can also be noticed that the wideband
filter has a negligible influence on the signal phase.
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x 10™ Phase difference at up-conversion output
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Figure 118 Phase study after the up-conversionM®# filter)

The up-conversion phase noise does not distort ctireelation function. The up-
conversion introduces a slight increase of the mpaiak, which is then reduced by the wide
filter. Finally, at the up-conversion block outputetmain peak has the same amplitude as at
the DAC block output. This result seems in accoceanith the power repartition visible on
the spectrum in figure 120.
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Figure 119  Up-conversion influence on Galileo Elthaignal correlation function with a 92 MHz filter
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Signal power spectrum density after the up-conversion Signal power spectrum density after the up-conversion
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Figure 120  Up-conversion influence on Galileo B signal power spectrum density (92 and 110
MHz filters)

The PLL phase error standard deviation is equ@l@d5° (with a loop bandwidth equal to
10 Hz) whatever the digital filter bandwidth coresied. It was calculated thanks to the
following scheme:

Phase error =
Mod. (» Num. \p  D/A |p Wide ‘ Up- t Wide |p phase(seful sig)

filter conv. filter conv. filter

phase(Ref. signal)

This result confirms that the up-conversion phasieenhas more influence on the signal
performance than the DAC phase noise.

6.3.1.6 Amplifier influence

After the up-conversion, the signal enters in thepldimation unit. The SSPA amplifier
considered has been presented in section 6.1.4.nftked working point of this amplifier is
fixed at the 2 dB compression point because isiglly around this point that the maximum
efficiency can be found (figure 92). This workingintocorresponds therefore to a signal
power at the amplifier input equal to 16.9 dBm. Horewther working points will also be
considered because the 2 dB compression poineibdkt operating from an efficiency point
of view but maybe it is not the best operating pdmiom a phase noise point of view;
particularly because the signal envelope is nosstaont because of the digital filter. These
other working points are defined thanks to the triyack-off (IBO). Table 26 summarizes the
working points considered, their corresponding IBOs agulagipowers:
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Signal power at
IBO (dB) amplifier input: P
(dBm)
0 16.9
1 15.9
2 14.9
3 13.9
4 12.9
5 11.9

Table 26 Working points’ IBOs

To begin the modulation constellation is plotted tlee six IBOs defined by table 26 to
have an idea of the amplifier influence as a funrcof the working points. A 92 MHz filtered
signal is considered. Therefore the signal enveldpe amplifier input is not constant and
the signal points do not enter in the amplifier with an egowaer.

Signal modulation constellation at the amplifier output (IBO=0 dB) 4 Signal modulation constellation at the amplifier output (IBO=1 dB)
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Signal modulation constellation at the amplifier output (IBO=2 dB) Signal modulation constellation at the amplifier output (IBO=3 dB)

0 0

Figure 121 92 MHz filtered signal modulation cotist#on at the amplifier output

The modulation constellation diagrams show both AM/AM AM{PM influence.

Indeed, for an IBO equal to 0 dB, the input signal@ois situated at the saturation point,
so at the beginning of the AM/AM flat part. As thgrsal envelope is not constant, the signal
points are not amplified in the same way: some lsapewer corresponding to the linear part
of the AM/AM characteristics but the majority hapawer corresponding to the flat part of
the AM/AM characteristics; these ones are thus dieglto the same output power equal to
30 dBm (figure 122). The impact of the signal psintepartition on the AM/AM
characteristic is clearly visible on the modulatammstellation plot: the modulation plots are
spread horizontally and not vertically as they water the up-conversion, because whatever
the signal points’ input powers, they are all anmadifto the same output power. At this
working point, the amplifier seems to make the envelopetaons
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Figure 122  Signal points repartition on the AM/ARBcacteristic (IBO = 0 dB)

For an IBO equal to 1 dB, the same observations thiaan I1BO equal to O dB can be
made, even if the modulation plots are less spreaiddntally and more spread vertically.
The more the IBO increases, the more signal poirdssduated in the linear part of the
AM/AM characteristics and they are amplified by game gain (figure 123). The modulation
plots are thus amplified in the same way and they keep thitical spread.
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Figure 123  Signal points repartition on the AM/ARBcacteristic (IBO = 3 dB)

The AM/PM influence can be observed, as for it, drihed modulation curves because of
the plots’ rotation.

However to complete the study of the AM/PM influenthe phase difference between the
signal at the amplifier output and input has belettgd for the different IBO values (figure
124). This phase difference represents the AM/PM contobuwin the 92 MHz studied signal.

240



6. Impact of equipment impairments on receiver performance

Fhase difference at amplifier output for diffierent IBOs
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Figure 124  Phase difference study at the ampldigiput (92 MHz filtered signal)

Moreover the standard deviations of each phaserdiite have been calculated, they are
presented in table 27:

I:)input
(dBm) 16.9 15.9 14.9 13.9 12.9 11.9
o (°) 0.76 0.7 0.65 0.67 0.91 1.3

Table 27 Phase difference standard deviation atldiempoutput (92 MHz filtered signal)

Figure 124 and table 27 show that the AM/PM chargsties introduces more phase noise
for an IBO equal to 4 or 5 dB than for an IBO equaall, 2 or 3 dB. However it can also be
noticed that the best operating point from a pimasse point of view is not the best operating
point from a power efficiency point of view. Inde¢lde phase noise introduced by the
AM/PM characteristics is higher for IBO equal taB (std=0.76°) than for an IBO equal to 2
or 3 dB (std=0.65°).

Moreover the amplifier phase noise is higher thenghase noise due to up-conversion or
D/A conversion but it is weaker than the phase noise dietdigital filter.

Always with the objective to compare the influerméehe working points, the PLL phase
error standard deviation is calculated, consideringdhewing scheme:
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v

Mod. " Num. » D/A ™ wide ¥ up- ” wide
filter conv. || filter conv. filter

Ly

PLL phase error =
phase(seful sig)

phase(Ref. signal)

The reference signal is considered amplified by a linesgulifier.

Table 28 presents the results:

I:)input
(dBm) 16.9 15.9 14.9 13.9 12.9 11.9
o (°) 0.6 0.5 0.46 0.47 0.64 0.9

Table 28 PLL phase error standard deviation at afigoloutput (92 MHz filtered signal)

The standard deviations obtained are in accordaitethese obtained calculating the
phase difference. The best operating point in tesfrizhase noise seems to be (IBO=2 or 3
dB).

Now, knowing that the amplifier influence is diffateas a function of the envelope shape,
to better evaluate the impact of the digital filtdre same study is realized considering a 100

MHz filtered signal.

Signal modulation constellation at the amplifier output (IBO=2 dB)
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Signal modulation constellation at the amplifier output (IBO=3 dB) x 10" Signal modulation constellation at the amplifier output (IBO=5 dB) x 10°
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Figure 125 100 MHz filtered signal modulation catisttion at the amplifier output

The AM/AM characteristic has an influence similarthis observed previously, but the
modulation plots are less spread horizontally. e filter bandwidth is wider, the signal
points are less spread, and consequently they entee amplifier with powers which are
lower (figure 126). The AM/AM influence is not tharae if the IBO is equal to 0 dB (at the
saturation point) or if it is equal to 2 or 5 dB (in the lnA&/AM part).

AhiAM PLOT (IBO=3 dB)
! ! I ! T T T I T T
: : AMIAN characteristics
T ORI e D] S +  signal points repartition |

output power [dBm]

i i 1 1 i
10 11 12 13 14 15 16 17 18 19
input power [dBm)|

Figure 126  Signal points repartition on the AM/ARBcacteristic (IBO = 3 dB and 100 MHz filter
bandwidth)

As previously, the AM/PM influence is studied thartksthe calculation of the signal
phase difference at the amplifier output and input.
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Phase difference at amplifier output
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time [s]
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x 10
Figure 127 Phase difference study at the ampldigiput (100 MHz filtered signal)

The standard deviations of the difference phase are ekposable 29:

I:)input
(dBm) 16.9 14.9 13.9 119
o (°) 0.47 0.36 0.22 0.75

Table 29 Phase difference standard deviation atléierpoutput (100 MHz filtered signal)

As for the 92 MHz filter case, for an IBO equal talB, the phase noise introduced is
relatively high compared to the other values olgtdirMoreover the phase noise introduced at
IBO equal to O or 2 dB is almost equivalent. Thisuleseems correct because, as the filter
bandwidth is wider, the signal points are less spread, aonddatg to the AM/PM shape, they
are distorted in the same way by the AM/PM characteristic.

The calculation of the PLL phase error standard deviabafirns the previous results:

I:)input
(dBm) 16.9 14.9 13.9 119
o () 0.33 0.26 0.16 0.53

Table 30 PLL phase error standard deviation at afigsloutput (100 MHz filtered signal)
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So, the simulations have shown that from a phassermint of view the best operating
point of the amplifier is (IBO=3 dB) whatever thanawidth of the digital filter. However the
amplifier introduces less phase noise when thealigiter has a 100 MHz bandwidth. It has
also been noticed that the AM/AM characteristic b® an influence on the signal, but it
does not introduce phase noise, it only distorts glgmal envelope. Nevertheless, the
distortions due to the AM/AM curve can have anugfice on the OMUX behaviour that will
be studied in the following part.

6.3.1.7 OMUX influence

At the amplifier output, the signal is multiplexeddafiltered by the output multiplexers
before being transmitted by the antennas.

First, the OMUX influence on the 92 MHz filteredgsal modulation constellation is
studied as a function of the amplifier operatinghpdt can be noticed that whatever the 1BO
values, the modulation plots are spread verticallyift aas been observed at the digital filter
output.

Signal modulation constellation at the OMUX output (IBO=0 dB) Signal modulation constellation at the OMUX output (IBO=1 dB)
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Signal modulation constellation at the OMUX output (IBO=4 dB) Signal modulation constellation at the OMUX output (IBO=5 dB)

0

Figure 128 92 MHz filtered signal modulation cofiistgon at the OMUX output

The phase difference is also plotted in functiorthef amplifier operating point. Figure
129 and the standard deviations calculation (t&dle show that the signal phase is less
distorted by the OMUX if the IBO value is high. Weuld therefore deduce that if the signal
has been amplified linearly by the amplifier, itfeu$ less from phase distortions due to the
OMUX.

Phase difference at the OMUX output
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1

Pin=11.9 dBm
Pin=12.9 dBm H
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Pin=14.9 dBm
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1.851/4
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Figure 129 Phase difference study at the OMUX dautpfunction of IBOs for a 92 MHZ filtered signal
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I:)input
(dBm) 16.9 15.9 14.9 13.9 12.9 11.9
o (°) 1.9 1.6 1.14 0.84 0.74 0.73

Table 31 Phase difference standard deviation at OMltput (92 MHz filtered signal)

To confirm this assumption, the phase differenceaisulated considering an amplifier
with a linear AM/AM curve and a non-linear AM/PM rme. Table 32 summarizes the
standard deviation obtained:

I:)input
(dBm) 16.9 14.9 13.9 11.9
o () 0.5 0.6 0.6 0.7

Table 32 Phase difference at OMUX output considgaitinear AM/AM characteristic

The values show that if the AM/AM is linear, theagk distortion due to the OMUX is
equivalent whatever the amplifier working point.

Now, a constant AM/PM characteristic and a non-inéd/AM characteristic are
considered. Table 33 presents the standard deviatiorlatadawf the phase difference:

I:)input
(dBm) 16.9 14.9 13.9 11.9
o () 1.9 1 0.6 0.2

Table 33 Phase difference at OMUX output considgaitinear AM/PM characteristic

The results are in accordance with these obtainedaqarsly, with non-linear AM/AM and
AM/PM curves (table 31).

Therefore, all these results confirm the assumptiacle: the OMUX influence depends
on the AM/AM characteristic.

The PLL phase error standard deviation is now calculatedts$ha the following scheme.
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| 4
Mod. |7 Num. ” p/a "l wide T up- P wide
OMUX

vy

PLL phase error =
phase(seful sig)

filter conv. filter conv. filter

phase(Ref. signal)

(The reference signal is considered amplified by a linegalifier and filtered by the OMUX)

I:)input
(dBm) 16.9 15.9 14.9 13.9 12.9 11.9
o (°) 1.37 1.12 0.8 0.58 0.53 0.55

Table 34 PLL phase error standard deviation at OMaiXput (92 MHz filtered signal)

The PLL phase errors (table 34) seem to validateptievious assumption. Indeed, the
more the IBO value decreases, the more the PLL error sthddaiation increases.

However, if table 34 is compared to table 28, it seéimat the OMUX introduces phase
noise for IBO between 0 and 3 dB and reduces thsghoise introduced by the amplifier for
IBO equal to 4 or 5 dB. But this not the explanatim fact, these results only show that the
OMUX has a different influence on the signal refe® and on the useful signal according to
the IBO value.

Figures 130 and 131 represent the phase differevicdse reference signal and useful
signal at the OMUX output for two different IBOs. rFan IBO equal to 5 dB, the OMUX
influence is similar on the reference signal andrenuseful signal. For the reference signal,
the standard deviation of the phase differenceimkto 1.8°, whereas it is equal to 1.9° for
the useful signal. The influence of the OMUX is so equivalentife two signals.
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Study of OMUX contribution thanks to phase difference calculation (IBO=5 dB)

‘ [l [l [l [l [l [l [l [l
Phase diff. of the useful signal between OMUX output and input
0. Phase diff. of the reference signal between OMUX output and input [
Diff. between the two previous phase
0.05
=)
g ‘
e
o
-0.05 1
-0.1 ! ! !
| | |

| | | |
47117 4.7118 4.7119 4.712 4.7121 4.7122 4.7123 4.7124
time [s] % 10°

Figure 130  Study of OMUX contribution for an IBCuafjto 5 dB

However if the IBO is equal to 1 dB, the standardiateon of the useful signal phase
difference is equal to 2.4° whereas the value obthiior the reference signal remains the
same, equal to 1.8°. In this case, the OMUX influaaag®t the same on the useful signal and
on the reference signal.

The OMUX influence on the useful signal is moreiamto the OMUX influence on the
reference signal for high IBO (linear part of th&1AM characteristic), that is the reason
why the PLL phase error standard deviation is reduced dbrIBO values.
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Study of OMUX contribution thanks to phase difference calculation (IBO=1 dB)

Phase diff. of the useful signal between OMUX output and input
0.1 Phase diff. of the reference signal between OMUX output and input [
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x 10
Figure 131  Study of OMUX contribution for an IBCuafjto 1 dB

To conclude, the phase noise between the usefuthenceference signals at the OMUX
output is due to:
= The amplifier phase noise contribution going through theJ3M
» Plus the difference of the OMUX influence betwedre tuseful signal and the
reference signal.

For a 92 MHz filtered signal, a comprise must be enbaetween the best operating point
from a phase noise point of view and the best a@peyrgoint from an efficiency point of
view. According to table 34 calculated at the paglloatput, IBO equal to 3 dB seems to be
the best compromise. Its PLL phase error standariiiten is similar to the PLL phase error
standard deviation of IBOs equal to 4 or 5 dB lhytermits to have a better power added
efficiency than the two others IBOs, according to figure 92

Now it will be interesting to identify the best opgng point at the OMUX output for a
100 MHz filtered signal. The modulation constellagoare first plotted for three different
IBOs.
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Signal modulation constellation at the OMUX output (IBO=0 dB) Signal modulation constellation at the OMUX output (IBO=2 dB)

15000

10000

5000

Figure 132 100 MHz filtered signal modulation caisition at the OMUX output

As for the 92 MHz filtered signal case, the OMUX esmits vertically the modulation
plots. The modulation constellation is distorted saese the OMUX filter is the narrowest
filter of the chain.

The phase difference between the 100 MHz signleaDMUX output and input is now
studied thanks to figure 133 and table 35.
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Phase difference at OMUX output
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time [s] x 10°

Figure 133  Phase difference study at the OMUX auitpfunction of IBOs for a 100 MHZ filtered signal

I:)input
(dBm) 16.9 14.9 13.9 11.9
o () 0.81 0.4 0.33 0.34

Table 35 Phase difference standard deviation at OMtput (100 MHz filtered signal)

The standard deviations of the phase differenaesvaaker than in the 92 MHz filter case
for IBO equal to 0 dB but similar for IBO equal to 5 dB.

The calculation of the PLL phase error standard deviatafirms the previous results:

I:)input
(dBm) 16.9 14.9 13.9 119
o (° 0.6 0.25 0.19 0.22

Table 36 PLL phase error standard deviation at OMaltput (100 MHz filtered signal)

The PLL phase error standard deviation shows tieabést operating point is obtained for
an IBO equal to 3 dB. However the standard deviati@ne obtained is better with a 100
MHz filter than with a 92 MHz.
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To end with the study of the phase noise in thdgaaly the absolute value of the signal
correlation function is plotted at amplifier and @M outputs for three different amplifier
operating points, IBO is considered equal to 0, 3 and 5 dB.
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Figure 134  Correlation function at amplifier and QM outputs

Figure 134 shows that whatever the amplifier opegatpoints no distortions are
introduced on the correlation function at amplifier or OMbput.

At the amplifier output, there is an increase & tiorrelation main peak because of the
increase of the signal power. According to the AM/ANRracteristic, this increase is higher
in the (IBO = 0 dB) case than in the (IBO =5 dB¥e. It can also be noticed that the OMUX
introduces a slight decrease of the main peak, due to témnfj.
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6.3.1.8 Conclusion

To conclude, the evaluation of the individual cdmition of each unit has shown that the
digital filter introduces the most important digtons on the signal carrier phase. However, if
the filters phase noise is not considered, the phasse introduced by the payload is in
majority due to the amplifier phase noise. Indeeal Wp-conversion phase noise is almost
negligible in front of the amplifier phase noise.

It has also been shown that depending to the ampbperating point, the phase noise
introduced is more or less important. And it hasnbpmved that the best operating point
from both a phase noise and an efficiency pointi@iv corresponds to an IBO equal to 3 dB.
However we must keep in mind that the AM/AM, AM/PModel used to characterize the
amplifier behaviour presents some limitations. Int#eese curves do not take correctly into
account the signal bandwidth and the memory efleetause they are characterized thanks to
pure carrier waves.

To finish, it has been demonstrated that if thetdidilter has a 100 MHz bandwidth, the
phase noise at the payload output is weaker. Thergferkaps it would be better to use a 100
MHz filter as digital filter instead of a 92 MH4tkr, because the OMUX filter the signal to
the specified bandwidth at the payload output. Btlie 100 MHz digital filter is chosen, the
DAC, the mixers and the amplifiers should have badths at least equal to 100 MHz,
otherwise they could distort the signal.

However, the choice of the digital filter bandwidtlould also depend on the phase noise
introduced by the receiver. Indeed if the receivease noise is higher than the payload phase
noise, it is not interesting to have wider digitdtef if it can finally not improve the PLL
phase error standard deviation at the global tresssom/reception chain output. That is the
reason why the phase noise introduced by the receivenssttglied in the next section.

6.3.2 Receiver performance

6.3.2.1 Introduction

Now, the influence of the receiver units will bediad. The different receiver parts have
already been described at length. The next scheesems the receiver simulations process
by underlining the most important receiver unitg #me points where the figures of merit are
plotted.
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RF frontend i
Sianal _ > Down- IF Filter . » ADC >
II' filter (120 conversion (90, 70, 50

MHZ) MHZ)

- Phase noise evaluation by PLL phase error calculation
- Phase difference between signal at output and input unit
- Modulation constellation

Figure 135 Receiver simulations scheme

To study the receiver units’ influence, we will fecan the signal phase study by plotting
the modulation constellation, the PLL phase error and taseptiifference.

The phase difference is calculated as explaingtiensection 6.3.1.1 and the PLL error
standard deviation calculation, as for it, is calculatgdgithe following scheme:

Receive:

Phase error
» RF ~—» Down- » IF % AD -
—»filter conversion—p filter conversion——p phase (useful signé

phase (ref. signal)
—» Reference signal

—» Useful signal

Figure 136  PLL phase error variance calculationtlive receiver

The signal considered at the receiver input isided!” Galileo E5 band signal, generated
in an infinite bandwidth. That will permit to compathe receiver phase noise influence with
the payload phase noise influence.

As for the payload study, the influence of each ixests equipment on the signal phase
will be studied.
6.3.2.2 RF front-end filter influence

The RF front-end filter is a wide filter. First itsfluence on the signal modulation
constellation is studied.
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. . . . 4
ideal signal modulation constellation x 10 Signal modulation constellation at the RF filter output x 10°

-08 -06 04 -02 0 02 04 06 08

Figure 137  RF front-end filter influence on modidatconstellation

The filter spreads slightly the modulation plotsdase of its bandwidth limitation. But
the modulation plots are always clearly visible d@hd signal envelope is almost constant
thanks to the wide RF filter bandwidth.

Its influence is also studied thanks to phase diffee calculation. Figure 138 represents

the phase difference of the ALTBOC signal betwdenfilter output and input. Its standard
deviation is equal to 1.7°.

Phase difference at the RF filter output

IO i |
kbl o U | i

Figure 138  Phase difference at the RF front-ertdrfibutput
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6.3.2.3 Down-conversion influence

Now the phase noise introduced by the down-convensill be studied in function of the
receiver types.

The influence on the modulation constellation of thCXO and rubidium receivers is
plotted in figure 139.

Signal modulation constellation at down-conversion output for a TCXO receiver  y 10*
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0.8
0.6

0.4

0.2

o 0©
0.2
0.4
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-1

Figure 139 Down-conversion influence on Galileoli#®hd signal modulation constellation

The down-conversion does not have a significaniuémfce on the modulation
constellation whatever the receiver type. Indeedirtiieence of the RF front-end filter is too
important to observe the down-conversion influence.

However the down-conversion influence can be oleskithanks to the phase difference
study. Indeed figure 140 and table 37 show thatdtwen-conversion introduces more phase
noise in the case of a TCXO receiver that is iroe@nce with the oscillators’ characteristics.
But the phase distortions due to the down-converai®@ weaker than the phase distortions
due to the RF filter, as observed on the modulation constellat
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Phase difference at down-conwversion output
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Figure 140 Phase difference study at down-conversigput

Down-conversion
TCXO rubidium
o (°) 0.41 0.23

Table 37 Phase difference standard deviationsoatrdconversion output

The PLL phase error standard deviation calculatiom 10 Hz bandwidth after the down-
conversion is equal to 0.18° in the case of a rubidreceiver and to 0.8° in the case of a
TCXO receiver. It was calculated according to the follgxscheme:

~»  RFfilter | » Down- | » Phase(useful signal)
P conversion—p - Phase (reference signal)

Figure 141  PLL phase error standard deviation cdtion scheme at the down-conversion output

At the down-conversion output, the signal is fileel®y an IF filter which permits to avoid
the out of band rejection. The influence of this filter withw be evaluated.
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6.3.2.4 IF filter influence

As exposed in section 6.2., three different IF filbemdwidths will be studied. For each
bandwidth, the modulation constellation and the aigninase difference between the IF filter
output and input will be exposed considering the two wiffetypes of receiver.

Signal modulation constellation at 90 MHz IF filter output for a rubidium receiver Signal modulation constellation at 90 MHz IF filter output for a TCXO receiver
15

-0.5

Signal modulation constellation at 70 MHz IF filter output for a TCXO receiver

10000

8000

6000

4000

2000

Figure 142  Modulation constellation at IF filter tput

As foreseen, as the IF filter bandwidths are narrawan the RF filter bandwidth, the IF
filter distorts significantly the signal envelopenel'modulation constellation graphs also show
that the more the filter bandwidth is narrow; therenthe modulation constellation is spread.
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Indeed for a 90 MHz IF filter, the modulation plase only spread vertically, there are
always only 8 plots; whereas, in the 70 MHz or 502V filter cases, there are no more 8
plots but 16 plots. The modulation constellatiossesved are both similar to the non-
constant envelope ALTBOC modulation constellatialespnted in chapter 4 (figure 33), and
to the constant envelope ALTBOC modulation constelhati

However the influence of the IF filters is the sawleatever the receiver type. This result
is confirmed by the calculation of the standardiagon of the phase difference in table 38.
Indeed the same phase difference standard devigtiontained whatever the receiver type.
The table also confirms that narrower the IF fibandwidth is, higher the phase distortions
are.

o () 90 MHz IF filter 70 MHz IF filter 50 MHz IF filter
rubidium 5.13° 7.9° 16.8°
TCXO 5.13° 7.9° 16.8°

Table 38 Phase difference standard deviation atffdters output

6.3.2.4.1 A/D conversion influence

Now the influence of the last element of the reeewill be studied. First the modulation
constellations are plotted considering the two ikesetypes and the three IF filter
bandwidths.

Signal modulation constellation at ADC output for a TCXO receiver Signal modulation constellation at ADC output for a rubidium receiver
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Figure 143  Modulation constellation at ADC outpot & 90 MHz IF filter
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Signal modulation constellation at ADC output for a TCXO receiver

Signal modulation constellation at ADC output for a rubidium receiver

Figure 144  Modulation constellation at ADC outpot & 70 MHz IF filter

Signal modulation constellation at ADC output for a rubidium receiver Signal modulation constellation at ADC output for a TCXO receiver

Modulation constellation at ADC outpot & 50 MHz IF filter

Figure 145

The A/D converter influence on the modulation celiation is not visible on figures 143,
144 or 145. Indeed, whatever the IF filter bandwidthe distortions introduced by the IF
filter are so much important that they do not péraiobserve the A/D conversion phase
noise influence.

But the A/D conversion influence can be observeahkis to the calculation of the
standard deviation of the signal phase differerate/éen the ADC output and input. Table 39
summarizes the results obtained, while figure 148¢mts the phase difference in the case of
the 90 MHz IF filter for the two receiver types.

o () 90 MHz IF filter 70 MHz IF filter 50 MHz IF filter
rubidium 0.0012° 0.002° 0.006°
TCXO 0.0026° 0.006° 0.01°

Table 39 Phase difference standard deviations at AbDtput
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The phase distortions introduced by the ADC arehdnigfor TCXO receiver than for

rubidium receiver that is in accordance with theilgors’ characteristics.
noticed that narrower the IF filter bandwidth igytner the phase distortions are. This result is
ng frequency (chapter 3),
ter bandwidth is, higher

normal because the time jitter is proportionaltte teceiver sampli
deduced from the IF filter bandwidth (section 6.2Wjder the IF fil
the receiver sampling frequency is, and weaker the tinee igtt
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Figure 146  Phase difference study at ADC outputféf MHz IF filter

Now the PLL phase error standard deviations areutstbed thanks to the following
scheme for the two types of receiver and the three IF fidtedWwidths:

—> —>

>

RF —

filter

IF
filter

4>
4>

The results obtained are summarized in table 40:

Phase (useful signal)
- Phase (reference
signal)

It can also be

PLL o (°) 90 MHz IF filter 70 MHz IF filter 50 MHz IF filter
rubidium 0.17° 0.17° 0.18°
TCXO 0.85° 0.84° 0.8°

Table 40 PLL phase error standard deviations at AéDversion output
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These results confirm that more phase noise isdatred in the case of a TCXO receiver
than in the case of a rubidium receiver. That isnabecause the rubidium oscillator is more
stable than the TCXO oscillator.

However, the phase noise at the ADC output doesseein to depend on the IF filter
bandwidths, whereas we have noticed that the Afivexsion introduces more phase noise in
the 50 MHz IF filter case than in the 90 MHz IRdil case. This result is due to the fact that
the phase noise added by the A/D converter is gibtgi in front of the phase noise added by
the down-conversion. Indeed, if table 40 is compdcethe results obtained at the down-
conversion, it can be observed that the PLL phase standard deviation values are similar.
So, the A/D conversion phase noise influence isigietg in front of the down-conversion

phase noise influence and consequently, the phase abthe ADC output does not depend
on the IF filter bandwidth.

6.3.2.5 Conclusion

To conclude, the phase noise introduced by the rdiitereceiver units on the infinite
bandwidth ALTBOC signal is higher if the receiveses a TCXO oscillator than if it uses a
rubidium oscillator as foreseen.

Moreover, it has been shown that the distortions tduthe IF filter are higher than the
others. However if the filters influence is not ciolesed, in the receiver the phase noise
brought by the down-conversion predominates, whereéise payload, it is the phase noise
brought by the amplifier which predominates.

If the PLL phase error standard deviation at thy@qaad output is compared to the PLL
phase error standard deviation at the receiverubugonsidering that the payload amplifier
works at its best operating point (IBO = 3 dB):

Payload output Receiver output

92 MHZ digital | 100 M.Hz digital TCXO oscillator Rub_ldlum
filter filter oscillator
o (°) 0.58 0.19 0.8 0.18

Table 41 Summary of PLL phase error standard dmriatat receiver and payload output

It can be noticed that if the user used a TCXO ivece whatever the payload
configuration, the phase noise due to the receinés predominates; whereas if the user uses
a rubidium receiver, the phase noise introducecbyptiyload units can predominate in front
of the receiver phase noise if the digital filtasta 92 MHz bandwidth. If the digital filter has
a 100 MHz bandwidth, the receiver and payload phase noses|aivalent.

263



6. Impact of equipment impairments on receiver performance

However this comparison is realized considering thahfmite bandwidth E5 band signal
enters in the receiver. But it is not the case, #&r teceives the signal which comes from the
payload, it receives therefore a signal, in which phase hasalready been introduced.

Consequently, the next section will present simafegi from the generation to the

reception, considering that the signal received is theakgjrthe payload output.

6.3.3 End-to-end performance

End-to-end simulations will be conducted. The PLlag#h error standard deviation will be
calculated considering the following scheme:

SSP/
Digital | ®»|  DIA | ”  Up- » > omux
filter conversion conversion b Linea
ampl,
Phase error
Phase (useful o o
signal) < AP IF filter < DewR- RF filter
_ conversion <€ €¢— conversion €

Phase (referent
signal)

—»  Useful signe
—p Reference sign

Figure 147

End-to-end performance simulation scheme

The amplifier is considered working at its bestragiag point from both a phase noise
and an efficiency point of view that means IBO equal to 3 dB.

Then, as the Galileo GIOVE-A NSGU uses a 92 MHztdidilter ((GIOVE, 2006]), the
two first simulations will be realized consideriag92 MHz digital filter. The first one will
consider a TCXO receiver with a 50 MHz IF filter,edsfor “classical” applications and the
second one will consider a rubidium receiver withOaMHz IF filter, which represents more
specialized users. The PLL phase error standard degailuiained are presented in table 42:

TCXO

Rubidium

a ()

3.4

0.66

Table 42 End-to-end PLL phase error standard démaf92 MHz digital filter)
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6. Impact of equipment impairments on receiver performance

As foreseen, the phase noise at the transmissieptien chain output is higher for a
TCXO receiver than for a rubidium receiver. In théXIO case, the phase noise introduced
by the receiver predominates, whereas in the ruldiase it is effectively the payload phase
noise which predominates.

To complete this study, an end-to-end simulatioms@ering a 100 MHz payload digital
filter and a rubidium receiver has been realizec PhL phase error standard deviation is in
this case equal to 0.26° that shows once againdhengage of considering a wider digital
filter.

6.3.4 Conclusion

This chapter has permitted to evaluate the phase notroduced on the Galileo E5 band
ALTBOC signal during the generation in the payload angtbeessing in the receiver.

First, the entire assumptions made on the payloadraceiver equipment have been
presented.

Then simulations have permitted to evaluate the@maise brought by the payload units:
digital filter, up-conversion, D/A conversion, amplifierdd®MUX. They have shown that the
phase distortions due to the digital filter areheigthan the others. However, if the digital
filter influence is not considered, the phase nois®duced by the amplifier predominates in
front of the phase noise brought indirectly by #temic clocks; and that this phase noise
depends on the amplifier operating point. It hasnbeéemonstrated that the best amplifier
operating point from both a phase noise and awmieffty point of view is obtained for an
IBO equal to 3 dB. It has also been proved thatefdigital filter bandwidth is equal to 100
MHz, the phase noise at the payload output is wetlaar if the digital filter bandwidth is
equal to 92 MHz.

Afterwards the phase noise, brought by TCXO anddiuln receivers units on an infinite
bandwidth ALTBOC signal, has been evaluated. As &@Bs because of the oscillators
characteristics, the phase noise introduced by ad @Xeiver is higher than the phase noise
introduced by a rubidium receiver, whatever the ilkerf bandwidth. It has also been
underlined that the TCXO receiver phase noise ghdn than the payload phase noise,
whereas the rubidium receiver phase noise is wetilar the payload phase noise if the
digital filter bandwidth is equal to 92 MHz.

Finally, end-to-end simulations have been conduciéey have permitted to determine
the optimized payload scheme: a 100 MHz digital filter andraplifier IBO equal to 3 dB.

However these results should be considered cayefulleed the AM/AM and AM/PM
characteristics used to describe the amplifier rhalte not take into account the wide
bandwidth of the signal and the memory effect.

Moreover, the users need should be taken into atctiuhe receivers are designed for
classical applications, they will not carry rubidiwscillators because of their expensive cost.
Consequently, the receiver phase noise will predatejrand there is no need to use a 100
MHz filter, which implies to have payload equipmesitich as DAC or mixers, with wide
bandwidths.
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Chapter 7

Conclusions and Recommendations for Future Work

Contents
T.0 CONCIUSIONS e et 267
7.2 Recommendations fOr FULUIE WOTK ... e 269

This chapter presents the conclusions from thearekeresults obtained in the previous
chapters and draws recommendations for future work.

7.1 Conclusions

The purpose of this thesis was the study and thien@ation of the Galileo signals and
payload to obtain the best performance from a receiver pbinew.

First, a precise study of the Galileo system, fromgeneration to the reception has been
conducted. All the payload and receiver units haeenbdetailed in order to identify
equipment likely to induce signal impairments anstait signal performance. It has been
shown that payload and receiver clocks instakslitgeenerate phase noise, introduced on
signals during digital-to-analog/analog-to-digimnversion and up/down-conversion. The
payload amplifier, because of its amplitude and ehagn-linearities, can also introduce
distortions on the signal if its envelope is nonstant. Another element of impairment,
already well-know because it is the main uncoreelagource of error affecting any GNSS
users, has been retained: the multipath. Thanksetadéntification of all these impairments,
design constraints on signal waveform or modulati@mve been deduced: the Galileo
modulation should multiplex the signals into a ¢ans envelope not to suffer from amplifier
non-linearities and the Galileo signal waveformsut present an inherent good resistance to
multipath. The distortions introduced by the clopksse noise can not be reduced by signal
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optimisation but the influence of this impairmemt this signal can be minimized thanks to
payload optimization.

Then, the baseline civil Galileo signals, in the B8 &1 bands, have been analyzed in
order to verify their compliance with the design constsaiexposed previously.

The chapter 4 has shown that the modulation used to multheeGalileo E5 band signal,
called Alternate BOC (ALTBOC) modulation, has be@tirnized to transmit the signal with
a constant envelope. The definition, the mechanisrd, taa theoretical power spectrum
density expression of this modulation have beenosa@. Figures, proving the good
resistance against multipath of the E5 signal, lsdse been presented. They have shown that
the error induced by a multipath on an ALTBOC receiver iskeethan 1.5 meters.

The chapter 5, as for it, has presented the Galildoad signal. The design of this signal
was first set out by an agreement signed betweenUthited States of America and the
European Union in June 2004. This agreement foremaWwaseline, a BOC(1,1) sub-carrier to
transmit the E1 band Open Service signal. It has lwEamonstrated that this waveform
presents an inherent resistance to multipath aadttie modulation chosen to multiplex the
Open Service signal with the PRS service signaleddhterplex modulation, transmits the
Galileo E1 signal with a constant envelope. The lbasé&1 signal verifies therefore all the
design constraints necessary to reduce impairnigfhience. It verifies also other constraints
set out by the 2004 agreement, especially in tefmsterference with the other navigation
systems.

However, recently, new signals, based on CBCS (Corgp8snary Coded Symbol) and
CBOC (Composite Binary Offset Carrier) waveformsyéndoeen proposed to transmit the
Galileo Open Service signal. The objective of thessv waveforms is to obtain better
performance than the BOC(1,1) signal while verifythhg constraints set out by the 2004
agreement. Three signals belong to these wavefornosen according to precise criteria,
exposed in chapter 4, have been analyzed: the CBGS([1 -1 1 -1 1 -1 1 1],1), the
CBOC(5,1) and the CBOC(6,1). First, it has been shdahthe Interplex modulation could
be modified to transmit these new waveforms withoastant envelope. Then it has been
demonstrated that these waveforms present indetdr heacking performance than the
BOC(1,1) baseline, especially in terms of resistanagaultipath. However, the CBCS([1 -1 1
-11-11-111],1) and the CBOC(5,1) studied do heote optimal performance assuming
BOC(1,1) tracking, currently proposed in mass-markeeiver. Finally, it has been proved
that the CBOC(6,1), particularly the CBOC(6,1,2/11,"}/-presents the best tracking
performance with both an exact replica tracking arBlOC(1,1) replica tracking. Indeed the
error induced by a multipath on its code trackiogp according to an exact replica is smaller
than 5 meters and its delta correlation losses avBIOC(1,1) replica are optimized. However,
it requires more complexity at the payload generatevel because of the alternation “+/-*
and that is one of the reason why Europe has yin@tided to transmit the data Open Service
signal with a CBOC(6,1,"+") and the pilot Open Service digvith a CBOC(6,1,”-").

Finally, after having verified that the proposedilcivalileo signals present the properties
necessary to minimize the impairments due to payéoaplifiers and multipath, the impact of
payload and receiver equipment impairments on tladil€® E5 band signal has been
evaluated.
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First, all the assumptions made on payload and recequgpraent have been presented.

Then, the phase noise due to clocks instabilitied atded to the signal during the
generation has been evaluated. The influence ofpdyoad digital filter has also been
studied. This filter distorts the signal envelopensequently the signal suffers from amplifier
non-linearities. But it can not be removed becaimge gayload equipment after it do not
operate in an infinite bandwidth. It has been shdwat the phase distortions introduced by
this digital filter are the highest of the paylodtbwever, if the filters distortions are not
considered, the phase noise due to amplifier naafities predominates on the phase noise
due to payload clocks instabilities.

It has also been demonstrated that there is aabgdifier operating point which permits
to optimize the amplifier power efficiency withountroducing too much phase noise on the
signal. This operating point corresponds to an IBOaéto 3 dB and an input power equal to
13.9 dBm. The PLL phase error standard deviation céged to this operating point and to a
92 MHz digital filter, is equal to 0.58°. Moreover,ing a wide digital filter, which distorts
less the signal envelope, permits to reduce theabignpairments; the PLL phase error
standard deviation is, in this case, only equal to 0.19°.

The receiver phase noise influence has also besnated. If the phase distortions due to
the IF filter are not taken into account, the phasése introduced during the down-
conversion predominates on the phase noise intesbluduring the analog-to-digital
conversion. Furthermore, a TCXO receiver createsenmitase noise than a rubidium
receiver. Indeed, the PLL phase error standard dewiaf a TCXO receiver is equal to 0.8°
whereas it is only equal to 0.18° in the case of a rubidiunivesce

If a user uses a TCXO receiver, the phase noisealtiee payload is negligible, whereas
if the user has a rubidium receiver, the payloadsehwise can predominate, particularly if
the digital filter bandwidth is narrow.

This payload and receiver phase noise study hasifped to identify an “optimal”
payload, which minimizes the distortions introdudsdthe phase noise on the signals. This
payload is composed of a 100 MHz digital filter arichn amplifier operating at an IBO equal
to 3 dB.

However, we must keep in mind that the model chdsedesign the amplifier is not
optimal because the AM/AM and AM/PM characteristitcsnot take into account the signal
bandwidth and the memory effect. Moreover, the ahadt a 100 MHz digital filter is
possible only if the others payload equipment have a baltidat least equal to 100 MHz.

7.2 Recommendations for Future Work

Three major recommendations could be made for future.work

The first one concerns the Galileo E1 signal. lagdeehas been shown in this thesis that
the CBOC(6,1) signal was chosen by Europe to trangmei Galileo Open Service signal
because of its good performance in tracking. It Wwad be interesting to conduct the phase
noise study, already realized for the Galileo EBdbaignal, for the Galileo E1 signal. This
study was not conducted in this thesis because of lack ef tim

Moreover, concerning the phase noise study, it vailirtteresting to verify if the AM/AM,
AM/PM model chosen to characterize the amplifiehdaour is sufficient for this sort of
study, particularly on wide bandwidth navigationrgts. This could be done thanks to
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experimentations, using a navigation signal genetatd the studied miniature amplifier. It
would also be interesting to use for the simulai@ more “complex” amplifier model,
which, for example, takes into account the memory effect.

To finish, the influence of payload and receivergghaoise has been evaluated thanks to
receiver PLL phase error standard deviation calicunaThis study could be completed by the
evaluation of the phase noise influence on the receivertcadeng loop.
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Appendix A

Power Spectrum Densities

This Appendix presents all the calculations madelitain the theoretical expressions of the
BOC, ALTBOC and Interplex power spectrum densities.

A.1 BOC Power Spectrum Densities

The BOC signal is regarded as stationary signal. FR& code sequence is considered
random, non periodic, identically distributed, binary, equidable and independent.

As seen in chapter 2, the following formula can beduto calculate the power spectrum
density of the BOC signal whatever the sub-carrier and gegity:

Saoc ()]
T

C

G.(f) = (A1)

If the BOC signal is writtens(t) = Zc(k) [8,,.(t —KT.) with c(k) : the spreading code
k=0

seqguence, Jthe code period andggs: product of the code materialization waveform vtk
BOC subcarrier, equal to:

S,.c = Sign(sin(274 t)), in this case the BOC signal is called Sine BOC
S,.c = Sign(cos@7 1)), in this case the BOC signal is called Cosine BOC

For each case, the Fourier Transform of the subecashould be calculated and then
deduce the power spectral density of the BOC signal.

The analysis, presented in [Pratt, 2003], uses a&-gpped waveform as a prototype
for the sub-carrier modulation with levels (-1,0dnd variable transition times between
levels.

271



Appendix A — Power Spectrum Densities

TN Te/n
| | |
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Figure 148 Time response of the sub-carrier wavafaith sine and cosine phasing

In the BOC waveform casd,is equal to 0.

A.1.1Sine BOC case

Two different cases should be considered: n even and n odd.

A.1.1.1N even

In this case, the BOC sub-carrier waveform is defined fcin &gn interval by:

Sc(t) =0 r[—lE<t<(r+5)E-lT£
n n
8. (1) = (-1 (r+d)de<t<(r+1-8)0c for —D<r<og
n n 2 2
T T
Sclt) =0 (r+1-9)BE <t<(r+3E*

So the Fourier Transform is:

+oo /_1 r+1-9, T/
S 1) = [ Soclt) Coxpl— j 27 1) it = z/ [(-1) texl- j 2 )t
_°° r=-1% (r+6T4

Smc(f)-%z;z— EﬁzﬂHexr{—me ifr +1-0)-= } exr{—j[?.n‘ [ﬂr+5)1rﬂ}

it o ] S

N
LM
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Ny N R
I x=(—1)E(Exp{—j[?_n‘Lj U= 3 (-1) ex ;{ 27t } ZX L
n =1 Cxto1
So,
T, . T
"’zex;{ 27 EE j (-1)""*ex p{— j 27k Eﬂcj _
U = 2n — _j q_l)—nIZeXF{jr‘: lr;:j SIn(ﬂTF)

- ex;{ j 27 Eﬁj—l

Considering that n is even abd0,

N SR ) e b
w0 o e ) 2

j sin(iﬂc)sin(n‘ -lr-‘;]
Sooc( f ) =T
7 co{n‘ TCJ

n

Consequently, the power spectral density of the Sine BOC signahe aase n even, is equal

to:
2

sin(zﬂc)sin(nf E]
> :?C 7f co{n‘ Tr?j

A.1.1.2N odd

(A.2)

In this case, the BOC sub-carrier waveform is defined for egahinkerval by:
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Sooc(t):O (r—ljg-ri<t<(r_1+5j[:_l—rﬁ
2) n 2 n
Soc(t) = (=) (r—1+5]EIT—°<t<(r+1—5j[-)T£ for ~=H (07D
2 n 2 n 2 2
Shoc(t) =0 (r+1—5j[-l-r£<t<(r+1]EITi
2 n 2) n

The calculation is the same than in the previous case, theliffierence is the sum limits:

o 3
[ (=2) texpl~ j 2 1x)
r:‘(n_%(r—%w]T%

(-1 i al A L AT SNy aud T
Sooc(f)—(zj—ﬂj{ex;{ jDZlf[E JJJ ex;{ JD?n‘( 2+5jn}r:_(zn;%( 1) ex;{ JD?n‘D‘n}

(n-1)/2

Speel(f) =

(n-1)/2
U= Z (—1)r ex;{— | (27 EL} - (_1)—(n—1)/2 L}ﬂ%)
o e

Considering that n is odd andO,

Spoe(f) = (—1)'("‘1”2(‘.—1]{%{— j Cof L} - exp{ j oo T_}} cod7fT,)
27k n n T
co{nf W

. coe(r.fTC)sin(n‘ TCJ
Sooc( f ) = (;J T n
co{n‘ r?j

So the power spectral density of the Sine BOC sigm#he case n odd, is equal to:

N—

cos(n‘TC)sin(n‘ TCJ
Gy(f) == .

T 7 co{n‘ TCJ
n

(A.3)
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A.1.1.3Conclusion

The power spectral density of the Sine BOC signabi

_I_ 2
. sin(zﬂc)sin(n‘ r?}
Gs(f) :T—D = for neven
¢ 7t co{n‘ CJ
n
2
. coe(r.fTC)sin(nf E]
Gs(f):_l_—[] - for nodd
¢ 7t co{n‘ rij

A.1.2 Cosine BOC case

As previously, two different cases should be cagr®d: n even and n odd.

A.1.2.1N even

In this case, the cosine BOC sub-carrier wavefaroefined for eachdn interval by:

SL)oc(t):(_l)r rGT—C<t<(r+1—5)|]T_C
n 2 n
1 T 1 T n n
t)y=0 r+=-0)F=<t<(r+=+9)F* for ——<r<2-1
Sooc() ( 5 5) | ( 5 5) . > >
Soclt) = =(=1)° (r+%+5)ElE<t<(r+1)E—]Ti
n n

The Fourier Transform of the cosine BOC isS,(f) = Isnoc(t) [exp(- j 27 ) et

-1 (reas 2—5)T% (r +1)T%
Sl )= D [(-1) texpl- j 2 )it~ [(-2) Cexpl- j (27 03) ot
== (e (r+1/2+0)'/

_ Nyt
_ 1 T T. ) T, Y . L
So(f)= (_j - jex;{ j7f "~ j{coz{Zn‘d—nj co{n‘ "~ j}r;_%( 1) ex;{ j 27f [ n}
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Ny B /
If x:(—1)Eexp(— j C2rf LJ,U = Y (-1 ex;{—j[?.n‘ I]T} Z X=X
n r:—% n V X —1

So,
"’zexp( 27 EET) (- )”’Zexp{— j 27t Eng)

U=
(—1)’1exp{ j 27k 5&]—1
n

_j H—l)_mzeX[{ J 7.‘: Lj Sln(fch)
n T

Considering that n is even a0,

(-1 e T T oz c T sin(ﬂTC)
o e 2
S.() = (-1 n/zJ sln(77f-|__;i {00{272‘5— S{ﬂLj}

°{’* ) ”

_c
n

1- cos{n‘L }
n

S.(f)= 1 sm nfT

Consequently, the power spectral density of than@dBOC signal is equal to:

sin(7T,)

1 T.)

A.1.2.2N odd

For n odd, the cosine BOC sub-carrier wavefornmeined for each Jn interval by:
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1) T T
)= S Be<t<(r-9)B=
§ue®) = (- (r 2] - <t<(r-0)
T T (n-1) (n-1
t)=0 -9)3e <t o) for -
Shoc(t) (r-9) n< <(r+9) - or 5 <r< 5
T 1T
t) =-(-1' o)Fe <t =z
Sclt) = (=) (r+0) < <(r+2j n

The calculation is the same than in the previosg cthe only different is the sum limits:

(n-1)/2 A (H%]T%
Self)= D [ (1) texpl- j 2t B)rait— (1) Cexpl- j (27 1) ot
e i

(-1 T.) T Yy aod T
Shoc( ) _[j_ﬂJ{CO{ZﬂJFj co{ﬂ nj}rz_(zn; 1)/2( 1) exp{ j 27 [ n}

(n+1)/2

U= z (—]_)r ex[{— j 27 ﬂlr;?:| - (_1)—(n—1)/2 M

r=-("-17 co{n‘ ch
n
Considering that n is odd andO0,

_ -z T1 T T cod7iT,)
Speo(F) = (1) [J_ ﬂ]{co{man] co{nc ]} _codrT,)

" co{n‘ Tr?)
Sl ) = ( j_n% ] C:E(:-_rlfc)j {1— co{n‘ lrij}

n

So, the power spectral density of the Cosine B@@adj in the case n odd, is:

2

cod 7T, ){1— co{n‘ TCJ}
Gi(f) == " (A5)

T 7 CO{]T T“j
n

A.1.2.3Conclusion
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The power spectral density of the Cosine BOC signal

2

Gg(f) _1 M{co{n‘ Lj—l} for neven
T 7t coz{n‘ ch :
n
2
G(f) == M{co{n‘ Lj —1} for n odd
T 7t co{nf Ej :

A.2 ALTBOC Power Spectrum Densities

The Galileo E5 band signal is an ALTBOC(15,10), semuently the power spectrum
densities will only be calculated considering thedd case (n=3).

A.2.1Non constant envelope ALTBOC Power Spectrum Densés

The non constant envelope ALTBOC is equal to:

XALT _BOC (t) =Cy (t) Im(t) +C_(t) [n(t)
with
Cy () =c,(t)+j &, (t)
C.()=c ()+]jE (t)
and
m(t) = a(t) + j [b(t) = sigricos@rf4t)] + j [signsin(27 )]
n(t) = a(t) - j b(t) = sigr{cos@rft)] - j signsin(27£4t))]

The autocorrelation of the ALTBOC is equal to:

O, (D)W, (1) + U, (1) My(r) + 0, (1) M, (1) + 0 (7) W,(7) +
H r)= ’ ’
e () O, (N, (M) + U (1) M, () + 0 (7) W, (7) + 0, (7) [, (7)
assuming that the crosscorrelation between therdift codes is equal to zero. Moreover, the

complex crosscorrelation cancels each other out.
So, the power spectrum density of the signal isktu

278



Appendix A — Power Spectrum Densities

4 4
Gaireoc(f) = T_|A( f )|2 +T_|B( f )|2

with A(f) and B(f) the Fourier Transforms of signg{2tf4)] and sign[sin(zfd)].

As calculated previously in section A.1., if n ddo

|A(f)|* = |FT[sign({cog27# ,t))]*

o 3] ot
[B(F)[" = |FT[sign(sin(27£t))] 2
sy - (ijz cod T, f Sin(n‘ Tnj

71 2
co{n‘ TC)
n

Consequently the normalized power spectrum depsitige non constant envelope ALTBOC
with n odd is:

and

_ 1 codAT) | T,
Garsoc(f) = T 212 ﬂ T > {1 Co{nc N )} (A.6)
-

A.2.2 Constant envelope ALTBOC Power Spectrum Densities

The ALTBOC signal with a constant envelope is egpeel as:
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50,0~ st 12+ a0 +eisa 1T

Ts Ts
+G,SG,(t) + ] [, S%s(t - ] + j [&,5G,(t) — ¢ S%{t - Zj
XaLT BOC (t)= Ts Ts
+ cLsgp(t) -j et sgp(t - 4 ] +j &, scap(t) +cLscap[t _ZJ
Ts

R (S SR

Note in the following sc,_1=sc(t), sc._ 2= scas(t - TZSJ , SC,_1=sc,(t) and
Ts
SC,p, _2=SC,|t—— |-
v ap( 4 j

Different terms of crosscorrelation must be taketo iaccount and analyzed. The code
sequences are considered independent, so the ametation between two different codes is
equal to zero. Consequently, all the crosscormeiaterms in which the crosscorrelation
between two different codes appears are null. Gthesscorrelation terms are null because
the crosscorrelation between the different subi@a(scs and sgy) is equal to zero. The last
crosscorrelation terms are complex. Fortunately t@ncel each other out.

The correlation function of the constant envelopd BOC signal is equal to:

DcLst‘a 1(T) +[ CLSCys_ 2(T) _l(T) +[ C'LSQ.\S_Z(T) +
Dcuscd 1(T) -'-Dcscd 2(T) +D 1(T)+DC;‘SQ_\S_2(T) +

DCLSCB l(T) |:| S%S_Z(T) DCLS%571(T) + DCLSC&SiZ(T) +
O

CuSCys_ 1(T) Euscds_Z (T) +0 E{,scds_l(r) +0 C,SCs_2 (T)

As the autocorrelations of the different codeseayeal:
4 4 4 4
Grur_aoc(f) = 0SG, 1) + = 0SG,_2(1)" + = 0SG, 1) + = dsG, _21)f

with SGs 1(f), SGs 2 (f), SGp_1 (f) and SGs 2 (f) the Fourier Transform of gc1(t), sgs 2
(t), sGp_1 (t) and sg, 2(t) over [O,T.

Beginning with the calculation of the Fourier Traome of sgs 1 over [O,T]:

n-1 T
SCss _1(t) = Z (_1) m:UTSIZ(t - m?j
m=0

with
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J2+1 [O TS}
2 '8
1 {TS TS}
Hr,a ()= 21 i ;Ts
2 {4' 8 }
V2 +1 3T, T.
2 [8' 2}

Before calculating the Fourier Transform ofsi(t) the calculation of the Fourier Transform
of ws/At) iIs necessary.

.
(m+1)—=
T, 2 T.) o
FT{#TSIZ[t _mz)} ,[ M, /2(t m Zj@ “dt
m?
T To mle,Te A e 3T
2 8 2 4 2 8 2 8
FT{ﬂTslz[t - mtsj} =L [ gy [ levmge [ lwmg- [ Y2 gremgy
2 12 e 2 o1 2 ol
2 2 8 2 4 2 4
T
t e—Zthm? _j,fTi (\/» ) \/»
FT t-m=|r=- e 2?2|-W2+1jco = | ++/2C0 S +1
{”( zj} 2i7t { { j { 4j }
So the Fourier Transform of gcl(t) is :
e_jnf?S n-1 ~2jrm
SC._1(f)=-— —(\/§+1)CO +J_co +1|>(-1)"e 2
2jr 4 =0

T, _ ? 2
e 7 1 SO
m=0 co{n‘ Sj
2
T

Finally,

SC,_Lf)|° = 4772 = C(;C:E(:-l_-lfc)j {— (\/5 +1)co{ j + \/_co{ 4} + 1}2
n
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The same calculation is made for.3Q@ (f), SGy 1 (f) and S 2 (f). Consequently,

o 1 cog(AT)[ (T, (T
ISG,_2(f)[ = 477 f2 52( ch{sm(n‘ 2j+ﬁ5|r(n‘ 4}}
co n‘;

2 1 COSz(lﬂ' ) i T T 2
‘Scap —]-(f)‘ = . c (\/E—l)CO{lf Sj—\/ico{;f Sj+l:|
arf cosz(n‘ Ej L 2 4

o 1 cog(aT) [ (T, (T
ISC_2(f)| RrTE 52( Tc] sm(n‘ 2j+ﬁsm(n‘ 4)}
cos| 7f < |-

n

Finally, the normalized power spectrum density loé tALTBOC signal with a constant
envelope is if n odd:

T T
$| 7 —= |- cos 7f —=
1 cog(rT,) “ ( 2) CO{ 2)

Gareoc(f) = 2 (A.7)
2 7T, cosz(n‘ T°j - ZCO{n‘ Ej co{n‘ EJ +2
n 2 4
A.3 Interplex signal Power Spectrum Densities
A.3.10pen Service: BOC(1,1)
Considering the Galileo baseline E1 signals, thaadicould be written:
s(t) = Re[§(t) [exp(2] 74t + o)} (A.8)

with

81 =/Ps ) —/Rst)+ j G/Rs ) + ] L/R, OM() (A.9)

S, s are BOC(1,1) sub-carriers, sorresponds to the PRS service, it is a cosine BBE.5)
and IM is the intermodulation product, it is alsB@Ccos(15,2.5).

So the autocorrelation function of such a signal is

0.(r) = 0,(7) %cos(zncct) with O.(r) = E[3(t) (8t - 7)] (A.10)
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P50 -Rs® - i QRS0 - /Ry s0) 5,0 50)
0:(0) =E|({Rs(t-1)-Rst-1)- jQ/Rs(t-7) (A.11)
Ry st-1) 5t -1)E(E-7)
The different codes which compose the signajsssand s have a very low cross-
correlation, so the cross-correlation between tfferdnt codes is herein assumed to be equal
to zero. Consequently,

O(r) =R, [Dsz(r)"' P3[Ds3(r)+ Pl[Dsl(T)"' Pw [0 (T) (A.12)

The power spectrum density of the baseline Galllgerplex signal is the Fourier
Transform of the autocorrelation function:

S(1) =7 S(f = 1)+ 2 S(f + 1) (A13)

with

S(f) =TR[] =TF[P, M, (r)+ P Mg (1) + R M () + Py M ()] (A24)

S(f) =R IS (f)+ RIS, (f)+ RIS (f)+Ry, (S, (f) (A.15)

The power spectrum density of the signadrsd the signalssare equal. Their expression
is, according to the previous sections:

2

1 )Sin(7AT,)
S, (f) =S5 (f)=—
Te 7t cos@)

. JET,
sin(

(A.16)

The signal sis a cosine-phased BOC(15,2.5), so the power pactiensity of this
signal is:

(T ’
s (f)=28 M{Co{ﬂ Lj_l} (A.17)
T 7t co{n‘ TC) 30
30

The IM term, as already mentioned, is a BOCcos(®p,a@s the PRS signal. Its power
spectrum density is therefore similar to the equafA.17).
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So, the power spectrum density of the Galileo lasé&tl signal is:

S(f) = 2[eog(m) Bin*(m) 8, (f )+ (cos(m) +sin*(m)) s, (f) (A.18)

A.3.20pen Service: CBCS or CBOC

If the Open Service signal is defined thanks taBCS or a CBOC signals, the expression of
the signal transmitted in the Galileo E1 band is:

s(t) = Re[&(t) [exf(2j 7.t + ¢}

with

&) = {D“)ZC“) dsin@B) [x(t) + sin@,) Cy(®)] + Cz(t) dsin@B,) (1) - sin28,) D/(t)]} +

j E{(COSQ'@ ;COSQ@) Don)Cone(t)2(t) + Z5@E) ;COSQ@) Dy (1)Co (B)C, (1) Dprs(®)Corns(t) z(t)}
(A.19)

The signak could also be written:

8(t) = [Soen®) + Sosal®)] + | EﬁPRSt) Eﬁcos(zﬁl) ;ms@ﬁs)j +1M (t)(cos(zﬁl) ;COS%)H (A.20)

where $sa and Ssg represent the data Open Service signal and toe@gden Service signal,
including respectively the code D, the data, théecB and the weighted factor depending on
B1 andp 3; PRS represents the PRS signal and IM the intemfatidn product, they are both
cosine BOC(15,2.5) signals.

As previously,00(7) = 0 (7) B;—cos(Zn‘ct) with O4(r) = E[8(t)[8(t - 7)]

The crosscorrelation between the different codesgan assumed to be equal to zero.
Consequently,

cod2p,) + cosQ,Bs)jz (1) (cos(Zﬁl) - cosQﬁs)J2 ™, () (A21)

Dg(r) :DSOSA(T)+ DSOSB(T)+( 2 2

The power spectrum densities of the optimized @aldignal is the Fourier Transform of
the autocorrelation function:

Ss(f):%sé(f—fc)+%sé(f+fc) with S,(f) =TF[0,(7)]
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S(f) = {Ssm(f% s, (f )+[C°S(2'31)+°05Qﬂ3)j2 S )+[C°S(2'81)'°05Qﬁ3)]2 5, (1 )}

2 2

The power spectrum densities of the PRS and theigiils have already been calculated
previously. So the autocorrelation and the powacspm densities of the OSA and OSB
signals must now be calculated because they ardassical BOC waveforms [Hein, 2005]:

%(sin(Z,Bl))z M gocaa (T) + %(Sin(zﬁe))z [ BCS—BOC(T) +
DOSA(T) = ¢ ¢
%sin(Z,Bl)sin(Z,Be,)zz E[DD,kDD,j ] EE[CD,kCD,j ] EE[hBOC(Ll) (t=KTe =O)hges poc(t =7 T = 9)]

Reoca,1y  Recs-eoc represent the autocorrelation functions of the RO and the
BCS([pr...pn],1) or the BOC(p,1) respectivelygdi(1,1)and lacs.soc represent the BOC(1,1)
and the BCS([p..pn],1) or the BOC(p,1) materializations respectivélyjs the code period.

a1 SR Do r) + 7 (G Do acclr) +

Oosdr) =

(-

1_ . 't
5SN@A)SINGAYY D, (M) -3 [ Moy (t ~KTe = s soclt =7 ~KTe + T, =6)
m C 0

—(5in@A)) Maocs (1)*+ 2 (S@A)) Mace-aoc )
Dosd?)=1 7 ¢
+ %Sin(Z,Bl)sin(Z,Bs)zTi u Ca (m) D BOC(L1)/ BCS—BOC(T - m-lz:)

An ideal code is assumed,8g (m) = &(m) and:

o Sin@A)) Tooegy (1) + 1 (6N@A)F ace oocr)
u OSA(T) = c c
+ %sin(Z,Bl)sin(Z,Eg)D BOC(LL) / BCS(T)

For the OSB signal, the autocorrelation functioadgsal to:

1, , - 2
- OSB(T) _ TC(SIn(ZBl)) N BOC(L1) (T) + E (Sln(ZIBS)) min B BOC (T)
_ %sin(Z,Bl) SN2, Taocanscsl?)
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The power spectrum density of each component isleiguthe Fourier Transform of the
correlation function, so:

FSIT(26) Brocqy (1) +55(26,) Buce-aoc( )
Sosal ) = 1
+—8in(2) sin(2) RFT(BOC(11)) [FT* (BCS- BOC)

C

FSI(26) Buocu (1) + 2511 (26,) B pocl )
Se(D=1"
- in(2) sin(28) ReFT(BOC(11)) FT* (BCS- BOC)

Cc

The Fourier Transform of the BOC(1,1) is equal to:
] oI AT .
FT(BOC(Y)) = —e M an = [3in(7£T,), according to A.1.

The Fourier Transform of a BCS({[p.pm],n) sequence is [Hein, 2005]:

FT(BCY = ézm:g(exd— 2 7KFT, /n) —exp(- 2j m(k —1) T /n))
k=1
and the Fourier Transform of a BOC(p,1) i6T (BOC(p])) = ﬂ%e e tar{ Z;‘:] [$in(7T,)

The power spectrum density of the BCS sequencees dpy [Hein, 2005]:

sgcs(f>=fﬂ | ((; ]zzzssco{( )Zn’fj

©o(Af ENE

m .27tk

ZSKe_J nf

k=1

where n refers to the number of symbols in one ahghf=1.023 MHz.

According to section A.1, the power spectrum dgnsif the BOC(1,1) is equal to:
7f

f 2 .o 7f f, 7f o 7F
SBOC(M)(f)=ﬁtan (FJ [$in (f—] and Syoq,y (f) = 3 tanz(ZEpr j@;ln [f—j

C

So the power spectral density of the optimized Cpervice signal is equal to:
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Sos(1) = Sl 1)+ Sl 1)
Soo(1) = 0" (28) Buci (1) + 3510 (28) s el 1)

with Ssoc1,1) and Scs-soc the power spectrum densities of the BOC(1,1) ahd t
BCS([pr...pn),1) or BOC(p,1) modulations, calculated previously

The PRS signal and the IM product are both coshees@d BOC(15,2.5) modulation. So, the
power spectrum density of the base band E1 sigisal

SIT(26) Siocqy (1) +557(26) Soce soc(1)
Sé(f) = L (A.22)
+2(co$(28) + 008 (28,)) Brocastsza ()

: T 2
| - sm(n‘ > j T
with SBocmsas,z.S)(f) - = —-]{co{n‘ c j —1}

Te 7 co{n‘ L
30
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Appendix B

Phase Noise Definition and Characterisation

This appendix presents the general definition chgehnoise due to oscillators or clocks
instabilities and the expressions which are usexh&vacterize it.

B.1 Phase noise definition
The output signal of real oscillators, assumingligdge amplitude noise, can be expressed

thanks to the following model which permits to stuthe random phase and frequency
fluctuations ([Rutman, 1991)):

V(t) = Alsin(27v,t + ¢(t)) (B.1)
The frequency noise is a random process defined by:

1 dgft
AV(t) = V(t) -V, = E% (8.2)

where ¢(t) is the random process of interest, the phase noise
Vv, the nominal carrier frequency, and
v(t) is the time dependent instantaneous frequehtye oscillator defined by:

_1d
V(D) = (2wt + glt)) (83)

The dimensionless frequency fluctuations could bksalefined by:

Av(t)
I/O

y(t) = (B.4)

From these expressions two sets of parameters veneclused to characterize the oscillators
can be introduced:
= the spectral densities of phase and frequencyufiicns, in the Fourier frequency
domain
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= the variance (or standard deviation) of the avetdggguency fluctuations in the time
domain
B.2 Phase noise characterization in the frequency donmai
In the Fourier frequency domain, phase and frequdinctuations can be characterized by

the respective one-sided spectral densitigéf) and S,(f) which are related by the simple
law:

Sy (f) = F218,(f) (B.5)

which corresponds to the time derivative relatigmdbetweend(t) and Av(t). The spectral
density $(f) is also widely used and is very simply relatecs,(f) and S, (f) by:

S, (f) _ f?
. 7 = —5 5,(T) (B.6)

S,(f)=

0 0

The most common engineering characteristic usexpeéaify the phase noise is the Single
Side Band (SSB) Phase Noise £(f) defined by:

£(f)=10 Dog( S"’éf )J (B.7)

£(f) represents the ratio of power in one sidebduel to noise (for a 1 Hz bandwidth) to the
total signal power (carrier plus sidebands).

In several articles [IEEE Std. 1139-1988] it hasrbshown by theoretical considerations
and experimental measurements, that the spectraitées due to random noise can be
modelled using a power law where the spectral tiessiary as a power of f,&) can then
be written as:

a=2
S,(f)=> h,f° for O<f<f (B.8)
a=-2

where f, is an upper cut-off frequency. Each term is relate a given noise source in the
oscillator. These sources are given in table 43:

S(f) So(f) Designation
hof? | v?hof™ Random walk frequency noise
haf? | vPhaf? Flicker frequency noise
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ho f ° vo’ ho f 2 White frequency noise

hy f? vor hy f72 Flicker phase noise

h, f vo’ hp £ White phase noise

Table 43 Frequency and phase noises

The random walk frequency noise usually relates thie oscillator environment

(temperature, vibrations, shocks...). The flickexgliency noise sources are thought to be
related to electronics and environment in atomégdiency standards. The White frequency
noise arises from additive white noise sourcegmatleto the oscillator loop, such as thermal

noise. The Flicker phase noise is usually addeddisy electronics. The White Phase noise is

usually due to additive white noise sources extamtne oscillator loop.

Figure 149 is a representation of the power lawehod
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Figure 149  Power law model figure

B.3 Phase noise characterization in the time domain
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In the time domain the frequency instability isidefl by the two sample varianeg’(t) or
the two sample deviatiosy(t). This variance is called Allan variance. For saenpling time
1, the Allan variance is defined by ([IEEE Std. 111388]):

02(0) = (G- %F) ©9)
where
y % f (B.10)

The following diagram shows the relationship betwége Allan variance and the noise
processes if the power spectral density of the plmagse can be defined by the power law
model.
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Figure 150 Allan Variance Model

B.4 Conversion between frequency and time domain

The operation, which enables the conversion betwesuency and time domain, may be
thought of as a filtering operation. The time-domiaequency instability is given by:

o2(r) = jo‘” S,(f)0H (f)|2 aif (B.10)
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where
= Sy(f) is the spectral density of frequency deviagio
= 1/T is the measurement rate

sin*(77(7 [F)

(rrOf )
computed from:

oi(r)=2r]" Sy(f)GMmf (B.11)

(7 )

In the case of the two sample variadd:e( f )|2 =2 so the Allan variance can be

For the power-law model given previously, the tidemain measure also follows a power
law:

1.038+ 3log, (274, 1) N
(2m)°r?

3f,
(277)22.2

h, (B.12)

y

2
0’2(1') =h, (2:57) +h, [2log, 2+ h02i+ h,
T

This assumes that the random driving mechanisragoh term is independent of the others.

The next table gives the coefficients of the tratish among the frequency stability measures
from time-domain to frequency domain and from frergey domain to time-domain.

Noise 0y’() SY0) Sa(f)
Random Walk 2 1 114 2 i 2 4
frequency A, (1] AEﬁT o, ]H Aoy
Flicker f BOF (5,(H)7° | Sk, 2(n)]r Vo g 2| p -2

icker frequency y gliro, ()] E[}r o, (1)
White f cites (D | o @] | Lo oo
ite frequency y c Ir'o,”(r)] E[]r o, (1)
Flicker ph DI s, (f)| T ~tra, @) s g ()
icker phase y oy () E[}r o, (1)]

: - - 11 ;
White phase EEIJf ZSy(f)‘D“ ? E[!TZUyZ(T)]Df ’ VEOEﬁT'layZ(T)]Df °
P B=20n(2) C=1/2 D:1.038+3[I2n(2n‘hr) - 3fh2
6 4n 4n

Table 44 Time-Frequency conversion of the phassenoi
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Appendix C

Phase Locked Loop

The Galileo payload and receiver frequency syntleesiare based on classical Phase Locked
Loop, such as the receiver processing carrier-pheseking loop. Consequently, this
Appendix presents the Phase Locked Loop: its Hasng, its elements and the calculation of
its output phase.

C.1PLL basics

The operation of a phase locked loop, PLL, is basednd the idea of comparing the phase
of two signals. This information about the errompimase or the phase difference between the
two signals is then used to control the frequeridh@ loop.

Although a PLL performs its actions on a radio frenqcy signal, all the basic criteria for
loop stability and other parameters are the same.

A basic phase locked loop, PLL, consists of thresdelements:

= Phase comparator: as the name implies, this cibboik within the PLL compares the
phase of two signals and generates a voltage angotd the phase difference
between the two signals.

= Loop filter: this filter is used to filter the outpfrom the phase comparator in the PLL.
It governs many of the characteristics of the laogd its stability.

= Voltage controlled oscillator: the VCO is the ciitchlock that generates the output
radio frequency signal. Its frequency can be cdieticand swung over the operational
frequency band for the loop.

The next scheme represents the block diagram ehargs PLL.

f f
Reference ref Phase Loop out

clock »  detector P filter » VCO >

!

Figure 151 Phase Lock Loop generic model
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The concept of the PLL operation is relatively diemhe Voltage Controlled Oscillator,
within the PLL, produces a signal which enters piiiase detector. Here the phase of the
signals from the VCO and the incoming referencenaigare compared and a resulting
difference or error voltage is produced. This cgpunds to the phase difference between the
two signals. The error signal from the phase deteiat the PLL passes through a low pass
filter which governs many of the properties of flkep and removes any high frequency
elements on the signal. Once through the filtee, éror signal is applied to the control
terminal of the VCO as its tuning voltage. The geoany change in this voltage is such that
it tries to reduce the phase difference and heheefrequency between the two signals.
Initially the loop will be out of lock, and the errvoltage will pull the frequency of the VCO
towards that of the reference, until it cannot medduhe error any further, the loop has
converged.

C.2 PLL Frequency synthesizers

A PLL needs some additional circuitry if it is t@ lsonverted into a frequency synthesizer.
This is done by adding a frequency divider betwienvoltage controlled oscillator and the
phase comparator as shown in figure 152.

f f
Reference ref Phase Loop out

clock P detector P filter » VCO >

!

Figure 152  Frequency divider scheme

1/N

When the divider is added into the circuit the ghbscked loop still tries to reduce the
phase difference between the two signals entehieagphase comparator. As in the PLL case,
the phase detector adjusts the voltage presentdéicet& CO until the feedback frequency
matches that of the reference signal. When theesyst phase-locked, the VCO is N times
that of the reference frequency, where N is thgueacy division ratio for the reference
oscillator.

To analyze and calculate the phase at the frequsywthesizer output, it is helpful to
consider the PLL in terms of phase rather thanueeqy. The next scheme represents the
linear control model of a frequency synthesizdoboked state:
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eVCO

eref * eout
Pm » K PD > F(S) > Kvcols >\_|J >

Ot

1/N

Figure 153  Frequency synthesizer linear model

with

Orer, the input reference phase which comes from thekalnit

Ovco, the VCO output phase

Oout the output phase

On, the feed-back phase

F(s) the transfer function of the loop filter,

Kvco and Kop are, respectively the VCO and the phase deteeiosg

The phase at the PLL output is equal to:

gout(s) = (Href (S) - Hoult\l(s)j |:KPD [F(S) d% + Q/CO(S) (Cl)

B,u(9) Eﬁ1+ Koo F(S) E—f%] = G, (9) Ko [F(9) d% +B,c0(9) (C.2)

So,

8,,:(S) = N [ () [H(S) +Bco(9) (L~ H(9)) (C.3)
KVCO |:KPD EF (S)

N
Kyco Kpp [F(8)

with H(f) is the PLL closed loop transfer functiequal to:H(S) =
S+

C.3PLL frequency synthesizer phase noise

The frequency synthesizers are used in the Gatildoad and receiver to generate, from
reference clocks, higher frequencies, which pernwmitup-convert and down-convert the
signals. However both the receiver and the payteéetence clocks suffer from instabilities
which create phase noise. Consequently, the refergmases, which enter in the PLL
frequency synthesizers, should be considered asutimeof two terms: the ‘real’ phase and a
phase noise.
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The voltage controlled oscillator also suffers fromstabilities, so the VCO output phase
is also composed of the ‘real’ VCO phase plus asphwise. Because of the reference clock
and the VCO phase noises, the frequency synthesigput phase also contains phase noise.
This phase noise is linked to the VCO phase naiskta the reference clock phase noise by
the same equation than equation C.3. As seen reiAgix B, a phase noise is characterized
thanks to its power spectrum densities, so theghatse at the frequency synthesizer output
Is characterized by:

Spu(F) = N8, (F)TH(F) +8,, (F) TL-H(F)[ (C4)
with

KVCO D<PD EF(S)
H(s) = N (C.5)

S+ KVCO |:|<PD EF(S)

and Sei(f), the power spectrum density of the referenazclclphase noise, o$co(f) the
power spectrum density of the VCO phase noise.

This equation permits to evaluate the phase naitlieeapayload and receiver frequency
synthesizers output and consequently it permitsevaluate the phase noise which is
introduced on the signal during the up-conversiuth e down-conversion.
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