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1-Introduction to the GNSS

Global Navigation Satellite System o

e Galileo, GPS, GLONASS, BeiDou-2

e Satellite Based Augmentation Systems
(SBAS) : WAAS, EGNOS (GEO
satellites and ground stations)

e Regional NAVIC (India), QZSS
(Japan), BeiDou-1 (China)

® Ground Based Augmentation Systems

(GBAS)
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Global Navigation Satellite System
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Global Navigation Satellite System
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1-Introduction to the GNSS

Global Navigation Satellite System
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1-Introduction to the GNSS

Global Navigation Satellite System

Theoretical Estimation Limits = CRB
Why??

Some GNSS applications :
e Air navigation (aircrafts & drones), spacecrafts, autonomous cars, boats and ships
e Mining, precise agriculture
® Leisure (sailing, cycling, hiking, climbing). eHealth, search & rescue (SAR)

® Surveying, mapping, geophysics (ground movement, earthquake prediction,
tsunami prediction)

® Archaeology, Earth observation (remote sensing - GNSS-R and GNSS-RO)
® Precise timing (synchronisation in power grids, seismology, communications nets)

e [oT, Big Data, augmented reality, smart cities

SA 1538~
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1-Introduction to the GNSS

Global Navigation Satellite System
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1-Introduction to the GNSS

Global Navigation Satellite System
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1-Introduction to the GNSS

Global Navigation Satellite System

Integrated Front-End
Demodulation Sampling Baseband signal
extraction
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1-Introduction to the GNSS

Global Navigation Satellite System

Integrated Front-End
Demodulation Sampling Baseband signal
T extraction
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2-Theoretical Limits: Cramér-Rao Bound

x=A(n)a-+n, x,n¢€ cV. A (m) € CN*Q qeC?

Unknown deterministic parameter vector: 1 ¢ R

Signal Models:

 Conditional signal model (CSM)
* Unconditional signal model (USM)

Single Source CSM

x=a(n)a+n, x,necC", a(n) eC", acC



2-Theoretical Limits: Cramér-Rao Bound

Single Source CSM

N

x=a(m)a+n, x,necC", a(n)eC", acC

l Re-parametrization
Xf— a(n)pﬁz'w + W, X, W € ECN,_ a(n) e EL‘N,_ p E R

Goal: compact CRB formula for the joint estimation

ET - (g"ﬁ;:ﬂ: s nT)



2-Theoretical Limits: Cramér-Rao Bound

x=a (@)p+n, a'(0) =a(n)e BT-_(;unT).
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“Compact CRB for Delay, Doppler and Phase Estimation — Application to GNSS SPP & RTK Performance
Characterization”, IET Radar, Sonar & Navigation, vol. 14, no. 10, pp. 1537-1549, September 2020.
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2-Theoretical Limits: Cramér-Rao Bound

Cramér-Rao Bound for Band-limited Signals/ Narrowband approx
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2-Theoretical Limits: GPS C/A signal

Time-Delay Estimation of the GPS C/A signal
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2-Theoretical Limits: GPS C/A signal

Time-Delay Estimation of the GPS C/A signal
Extra of energy around 15%
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2-Theoretical Limits: GNSS Signals
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2-Theoretical Limits: GNSS Signals

Maximum Likelihood Estimation
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“Performance Limits of GNSS Code-based Precise Positioning : GPS,
Galileo & Meta-Signals”, Sensors, 20 (8), 2196, April 2020.
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2-Theoretical Limits: GNSS Signals

Maximum Likelihood Estimation
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2-Theoretical Limits: GNSS to GNSS Meta-Signals
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2-Theoretical Limits: GNSS Meta-Signals

TeSA

B0
e Zalilec E3 + E8
55 | |=—zalileo E3A 4+ EG
—==alileg E5B + Ef
P8 Li -+ L2
-60 = =BeiDou B2A + B3 L2 BPSK(1)
—==Heilon B2 + B3 Main Lobe
65 - ESA=L5 BPSK(10) ESB=B2A BPSK(10) E6 BPSK(5)
Main Lobe Main Lobe B3 BPSK(10) Main Lobe

Main Lobe .=
oo

Power Spectral Density [dBW /Hz]

i e i & = : .
180 1200 1220 1240 1260 1280 1300
Frequency [MHz]

Figure 1. P5D for the different GNS5 meta-signals.
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2-Theoretical Limits: GNSS Meta-Signals
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2-Theoretical Limits: GNSS Meta-Signals
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2-Theoretical Limits: GNSS Meta-Signals

TeSA

W
o
T

Time-Delay RMSE [m] (dB)

1538~

SUPAERO

N
o
T

- GPSC/A CRB (10 MHz)
== GPSC/A MLE (10 MHz)

E6B CRB (10 MHz)
—-3-=E6B MLE (10 MHz)
—@—E5B -1 /CRB (10 MHz)
—=¥=-=E5B-1 MSE (10 MHz)
- E5 AItBOC /CRB (120 MHz)
—=p==E5 AltBOC MSE (120 MHz)

AItBOC(35,10,5) MSE (240 MHz)

—=)¢== AltBOC(50,10,5) MLE (400 MHz)

AltBOC(35,10,5) CRB (240 MHz) ]

@ AltBOC(50,10,5) /CRB (400 MHz)

18 20 22 24 26
SNR OUT (dB)

“Performance Limits of GNSS Code-based Precise Positioning : GPS,
Galileo & Meta-Signals”, Sensors, 20 (8), 2196, April 2020.

29



TeSA

2 1 . r
= =E5 {F, = 60 MHz)
Ak —t = L2C — LEQ (F, = 76 MHz) i
=~ —0-E5B4) — E6B (F, = 112 MHz)
Bk = - - BIAQ — BiQ (F, =120 MHz) |
F o ~ = _|=<I-E5AQ — E6B (F, = 133 MHz|
;,% = =52 - B30 {F, — 125 MHx)
iy —g_ |~-E5 — Ef {F, = 135 MHz)
< + =

T4/ CRB [m](dB)

e+ WL -
*h"d'- .“% h".l"l'
<’y O
pR RSt
_ Tty
25 30

SNR,, (dB)

(a)

|= =L2C — L50} Delay +'CRE (F, — 75 MHz} ||
—w—TL20 — L50) Delay RMSE {F, = 75 MHz}
|===L20 — L6C) Phase ~'CRE (F, — 75 Mz []
- L2C — L5 Phage RMSE (F, = 75 MHz)

Time-Delay! Phase RMSE [m] (dB)
=)

B 0
30 1 1 i 1 1 1 n—'ﬂ—-&
12 14 16 18 20 22 24 26 28 30
SNR_ . (dB)

(c)
1538~

SUPAERO

2-Theoretical Limits: GNSS Meta-Signals

% 40 — -Galiles — ES Delay +'CRB (F; = 60 MHz) [

T == Galileo — ES Delay BMSE |F, = 60 MHz)

I, 30 —--Galileo — E5 Phase 'CRB {F, = 60 MHz} ||

u -@- Galileo — E5 Phase RMSE {F, = 80 MHs)

= 20+

o

o 10}

o

£

o 0L _

F-10p B

8 ol

[ - E- =

o ""-'—'-ﬂng._g

£ -G‘g._ﬁ_g_ﬂ_ﬁ.

—-30E ; . Bt e P
12 14 16 18 20 22 24 26 28 30

SNR,, (dB)

(b)

I
=

= =ESBQ - E6B Delay 'CRB {F, = 112 MHz)
== ESE(] - B6B Delay RMSEE (F; — 112 MHz)
—==EEB0 8B Phasze +'CRE (F, — 112 Mz} ||
£+ ESB() — E4B Phaze RMSE (F, = 112 MHz)

Time-Delay! Phase RMSE [m] (dB)
=

10 ¢ - 4
Fre@ £ o il i
O o -
ED_.,________'_ 'ﬂ-‘p 4
T RG-89 0gpg
30 L 1 1 L 1 1 ﬂ-‘qhﬂ"ﬂ
12 14 16 18 20 22 24 26 28 30

“Positioning Performance Limits of GNSS Meta-Signals and HO-BOC
Signals”, Sensors, 20 (12), 3586, June 2020.

30



2-Theoretical Limits: GNSS Meta-Signals
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2-Theoretical Limits: GNSS SPP Solution

’ Signal generation
a é and transmission
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Observables: code, Doppl(ér > SPP

TeSA i~
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2-Theoretical Limits: GNSS SPP Solution
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2-Theoretical Limits: GNSS SPP Solution
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2-Theoretical Limits: GNSS SPP Solution
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Conclusions of Section 2.

Derivation of CRB for Band limited signals. The Ilatter CRB is
particularly useful because it is expressed only from the signal
samples.

Evaluation of the time-delay and phases estimation of the GNSS
Signals and GNSS Meta-signals.

Evaluation of the SPP solution of the GNSS Signals and GNSS Meta-
signals.

Large Bandwidth GNSS Meta-Signals can have possible false locks
due to high secondary correlation peaks. This issue can degraded the
time-delay estimation performance. Evaluate the threshold through
the MLE is required.

RTK Theoretical Limits — Collaboration with the DLR (Daniel Medina)

“Compact CRB for Delay, Doppler and Phase Estimation — Application to GNSS SPP & RTK
Performance Characterization”, IET Radar, Sonar & Navigation, vol. 14, no. 10, pp. 1537-

1549, September 2020.

“Positioning Performance Limits of GNSS Meta-Signals and HO-BOC Signals”, Sensors, 20
(12), 3586, June 2020.



3-Theoretical Limits:

« Space missions:
Launch, orbits

« Orbits: LEO, GEO,
HEO, LTO

e Orbital parameters:
Acceleration!

 Receivers require a
minimum Carrier-noise
density ratio C/N,

Space Applications

Spacecraft in Highly Elliptical Orbit

Geosynchronous Altitude: —
35,887 km \, - e l\
7
/

GPS Altitude: 20,183 km \

LOW EARTH ORBIT

Altitudes < 3,000 km \\

GPS Satellite H
(24 in nominal constellation) P oo

\%

GPS “Main Lobe” E
(~47 deg for GPS L1 sngnal)

GPS “Side Lobes”.

GPS “over-the-limb” signal

W. Enderle et al. Space Service Volume Booklet: The Interoperable

1538~

SUPAERO

TeSA

Global Navigation Satellite Systems Space Service Volume. 2018
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3-Theoretical Limits: Space Applications

C/No over distance
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1 1 1 1 1 1
0 10 20 30 40 50 60
Distance [R_]

10

Distance of 60 Rg is approximately in Lunar orbit / This gives most restricting case: 15 dB-Hz

1390 5 W. Enderle et al. Space Service Volume Booklet: The Interoperable
re 5 A e Global Navigation Satellite Systems Space Service Volume. 2018 39



3-Theoretical Limits: Space Applications

Integrated Front-End
Demodulation Sampling Baseband signal
extraction
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3-Theoretical Limits: Space Applications

Delay Estimation
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3-Theoretical Limits: Space Applications

Doppler Estimation
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3-Theoretical Limits: Space Applications

Acceleration Estimation
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4-Theoretical Limits: Multipath
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4-Theoretical Limits: Multipath

ro(n)

Baseband signal
extraction

rp(n)
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4-Theoretical Limits: Multipath

TeSA
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4-Theoretical Limits: Multipath
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