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 The need for positioning in constrained environment is in constant growth.

* GNSS positioning solution in harsh environment is degraded and challenging s
for urban applications due to multipath and lack of Line-of-Sight (LOS) satellite C%gé

visibility
* Due to GNSS limitations, several alternatives are already developed:
— Hybridization with additional sensors

— Usage of Signal of Opportunity: mobile communication signals such as 4G
LTE or 5G,...

i == -> NLOS
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The need for positioning in constrained environment is in constant growth.

GNSS positioning solution in harsh environment is degraded and challenging /Z,,
for urban applications due to multipath and lack of Line-of-Sight (LOS) satellite :Z%P
visibility

Due to GNSS limitations, several alternatives are already developed:

— Hybridization with additional sensors

— Usage of Signal of Opportunity: mobile communication signals such as 4G » ~
LTE or 5G,... o 3 i ey
5G systems use Orthogonal Frequency Division Multiplexing (OFDM) signals, My ?
OFDM signal-type ranging modules are already developed in the literature

0 | GNSS signals
Tyt > 56 signals

These modules were derived by assuming a constant propagation channel over == i
the duration of an OFDM symbol. An analysis conducted on QuaDRiGa has
shown that these models must be refined.

Global objective: the design of hybrid navigation modules using both GNSS
and 5G measurements in a realistic environment.
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Global objective: the design of hybrid navigation modules using both GNSS and 5G measurements in a realistic environment.

Pseudo ranges &

- Pseudo o
7 well k g g ranges characterization
O ell known and not presente
""/;L(%Q P GNSS navigation GNSS SFanc?ialone
| e Receiver GNSS GNSS GNSS module Navigation
GPS and Galileo . GNSS . solution
propagation =  GNSS . Correlator ranging == pseudoranges
channel demodulation .
antenna outputs module characteristics
Hybrid
GNSS:5G yorie
] _— — Navigation
navigation module .
) solution
5G Receiver 5G . 5G
: . 5G . 5G ranging
propagation 5G > . » Correlator > »| pseudoranges
channel demodulation module e
5G Base Station antenna outputs characteristics — 5G Standalone
5@G navigation S
— Navigation
module .
solution
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Global objective: the design of hybrid navigation modules using both GNSS and 5G measurements in a realistic environment.

Pseudo ranges &
- Pseudo L
'/ characterization

Ve Well known and not presented ranges
""/;L(%Q P GNSS navigation GNSS SFanc?ialone
| e Receiver GNSS GNSS GNSS module Navigation
GPS and Galileo : GNSS . solution
propagation =  GNSS . Correlator ranging == pseudoranges
channel demodulation e
antenna outputs module characteristics
Hybrid
( \ GNSS:5G yori
] _— — Navigation
navigation module .
) solution
5G Receiver 5G . 5G
: . 5G . | 5G ranging
propagation 5G > . » Correlator > »| pseudoranges
channel demodulation module L
5G Base Station antenna outputs characteristics — 5G Standalone
5@G navigation S
e’ — Navigation
module .
solution

* Detailed objective 1: The description the 5G physical layer
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Global objective: the design of hybrid navigation modules using both GNSS and 5G measurements in a realistic environment.

Pseudo ranges &

> Pseudo o
! well k g g ranges characterization
O ell known and not presente -
"’%L:%Q —\ P GNSS navigation GNSS SFanc?ialone
| e Receiver GNSS GNSS GNSS module Navigation
GPS and Galileo : GNSS . solution
propagation =  GNSS . Correlator ranging == pseudoranges
channel demodulation e
antenna ] outputs module characteristics
Hybrid
GN55:5G — Navigation
’)) navigation module &d
) 3 solution
5G Receiver 5G . 5G
: . 5G . | 5G ranging
propagation 5G £ . »{ Correlator > > pseudoranges
channel demodulation module .
5G Base Station antenna outputs characteristics — 5G Standalone
5@G navigation .
— Navigation
module .
solution

* Detailed objective 2: The selection GNSS and 5G compliant propagation channels
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Global objective: the design of hybrid navigation modules using both GNSS and 5G measurements in a realistic environment.

Pseudo ranges &

- Pseudo o
! well k g g ranges characterization
N ell known and not presente —
""/L P GNSS navigation GNSS SFanc?ialone
| e Receiver GNSS GNSS GNSS module Navigation
GPS and Galileo . GNSS . solution
propagation =  GNSS . Correlator ranging == pseudoranges
channel demodulation .
antenna outputs module characteristics

GNSS:5G Hybrid
— Navigation

J)) navigation module solution
5G Receiver 5G . 5G
: 5G L: 5G J | 5G ranging .

v

A
kA

propagation . Correlator seudoranges
demodulation module P g

channel ..
outputs characteristics — 5G Standalone
5@G navigation

module

5G Base Station antenna

— Navigation
solution

* Detailed objective 3: The development of highly realistic 5G signals correlator outputs
for ranging based positioning considering a realistic urban propagation channel
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Global objective: the design of hybrid navigation modules using both GNSS and 5G measurements in a realistic environment.

Pseudo ranges &

- Pseudo o
7 well k g g ranges characterization
O ell known and not presente
""/;L(%Q P GNSS navigation GNSS SFanc?ialone
| e Receiver GNSS GNSS GNSS module Navigation
GPS and Galileo . GNSS . solution
propagation =  GNSS . Correlator ranging == pseudoranges
channel demodulation .
antenna outputs module characteristics
Hybrid
GNSS:5G yorie
] _— — Navigation
navigation module .
) solution
5G Receiver 5G . 5G
: . 5G . 5G ranging
propagation 5G > . » Correlator »| pseudoranges
channel demodulation module e
5G Base Station antenna outputs characteristics — 5G Standalone
5@G navigation S
— Navigation
module .
solution

* Detailed objective 4: The development of 5G ranging modules to estimate the time-of-
arrival (TOA) of the signal.

www.enac.fr

Réf:
Version: Date:

The French Civil Aviation University



"""-,_‘_.Ecole Nationale de I'Aviation Civile

La référence aéronautique

Introduction — Context (2/2) ThalesAlema (cnes TeSA |l

& Thales .~ Lecrards canpany p a Ce

Global objective: the design of hybrid navigation modules using both GNSS and 5G measurements in a realistic environment.

Pseudo ranges &

> Pseudo .
7 well k g g ranges characterization
O ell known and not presente -
""/;L(%Q P GNSS navigation GNSS SFanc?ialone
| = Receiver GNSS GNSS GNSS module Navigation
GPS and Galileo ) GNSS . solution
propagation =  GNSS . Correlator ranging == pseudoranges
channel demodulation e
antenna outputs module characteristics
Hybrid
GN55:5G — NaV\iI e:'lcion
’)) navigation module &d
- solution
5G Receiver 5G . 5G
: . 5G . | 5G ranging
propagation 5G £ . »{ Correlator > > pseudoranges
channel demodulation module .
5G Base Station antenna outputs characteristics — 5G Standalone
k 5@G navigation S
— Navigation
module .
solution

* Detailed objective 5: The precise Derivation of GNSS and 5G pseudo range errors due
to the propagation channels
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Global objective: the design of hybrid navigation modules using both GNSS and 5G measurements in a realistic environment.

Pseudo ranges &

> Pseudo o
7 well k g g ranges characterization
O ell known and not presente
""/;L(%Q P GNSS navigation GNSS SFanc?ialone
| e Receiver GNSS GNSS GNSS module Navigation
GPS and Galileo : GNSS . solution
propagation =  GNSS . Correlator ranging == pseudoranges
channel demodulation e
antenna outputs module characteristics
Hybrid
GNSS:5G L.
] _— — Navigation
navigation module .
) solution
5G Receiver 5G . 5G
: . 5G . 5G ranging
propagation 5G £ . »{ Correlator > > pseudoranges
channel demodulation module .
5G Base Station antenna outputs characteristics — 5G Standalone
5@G navigation S
— Navigation
module solution)

* Detailed objective 6: The development of hybrid navigation modules
exploiting/adapted to the derived pseudo range measurements mathematical models.
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Propagation channel

Correlator output mathematical models

5G ranging module design

Derivation of pseudo range error distributions
Navigation modules and results
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Pseudo ranges &

_ Pseudo o
/] characterization

{;&\@ Well known and not presented ranges - GNSS Standalone

&=y

GNSS navigation

. GNss Receiver GNSS GNSS GNSS module Navigation
GPS and Galileo 8 GNSS . solution
propagation =  GNSS ) Correlator ranging == pseudoranges
channel demodulation 7
antenna outputs module characteristics

f ) GNSS:5G Hybrid

L — Navigation

J)) navigation module &4
) solution

G Receiver 5G - 5G
: 5G 5G ranging
propagation 5G . »{ Correlator » »1 pseudoranges
channel demodulation module o
5G Base Station antenna outputs characteristics — 5G Standalone

5@G navigation -
dul — Navigation
L W, modure solution

* Objective 1: The description the 5G physical layer
1.1. The interest of 5G for positioning
1.2. 5G transmitted signal
1.3. 5G synchronization signal

www.enac.fr

Réf:
Version: Date:

The French Civil Aviation University



"""-,_‘_.Ecole Nationale de I'Aviation Civile

ENAc 1. 5G signal presentation (2/4)Thalggﬁleﬁla

Space

La référence aéronautique

(cnes TeSA |~

uuuuuuuuuuuuuuuu for Space and Aeronautics

BS: M antennas

1.1. The interest of 5G for positioning
— Objective:

* To present the interest of 5G for positioning

Spectrum

— Approaches to address 5G requirements: Efficiency | TMIMO

K terminals

 Denser Network )

- Many more emitters . .

- > Trilateration interest
 Millimetre Waves

- More bandwidth  _/ uWaves — mmW aves
* Massive MIMO antenna Spectrum

’ Extension

- Angle of Arrival measurements Network =
Density -

www.enac.fr
5G requirements — source [15]
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1.1. The interest of 5G for positioning
— Objective:

* To present the interest of 5G for positioning

Spectrum

— Approaches to address 5G requirements: Efficiency | TMIMO

K terminals

 Denser Network )

- Many more emitters ) .

- >| Trilateration interest
 Millimetre Waves

- More bandwidth  _/ uWaves — mmW aves
* Massive MIMO antenna Spectrum

’ Extension

- Angle of Arrival measurements Network =
Density -
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Af=1IT,

1.2. 5G transmitted signal
— 5G uses Orthogonal Frequency Division Multiplexing (OFDM)
— Interest:
e Simple:
— modulation using an iFFT

— demodulation using a FFT
OFDM modulation

u Af |[kHz] Cyclic prefix
0 15 Normal

1 30 Normal
2
3
4

* Robust in multipath environment

— Frequency selectivity
— Time dispersity (cycle prefix)
— OFDM with a scalable numerology 60 Normal, Extended
— Two frequency ranges are identified: 120 Normal
* FR1:410 MHz — 7125 MHz (main focus) 240 Normal

 FR2: 24250 MHz - 52600 MHz 2 mmW (partly analyzed) OFDM scalable numerology wwienacit

The French Civil Aviation University
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1.3. Synchronization signals
— The definition of a 5G signal is made through the time/frequency allocation of resources in a resource grid:
e Aresource grid is composed of time-consecutive OFDM symbols
« An OFDM symbol is composed of frequency-consecutive subcarriers carrying data or pilot symbols.
e The data symbols correspond to the useful information transmitted to the 5G user — a-priori unknown.

* The pilot symbols are known symbols in terms of time/frequency localization and value = pilot symbols are used to
compute the correlation
— 3GPP standards has shown that the only set of pilots having a fixed position in the resource grid is the SS/PBCH block.

k
dp

N
subcarrier
I number - p Af B
|[kHz] [MHZz]
1 OFDM
f symbol 15 3.6
, 30 7.2
0 il [} i il 10 1 W 1 10 0 m subcarrier
DMRS .
. SS/PBCH block Frequency domain allocation 60 14.4
symb

i 120 28.8
o 240  57.6

number - k www.enac.fr

— A simplified 5G frame is considered, each symbol of the frame corresponds to the 2"4 SS/PBCH symbol
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Pseudo ranges &

” Pseudo o
/__-zj el ] ] anges characterization
N ell known and not presente -
% s ™\ P GNSS navigation GNSS SFancflalone
| e Receiver GNSS GNSS GNSS module Navigation
GPS and Galileo . GNSS . solution
propagation =  GNSS . Correlator ranging == pseudoranges
channel demodulation e
antenna outputs module characteristics
\ W, [
GNSS:5G — Nal_\ilxilb;'lc?on
J)) navigation module solftion
\f = Receiver | ) 5G . 5G
. . 5G . | 5G ranging
propagation 5G & . »| Correlator > > pseudoranges
channel demodulation module .
5G Base Station antenna outputs characteristics — 5G Standalone
J 5@G navigation -
— Navigation
module .
solution

* Objective 2: The selection GNSS and 5G compliant propagation channels

— Getting a realistic and precise model of the propagation channel is mandatory to develop signal
processing techniques

— The selection of an appropriate propagation channel is a trade off between complexity and accuracy
— A deep study of the literature has been performed to find the best compromises
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* GNSS propagation channel: SCHUN [12]
— SCHUN: Simplified Channel for Urban Navigation; it

i ; ; _ it ; ; Simplified Simplified EM  Simplified EM  LOS blockage
is a hybrid physical-statistical Land Mobile Satellite virtual city o on interaction on
propagation channel | : vegetation buildings
— SCHUN: J
. . . N e
e generates the environment by using a virtual city N : ? []
. . N 1 ﬁ
approach (statistic aspect). N - 7
PRIOA raristicaspeet):. Ny =pyp—
* models the interactions between impinging signals N ! ggéjg
and the environment by using simple = i 7z V
Electromagnetic (EM) interaction models l L) | > Channel
i e Simulator

(deterministic aspect) —

SCHUN macro architecture — source [12]
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* 5G propagation channel: QuaDRiGa [7]
— New innovations require an evolved propagation channel model:

* Technologies: massive Multiple Input Multiple Output antenna, i—~ i s ﬁ:
o R A a Receiver
denser network, or millimetre waves iy

Power Impulse Response

e Case studies: wide variety of case study envisioned for 5G

plos
pNLOS I T Signal
' LLOS  NLOS delay

— QuaDRiGa: QUAsi Deterministic Radlo channel GenerAtor
* Developed by the Fraunhofer Heinrich Hertz Institute

* Enable the modeling of MIMO radio channels for specific network =
configurations: indoor, satellite or heterogeneous configurations.

Simplified overview of the modelling approach in QuaDRiGa - source [7]

O Tx-Position
O Rx-Position
+ First Bounce Scatterers
O Last Bounce Scatterers
Tx-FBS (b)
-~ Rx-LBS (a)
FBS-LBS (c)
—LOS Path

y-coords in [m]

— The QuaDRiGa approach is a “statistical ray-tracing model”. It does not

use an exact geometric representation of the environment but -

distributes the positions of the scattering clusters (the sources of . . .

. . . . o x-coords in [m]

indirect S|gnals such as bwldmgs or trees) randomly. Distribution of random scattering clusters example\RALAUCRE
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Pseudo ranges &

> Pseudo o
7 Well k g 4 ranges characterization
Oz ell known and not presente
ﬁ%@ P GNSS navigation GNSS S"can(?lalone
| o Receiver GNSS GNSS GNSS module Navigation
GPS and Galileo : GNSS . solution
propagation =  GNSS . Correlator ranging == pseudoranges
channel demodulation L
antenna outputs module characteristics
Hybrid
GNSS:5G yorie
,) — — Navigation
navigation module .
. solution
= Receiver 5G ) 5G
: . 5G . | 5G ranging
propagation 5G > . »| Correlator > »| pseudoranges
channel demodulation module e
5G Base Station antenna outputs characteristics — 5G Standalone
5@G navigation s
— Navigation
module )
solution

* Objective 3: The development of highly realistic 5G signals correlator outputs model for ranging based
positioning considering a realistic propagation channel

3.1. To correctly characterize the CIR propagation channel
* To define the CIR sampling rate
* To identify the significant time-varying channel parameters with respect to symbol duration
* To select the appropriate CIR sampling rate

3.2. To derive the correlator output mathematical model of a 5G signal for ranging purposes

www.enac.fr
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. . %107 | Channel cpefficient alpplicationl
* 3.1. Impact of a time-evolving channel (1/2) - B B
678 | -
— High level Objective: @ ?E?E -
S 4.677 —
e To correctly model the propagation channel and its parameters E A
— Observation: g 4o /r:/'ﬁ
« The CIR sampling rate is the number of CIR samples directly generated by 4675 =
the discrete propagation channel model over the duration of an OFDM 8 aora P
symbol § |
. . . . ©4673f AA
e 100 CIR per OFDM symbol is equivalent to a time continuous &
propagation channel = reference 4.672 ‘ ] . .
* The CIR sampling rate has consequences on the entire processing chain ’ o0 10?:dice F,::OD 0 20
* The path delays evolution over an OFDM symbol is negligible but the Channel coefficients modulus over the OFDM symbol
propagation channel complex amplitude evolution is significant
— Detailed objective CIR DLL
: : : correlator L Trackin
* To select the appropriate CIR sampling sampling —’- outbut —} discriminator —} erforn )
rate to model the evolving propagation channel rate P outputs P www.enac.fr
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3.1. Impact of a time-evolving channel (2/2)
— Objective:

* To select the appropriate CIR sampling rate to model the evolving propagation channel

* Appropriate = low enough to obtain a simple mathematical model while still able to accurately
represent a true continuous CIR propagation channel

- M ethOd . Propagation
channel Processing steps Criteria
application
>| 1CIRper OFDM [ —> —> Dyt
_.| c1: {'uAEX,m {10 cm  LOS scenario
={ 10 CIR per OFDM |~> — > DLL Dy = (%4Exm (20cm NLOS scenario
5G syml?ol Demodulation Correlation Discriminator :
generation = I "o o per OFDM b N > output D, e |
#RSPECH) C2: AE 50cm  95% of time
100 CIRper | N ) pey) L2 AE R m < { 1m  99% of time
OFDM (ref) Digogm

www.enac.fr
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3.1. Impact of a time-evolving channel (2/2)
— Objective:

* To select the appropriate CIR sampling rate to model the evolving propagation channel

* Appropriate = low enough to obtain a simple mathematical model while still able to accurately
represent a true continuous CIR propagation channel

- M ethOd . Propagation
channel Processing steps Criteria
application
>| 1CIRper OFDM [ —> —> Dyt
_.| c1: {'uAEX,m {10 cm  LOS scenario
-i 10 CIR per OFDM I-> — — DLL Dy = (%4Exm (20cm NLOS scenario
5G syml?ol Demodulation Correlation Discriminator :
generation = I "o o per OFDM b ) [ > output D, e
#RSPECH) C2: AE 50cm  95% of time
100 CIRper | N ) pey) L2 AE R m < { 1m  99% of time
OFDM (ref) Digogm

10 CIR per OFDM symbol is the appropriate CIR sampling rate for the majority of analyzed scenario Gt
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3.2. Correlator output mathematical model (1/3)
— The general correlation formula is
1 ~ qu 5 ]
R(e;) = N_P 2 dq, Pge NFFT " Local replica
q'epP
— Where
* Py’ the locally generated pilot symbol R =
localized in the q’th subcarrier Rysefui
* Np the number of pilot symbols, S  — OFDM SympOI = Correlator — +Rinterfdam
\ h demodulation +R.
* d, the demodulated symbols &qf _ mterf piloes
e P set of pilots in the OFDM symbol dqfuseful i
-I-dqr
interf y,¢a
-l-dqr
interf pilots
+ www.enac.fr
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3 %107 ~ Correlation
3.2. Correlator output mathematical model (2/3) 25 ﬂ
— The OFDM signal-type correlator output mathematical model )

R(e;) =R (&) + R; (&7) + R; (&) + Rppise (&) S1s
T useful\€zt interf yata 7 mterfpllot T noise\€t S

] V.

-100 -50 0 50 100
7 in samples

Correlation operation for 5G signal

www.enac.fr
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3.2. Correlator output mathematical model (2/3) 25 ﬂ
— The OFDM signal-type correlator output mathematical model )
R(Sr)/% useful (St)l‘l' Rmi‘erfu (gr) + Rmterf (81') + Rnoise (gr) '§ 15
¢ =
V4 7 - ~ - . - o
// II S " = - - 1
/ 4 S - _ os| |
Ak(U) Z FFT- (ﬂ,) WV\N\/\/\N\/\[\ M
Rusefu! (Er) N Ry I(E‘q) Z n!,!(‘gri)' 0 100 -50 0 50 100
I: FET N 7 in samples
: TyEr 1°'P — Observation: Correlation operation for 5G signal
ir(28+y(Np—1) )e,, SN (—)
B 1, Nerr i Neer e =0 * The resulting complete model is still quite
Rni(e,) = Np sin (”}"EH) E complex
. Nerr . — 0 * To derive a simplified model could be
\ T beneficial for theoretical purposes and for

practical purpOses www.enac.fr
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3.2. Correlator output mathematical model (2/3) 25 ﬂ
— The OFDM signal-type correlator output mathematical model )

R(St) — Fsuseful(gr) |I Rinterfdata(gt) + Rinterfpilot(gt) + Rnoise(gr)

1.5

Modulus

— QObservation:

* This simplification would allow the generation of only 1 CIR sample per OFDM

symbol instead of 10 CIR samples. 0.5 |
— Method: Simplification of the propagation channel contribution on the useful term:
0 PO | _

AX(0) 400 50 0O 50 100
7 in samples

k+1 ' k )
|al (0)| + |al (0)| leoleiﬂ'af;('(NFpT—l) stn (n-afl NFFT Correlation operation for 5G signal

ke ~
A 2 sin (m? f;‘)

— Conclusion: The simplified model can be used instead of the initial one for the
noiseless useful term for all scenarios since the simplified model is statistically
equivalent to the initial model using 10 CIR per OFDM symbol. -
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. 3 %107 ~ Correlation
3.2. Correlator output mathematical model (2/3)
— The OFDM signal-type correlator output mathematical model 25 n
2
R(Sr) = FESBMGE;) I‘ Rinterfdata(gr) + Rinterfpilot(gt)l‘l' Rﬁoisg(gr) §1 ;
- - ¥ N - - . -g d
- / \ s =
1 - // \A ~ - ;
( L-1Np—1Np—1 —2inyqt 2intyq’ Nepr =1 . 2imy(q-q’)n
= e NrrT ‘e Nrrr Z af(n)e  NrrrT 0.5]
mterfpuot( T) NPNFFTS‘ y 7 pqp l ( )
q'=0 4= n=0 0 _ _ ,
qiq -100  -50 0 50 100
4 L-1Np—-1 Npgpr-1 —2ingi, 2imtyq’ Nppr—1 Zi:rt{q—yq')n "r in san'.lples .
_ N Dk 4 Y — k N Correlation operation for 5G signal
mterfdam( &) = NoNoor e NEFT Dgpgre NFET a; (n)e FFT
P*YFFT ¢ a= ~0 — The ICI term can be seen as
q+yq’ a degradation of the
_ amody=0 available SNR or C/N,

www.enac.fr
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3.2. Correlator output mathematical model (2/3)

— The OFDM signal-type correlator output mathematical model

R(er) = Ruseful(gt) I‘ Rinterfdata(gr) + Rinterfpilot(gt)l‘l' Rnoise(gr)
Skewness and Kurtosis measurements

| Trajectory | 1| 3

— Model:
* The ICl can be, due to the Central Limit Theorem, modelled as a m LOS  LOS  LOS NLOS
Gaussian random variable which statistics are dependent on the 1 1 2 1

Skewness measures
Early 0.04 -0.03 -0.01 -0.01
{ESN Prompt 0.02 -0.01 -0.04 -0.02
* The Skewness and Kurtosis statistics have been computed for Late -0.01 -0.00 -0.01 -0.02
10000 Monte Carlo and over the Early, Prompt and Late correlator _ Kurtosis measures
outputs. Early 2.87 293 3.02 3.04
NESN Prompt 3.01 296 3.04 3.04
Late 3.21 3.02 298 3.10

propagation channel generated and thus are trajectory- and
scenario-dependent.

— Validation:

* For a Gaussian distribution, the Skewness is equal to 0 and the
Kurtosis to 3.

Réf: The French Civil AvIatio
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3.2. Correlator output mathematical model (2/3) 25 ﬂ
— The OFDM signal-type correlator output mathematical model )
R(Sr) useful (8‘[) + {2_l_n§_er_f —Cff)" Rm-t_e;f;_l :(gr) I‘ anse (gr)l\\ % 15
o= Rl i - 1
0 if q#q
bkbk [ . r 0.5 :
|' ] nor,se/NFFT lfq =q WN\AN\NW\/\[\ M
2intf} ,
2ineryq 0 PANY - :
E[R,oise ()] = ENFFngzglE[bg]pg*e Nerr = () 100 50 0 N 50 100
P 7 In sampiles
VaT[R?wise (f)] - JT%GT;SE/(NFFTNP) Correlation operation for 5G signal
( indf(z,ﬁ’+y(wp—1))  (rAtyNp p g
€ NEFT Jrzmise 51?’1( NrrT ) At #+ 0
E[Rnoise (ﬂf)fr\)nuc:'isfa'3&('f - ﬂf)] = N‘% NFFT sin(%)
2
Onoise At =0
k- NrrrNp www.enac.fr
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3 %10 Correlation
3.2. Correlator output mathematical model (3/3) s ﬂ
— Another model is therefore possible ,
R(g;) = Ruseful(gr) + Rnoise+interf(£r) é
315
where =
- 1
Rnoise+interf(£r)~N (Rinterfpilot(grz» YQ‘E[ noise (T) “' Var [Rmterf ata( 51)
- - _ / i 0.5 W/W\/\/\/\/\/\[\
- - - - / /
- - / 7 -100  -50 0 50 100
S = / 7 7 in samples
7
Var [Rinte?'f (ET)] = ) II Correlation operation for 5G signal
—2inq7; Zm'ry'q zin'[:q—yq']n /
Nz;z ZNF?:_J L le Nerr E g 0 p e Nerr Xne FFT ! af(n)e Nrerr ,I
PVNFFT d /
q mod y#0 qzyq’ A
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e Conclusion
— CIR characterization

* The propagation channel complex amplitude significantly varying in time

e The CIR sampling rate selection is constrained by the trade-off between the generation computing time and the
realism of the modelling.

e Using 10 CIR samples per OFDM is suitable to model the propagation channel variation

The time-evolution of the propagation channel creates a spectral broadening effect. This spectral broadening
implies the loss of the orthogonality among the OFDM signal subcarriers.

— Correlator output mathematical model

Ruseful (gr) Rnoise+interf (Er)]

~.

Simplified model Noiseless useful Additive Gaussian variable:
available part ~ enhanced noise power

www.enac.fr
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5G signal presentation

Propagation channel

Correlator output mathematical models

5G ranging module design

Derivation of pseudo range error distributions
Navigation modules and results

AT B W=

Conclusion
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Pseudo ranges &

h Pseudo o
/] characterization

{;Q@ Well known and not presented ranges - GNSS Standalone

o=

GNSS navigation

GPs d:G i GNSS Receiver GNSS GNSS GNSS GNSS module —  Navigation
ana watee propagation =  GNSS . Correlator ranging == pseudoranges solution
channel demodulation e
antenna outputs module characteristics
GNSS:5G Hybrid
;) o —  Navigation
navigation module <olution
56 Receiver =G 5G r 5G ranging ] i 5G
propagation 5G > . »| Correlator »l pseudoranges
_ channel demodulation L module J L
5G Base Station antenna outputs characteristics — 5G Standalone
5G navigation Navigation
« Objective 4: The development of 5G ranging module solution
modaules to estimate the time-of-arrival (TOA) of Ranging modale
the signal. Step 2: FLL
A . Impact of the CFO Step 3: C/N, estimator
4.1. Description of the TOA estimator Step 1: DLL candidate
d X . General parameter
4.2. Necessity analysis of the FLL to improve the GARAN pasemate: —
. — AWGN Validation Limits
tracking performances Sensitivity
X . . Complete channel Solution proposed
4.3. Derivation of a C /N, estimator to state the analyses

lock condition of the tracking loops and to fill the
filters measurement covariance matrix

www.enac.fr
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4.1.1. DLL Presentation (1/2)

Objective:
e To present the delay estimator

the OFDM symbol duration,

4. 5G ranging module design

La référence aéronautique

RF front-
end block

Update Rate T _ Nrrr+Ncp
symbol AfNppr
Discriminator Early Minus Late Power
2" order

B, =10Hzand B, =1Hz

— The proposed DLL is the result of an optimal derivation when
assuming a constant AWGN propagation channel

One-sided noise bandwidth

— It can be re-used for the correlator output derived before with

the same optimal solution status.

— The joint modelling of the noise and ICl terms as a Gaussian
variable allows to select the proposed DLL

Réf:

Version: Date:

ThalesAl it (cnes 'I"”SA INP
2 Thales / Leorardo campany pace cations for Space and Aero
Ranging module
Step 2: FLL
Step 3: C/N, estimator
—pTy | Impact of the CFO | P /No
ep L Candidate
| General parameter I | General parameter |
— [ AwGN validation | Limits
Sensitivity
Complete channel Solution proposed
analyses
Rg
» Correlator
fLr[n-2-73
2 Y
Rp ——
: — Correlator » Discriminator [
nput sigha
P . g LR[n — ] 1
rn RL
» Correlator
4
.8
_E ) LR [n -7+ E]
2 2
Local Replica
generation bloc
A norm
Pseudo range 2 V. DT

measurement
estimation

r

NCO

< Low Pass Filter

r

Delay Lock Loop architecture

The French Civil Aviation University
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Ranging module

4.1.2. DLL Presentation (2/2) S —

ctan 1 DL | Impact of the CFO I
ep L

_ Sensitivitv, | General parameter | | General parameter |
: l_l [ AwGN validation | Linits
Sensitivity

* The SNR at the RF front end output value below for which the Complete channel Solution proposed

analyses

Candidate

loop can be considered to have lost tracking.

* The tracking loss criterion specifies that the DLL has lost its lock if the tracking error falls
outside the linearity zone of the discriminator

‘ . Impact of the subcarrier spacing Impact of the subcarrier spacing
e Usual criterion: on the tracking threshold - B, = 1 Hz ’s on the tracking threshold - B, = 10 Hz
-28 T T T - T f 1
3/ var|e;] < Dy, ) e
T30 'E 251
 Where £ s .|
3 31 5 -
— var|e,] variance of the tracking error estimate § - £
. . i E’*.33 . E‘ -28 |
— D¢y, one-sided linearity zone of the g % Lol
@ -34 - © -
discriminator =l " s
2 36 ‘ : ‘ . 0 50 160 150 260 250
122 B,T .K 2.72K 0 50 100 150 200 250 . 150
° SNRdemodulator = == st 1 1 + 1 + 2—2 Subcarrier spacing in kHz Subcarrier spacing in kHz -
th = Np 12 BlTSKl www.enac.fr

DLL threshold (SNRdemodulationth)
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Ranging module
4.2. Necessity to implement a carrier tracking loop oy | [ e
Step 1: DLL Impact of the CFO —
— QObservation: General parameter [eneral parameter |
. . . . idati Limit:
e The DLL study assumed a perfect estimation of the 5G signals carrier Sensitiity L_AVaN Vaidaticn | :
Complete channel olution propose
frequency. e e
— Problematic

* The baseband received signal is affected by a residual carrier frequency offset which impact must be
analyzed, and corrected if necessary

Integer part [€—— Of = @ —>( Fractional part 65, € [—0.5,0.5]

Py, 6fl
. Attenuation + phase rotation on the demodulated
Impact Shift on the demodulated symbol > .
symbol and adds an additional ICl term
Correction Easily estimated/corrected after the demodulation Cannot be corrected after the demodulation
Study Impact assumed corrected and effect neglected Requires to be estimated and corrected

Which is the impact of the fractional CFO on the DLL tracking performance when applying the correlation -
integration for 1 OFDM symbol?

www.enac.fr
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Ranging module
Step 2: FLL
N . Step 3: C/N, estimator
4.2.2. Theoretical degradation due to CFO
General parameter | General parameter |
Sensitivity
* To quantify the theoretical degradation of the SNR due to the CFO in Complate channel Solution proposed

order to infer the necessity of estimating the incoming signal carrier frequency
— Theoretical degradation of the SNR due to the CFO

S

2 .
SNR ~ 1 7(ms 1 sin{wéf, NprT
« D= =—0—=—= 1+(—f)SNR where: A = (87 Nerr)
SINR A%S A? 2Np NFFT sin(nSf )
N+Pjc] L

. Carrier Subcarrier
e Realistic SNR Case | Speed v
— A lower bound for the SNR can be set using the DLL sensitivity frequency f,. | spacing Af

« Realistic doppler 1 2 GHz 15 kHz
— A worst &y is derived when the receiver goes away from a base n 50 km/h 30 GHz 120 kHz
Station at high speed (50 km/h) n 60 GHz 120 kHz

2faq 2fc Determination of a realistic value of frequency error

v
S df,worst -~ Zdesampling — AfNppr = NpprAfc (cycle/sample)

www.enac.fr
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— Maximum BS emitted power provided in 3GPP standard: P,

4. 5G ranging module design

4.2.2. Theoretical degradation due to CFO

L = —6dBW.
— Assumptions: P, = =30 dBW < SNR_yrrelation = 96 dB = no saturation

ThalesAIema

Space

& Thales .~ Lecrards canpany

La référence aéronautique

--------

Ranging module

Step 1: DLL

General parameter

Step 2: FLL
Impact of the CFO

| General parameter |

[ AWGN validation |

Complete channel

Step 3: C/N, estimator

Candidate

Limits

Solution proposed

Sensitivity
45 _Degradation due to fraclionall CFO in function of the SNR )
I
[
Case 1:f_=2 GHz - Af=15kHz X: 157.8 CFO impact
Case 2:f_=30GHz- Af=120 kHz|  Y:44.05 180 T T . .
40 © Assuming no CFO
Case 3: f_=60 GHz - Af=120 kHz 160 L —— §,76.03230-6
35
140 -
30 —
o a 120 -
z, 3]
€25 & 400
§20 D <0.5dB g Saturation
= - o 80 1
H < > £
15 Z 60
w
10 40 -
20
5 120 dB
0 i I i |
0 | I ] T | 0 20 40 60 80 100 120 140 160 180
0 20 40 60 80 100 120 140 160 SNR ion [ABI]
correlation
SNRcorrelatur [dB] 105 dB

Impact of the Doppler on the SNR_.,-relation
Degradation due to a fractional CFO

analyses
SNRcorretation = 120 dB
&
Base station emitted
power

P, = —15 dBW

— A carrier frequency estimator is theoretically not necessary in a AWGN channel for the considered condition:

Réf:
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Ranging module
Step 2: FLL -
e | Impact of the CFO I Step 3: C/N, estimator
° . Candidate
4.2.1. FLL presentation General parameter | | | [ Senerol porameter
) ) ) Sensitivity [ AwGN validation | Limits
— Objective: To present the FLL candidate to lead the analyses Compte T A—
analyses
Update Rate At half the symbol rate, or every 2 - Tgympor
computed at half symbol rate: Dp;; = — The FLL outputs are used to correct the
Discriminator angle(Rp(k)Rp(k=1)") phase and Doppler of the incoming signal

27TNFFT

d
2"% order k k  —i(0g4cc(k—1)+2nV(k)n)

n =N e
Loop bandwidth Blfll =10 Hz N nl,corrected n nl

0,cc, updated at symbol rate: -
0400 (k) = 0,..(k — 1) + 21V, (k) — The contribution channel of the correlator

output mathematical model is slightly
modified as

e @[+t @) i(08-0ucct0) im(87y Vel ) Wrrr-1) Si"(”(‘sff—Vc("))NFFT)'
2 sm(n(aff_vcm)) i enac

Local replica phase

V.(k), updated every two symbols

Ak(0) =
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Ranging module
Step 2: FLL step 3: C/N
° ° tep 3: o estimator
4.2.3. AWGN Validation Limpsetoftnecro |
. . General parameter | General parameter |
— Objective: — [ AWGNVa,idationI Limits
* Validation of the theoretical results AWGN Eamplacachanes! Solution proposed
_ Presentatlon Of the teSted Conflguratlons 0.8 Standarq deviation§ of the traqking error gstimate

Theory
——— CFE Case 1 -10 Hz-DLL
CFE Case 4 - 10 Hz-DLL

Fine frequency acquisition process Not conducted Conducted
Carrier frequency tracking process Not implemented FLL implemented

— Observations

o
-
=]

o
-
'S

o
-
N

°
-

(=]
(=]
=]

* Error approximately equal to 1.5 cm for SNR higher than 40 dB, it
decreases to 3 mm for 0 dB

e

o

o
\

o

o

s
T

 Error lower when a FLL is used

o

(=]

[ ;%]
T

* The differences at high SNR are mostly due to numerical issues.

Standard deviations of the tracking error estimate [m]
o

40 60 80 100
— Conclusion: SNR,. . sutation [9BI

Standard deviations of the tracking error estimate

o
N
[=]

* Confirmation of the theoretical derivations: the implementation of a
carrier frequency estimator is not mandatory for an AWGN propagation

www.enac.fr
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Ranging module
Step 2: FLL i
] v | Impact of the CFO I Step 3: C/N'Oestlmator
4.2.4. Analyses for a complete (QuaDRiGa) channel | | [cometporemeie |
. Hypothe5|s Sensitivity [ AwGN valiation | Limits
. W Solution proposed
* Due to the degradation linked to the multipath, a carrier -
frequency estimator could improve the tracking performances R
— Test case: ™
| ‘ u\ - Wy
* 4 CFE cases assuming a 10 Hz and a 1 Hz DLL loop bandwidth and 5 ;“ "gi 1 A st . »
for the first 300 m of the radial trajectory s | WY h"} il i i 'W i s
— Observations: o | @Il }‘ i I} # L “ ‘ } '1,
* FLL not required for a 10 Hz DLL loop bandwidth I
* the tracking performances improved for a 1 Hz DLL loop 20, i W i ea . . & @8 8w
bandwidth when USing a FLL Propagation channel path power for the radial trajectory
— Conclusion:

- 10 Hz-DLL 1 Hz-DLL
Cases

 The FLL is not required but can improve the wim] olm] RMSE[m] plm] —olm] RMSE[m]

performances of the ranging module according to the ey 063 4,74 4,78 -0,99 4,17 4,28
DLL |00p bandwidth chosen o Ne'W (0,57 4,71 4,75 0,21 2,76 2,77

Pseudo range estimation error statistics
Réf:
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Ranging module
Step 2: FLL Step 3: C/N )
te| 4 Destlmator
. . . Step 1. DLL | Impact of the CFO l
4.3.1. C/N, estimator implementation (1/3) |
. . . . alidation Limits
— C /N, estimator candidate: Narrow-to-Wideband-Power-Ratio Sensitivity | ;‘WGTV':t | |
4 omplete channe Solution proposed
* The method is based on the comparison of total signal- —
. . . . C/N_ estimator
plus-noise power in two different bandwidths 180 S R—
160 |
1 ﬂ — 1 Theoretical
C/NO =10- log10 L 1 NBPk — 140 F | = Estimator output
TM — fiyp Ave =% 2 WEP, = 120
k=1 I,
M M 2 M 2 ="
BP, = 12 + Q2 _—
w k — (l+Ql) NBPk= 211 - le
60 -
i:l - o
k i=1 K i=1 K sl
phase sensitive! ”

* After simulations: K = 50 and M = 10 is the best found set of values ™ ™ % Fg0 = & ™ &

— Limits identification:

AWGN case C/N estimator stud

www.enac.fr
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4. 5G ranging module design

La référence aéronautique
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Ranging module

Step 2: FLL
| Impact of the CFO l

Step 1: DLL

4.3.2. C/N, estimator implementation (2/3)

— Limits identification: Sensitivity

General parameter | General parameter |

[ AWGN validation |

Complete channel

analyses

Step 3: C/N, estimator

Candidate

s |

Solution proposed

* For a complete QuaDRiGa channel

C/No in multipath ch :
110 - T T r . . — CIN, estimator behaviour in multipath channel
——P, =17 dBW
100 Estimation P_ = -17 dBW 120 -
. 20
Saturation
around . -
C/Ny =

/ 0 — g 50 §° "
60 dBHz “ .

30

2 ——— Estimation P_ = -57 dBW
P, =-7dBW
~——— Estimation P_= -7 dBW

20

10

0 100 200 300 400 500 600 700 800

0 100 200 300 400 500 600 700 800 Distance travelled [m]

Distance travelled [m]

Multipath case C/N estimator study — Radial trajectory

 The NWPR- C /N, estimator works only for the circular trajectory in the LOS case where the LOS signal phase is
constant = the C/N estimator is sensitive to phase variation

* The evolution of the multipath phases for the radial trajectory is twice the evolution of the multipath phases for the

circular trajectory = the saturation threshold is linked to the phase variation amplitude

Réf:
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around
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80 dBHz

C/N, estimator behavior in multipath case for a circular trajectory
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Step 2: FLL ]
— | Impact of the CFO | Step 3: C/N, estimator
° ° . ' Candidat
4.3.3. C/N estimator implementation (3/3) somertprameer | | | [Goneratparamerer i
T Limits
— Presentation of potential solutions: Seaskivey | roreseer |
Completle channel
analyses

m:tr::zzt It is insensitive to the correlator  The estimation is working properly The estimation is not behaving as
S outputs phase evolution for C/Ny < 60 dBHz. desired for higher C/N,.

It corrects the phase in the initial
arctangent- NWPR C /N, estimator Both NWPR C /N, phase-corrected
NWPR C/N, Rllgcowected (g;) = RE(g,)e b @K . | estimators are bgtter than the
phase-corrected [ Imag(Rl}g(e )) The estimation works well for NWPR- C /N, estimator.

kl = at ¢ - .
¢|k] = atan (Real(RE(eﬂ)) C/Ny < 90/95 dBHz but it is still

erroneous for higher C/N, values For C/Ny, > 90/95 dBHz, the
FLL-driven ) R estimator is still not working
NWPR C/N, dlk] = plk — 1] + 2nV, g1 (k) optimally.

phase-corrected
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e Conclusion:

— ToA estimation:
* Since the correlator output can be model as a Gaussian variable, the optimal DLL structure for a
constant propagation channel can be reused for the evolving propagation channel
— Carrier Frequency estimation:

* In AWGN a carrier tracking loop is not necessary
* For a complete propagation channel, the FLL is not required but can improve the performances of the
ranging module according to the DLL loop bandwidth chosen
— C/N, estimation:
* C/N, is expected to be used as lock detector and to fill the measurement covariance matrix of the filter
 The NWPR- C /N, estimator cannot correctly estimate high C/N, values since it saturates due to the
phase evolution between symbols in the channel contribution term

e The arctangent and FLL driven C /N, phase corrected NWPR estimator can be used instead but agg
limited for high C/N, www enac
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5G signal presentation

Propagation channel

Correlator output mathematical models

5G ranging module design

Derivation of pseudo range error distributions
Navigation modules and results

NAGRT B WM

Conclusion
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Pseudo ranges &

- Pseudo o
/) Well k ; P ranges characterization
¥z ell known and not presente
.,\/'/]%) P ( GNSS navigation GNSS S"can(?lalone
| e Receiver GNSS GNSS GNSS module Navigation
GPS and Galileo . GNSS . solution
propagation =  GNSS . Correlator ranging == pseudoranges
channel demodulation e
antenna outputs module characteristics
Hybrid
GNSS:5G VBTt
,) - — Navigation
navigation module .
. solution
5G Receiver 5G . 5G
: . 5G . | 5G ranging
propagation 5G > . »| Correlator > »| pseudoranges
channel demodulation module ey
5G Base Station antenna outputs characteristics — 5G Standalone
k 5G navigation -
— Navigation
module )
solution

* Objective 5: The precise Derivation of GNSS and 5G pseudo range errors due to the propagation
channels
5.1. Pseudo range definition and time frame considerations
5.2. Problematic and method derivations:
5.3. Presentation of the characterization step
5.4. Presentation of the approximation step
5.5. QuaDRiGa approximation

www.enac.fr

5.6. SCHUN approximation
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5.1. Pseudo range definition and time frame considerations
( Pcps; = Tgps; T € Dlgps/user — € " Algps)sat; gps T Emuitipath;,6Ps T Enoise;GPs J=1..Ngps

) pGa’If - TGRIJ' Tt AtGPS/user - AtGPSfGﬂl —C AtGﬂ!/Sﬂtjdﬂag T Emultipathj,(}‘a! + ‘Enﬂisej,(;al J=1..Ngy

| P56 = Tsg T ¢ Atgpsjuser — € Algps/sg — € Alsgyps; + Emultipathsg, T Enoisesg; j=1..Ng

— "6ps; Teal;» Tsg;* Beometric distance between the jt" GPS/Galileo/5G BS and the receiver

— Atgps/user Ateps/ser Atgps/car time shifts of the receiver clock, the 5G clock and the Galileo clock with
respect to the GPS clock time frame respectively

- AtSYSTEM/SYSTEMj time shift of the j®* SYSTEM clock with respect to the SYSTEM clock time frame (SYSTEM
= GPS, Galileo or 5G)

- & the delay induced by the multipath effect

multip athYSTEM

- &, The receiver’s thermal noise -
nOISBSYSTEMj www. enac.fr

The French Civil Aviation University



"""-,_‘_.Ecole Nationale de I'Aviation Civile

La référence aéronautique

5. Pseudorange derivation (3/9) ThalgiwAlema ( cnes TeSA |

pa(—e el |t

5.2. Problematic and method derivations:

— The propagation channels SCHUN and QuaDRiGa and the thermal noise introduce errors on the pseudo range
measurements.

— The derivation process objective is to find the Gaussian distribution which bests approximates a true distribution
(minimization of a cost function), that will allow to maximize the performances of the navigation filters

In order to derive Gaussian distributions for the pseudo range measurements, a two-steps method has been developed:

1. To accurately characterize in terms of
mean, variance and probability density
functions (PDF) the pseudo range
measurement errors.

Normalized PDF 53 dBHz Normalized PDF 53 dBHz

2. To approximate these PDFs by
Gaussian distributions. Two algorithms
have been developed in this work: an " Y

\ 2 _— ) u Errwor [m] .\: - ‘ Eﬂ"Ol' [m]h
over-bounding method and a fitting Characterization Approximation
method. ~

Y

L. www.enac.fr
Description of the method Derivation

Normalized PDF
Normalized PDF
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5.3. Presentation of the characterization step

. . . . . B
— QuaDRiGa scenario design: — SCHUN scenario design: 1400 | g:
* high-level scenario * The trajectory of the receiver EE
' ial pi i : : 1200 | -
— typical terrestrial pico-base stations deployed — Ensure constant relative azimuth gg
i . . . . a|B
below rooftop in densely populated urban areas « The satellites location in azimuth and 1000 s
* signal/receiver characteristics elevation i3
E -
— 15 kHz subcarrier spacing — Uniform distribution 800 ﬂg
— 2 GHz carrier frequency. e The virtual city characterized by the 500 Eg
e receiver’s trajectories bUlIdlng Wldth, helght, etc ) EE
Circu\artrfiectories Chord jeciory + Tt ol . Radial trajectory : ) (" Tapestton - m E
= eeeotoeg, . 3= S wsvea 400 | i
150+ y 150 R 100 ——Rx-Track gg
100 co 100~ 1 — 50 Y e 1% % . .
Eal? E, £ e _.:’. . ’ s . gl®
el %C : L sl lsal (R S :. % E- s
B e ge?  Spmmee M SESEESA e 2. s o-
- SO0 O A -
200 400 s r: - 100 200 250 200 150 00 :uc wji"[':}; 100 150 20 20 0 50 1|;oc°°::(:n [mzloo 250 300 . . . : . /4 ¢ 0
From these scenarios, a PDF characterization is made for each value of true C/N, (2 dB step) ) e g e
Step 2 is then applied to each PDF characterization - -
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2 Thales / Leorardo campany pace cations for Space and Aeronautics

. Error to be fitted/overbounded

5.4. Presentation of the approximation step _f ~
— Objective: _

o
o

o
o

e To select the Gaussian distribution which minimizes a given cost
function, where the cost function depends on the Gaussian
approximation method.

Probability
° o o
w E= ()]

o
o

— Approximation parameters
Confidence bound 95% 99% 99.9%

- -éo -1IO (IJ 16 2I0 30
m N(O, 0') N(mean, O') N(max, O') Error [m]

CDF of the error, the fitting and overbounding distributions

°
o

o

w
o

— QOverbounding

— Fitting
e To find the variance such that the norm of the error

over the abscises axis between the fitting CDF and
the CDF of the error to be fitted is minimized.

Cost function:

e To determine the minimal variance of the
distribution that will permit to envelop the true
distribution over the wanted confidence bound.

e Cost function: .

CDF yyerbounding (Error) — CDF ..o .(Error) >0 for Error < pu
CDFoverbounding (Error) — CDF o (Error) < 0  for Error >

Moin ||CDFerr0r - CDFfitting (0') ||

min O over bound St { i i
st the confidence bound interval

Réf:
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5. Pseudorange derivation (6/9) ThaIeSAlepr;ig ( Cnes eSA |«
5.4. Presentation of the approximation step
. . PDF
_ ObIeCtlve: Error to be fitted
* To select the Gaussian distribution which minimizes a 0351  ovorbounding o = 435
given cost function, where the cost function depends on 031
the Gaussian approximation method. 0.25 1 |
— Method comparison: 02l
* The fitting distribution allows a better derivation of small o5 |
errors while the overbounding distribution will cover the ol \
tails of the error characterized |
0.05
N
-20 -10 0 10 20
Error

PDF of the error, the fitting and overbounding distributions

www.enac.fr
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Space

° ° e o Pseudo range error characterisation Pseudo range error characterisation
5.5. QuaDRIiGa approximation: N(©, ) - Bi=10Hz N, ) - Bi=itiz

15 15
— — -95% fitting — — -95% fitting
— Parameters: 99% fitting 99% fitting
= = +99.9% fitting = = +99.9% fitting
. . . —8—95% overboundin —8—95% overboundin
Characterisation for a LOS picocell 99% overbounding 9% overbounding
. —&—99.9% overbounding ——99.9% overbounding
scenario
. 10 10
Generation of pseudo ranges for a
set of trajectories to model . \ .
different distance between the N
) A Y
receiver and the BS 5l N 5| N
\ ) A ' \
Characterization made for the true ' N
C/N, N .
. | | TFTERE . . TTr=ETEe e
40 50 60 70 80 90 100 40 50 60 70 80 90 100
CNO [dB] CNO [dB]

QuaDRiGa pseudo range errors characterization

www.enac.fr
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5.6. SCHUN characterization:

— Parameters:

Characterisation based on LOS signal
with multipath

Generation of pseudo ranges for a
uniform set of azimuth and elevation
satellites

Characterization made with respect to
the C/N,

— Characterization made for GPS and used
for Galileo as a higher bound
characterization

Réf:
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35

0.5

31

& Thales .~ Lecrards canpany

ThalesAIema

Space

La référence aéronautique

| |

~—
—
—_

Pseudo range error characterisation - N(0, o)
I \

i -

I I

—&— Mean

—®&—95% overbounding
99% overbounding !

—&—99.9% overbounding

= +95% fitting

99% fitting

= = +99.9% fitting

- - -—— o

32 33 34

35 36 37 38
CIN 0 [dB]

SCHUN pseudo range errors characterization
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--------

pr_’}(__e for Spoce and Aeronautc
PRerror o [m]
C/Ny [dBHz] | Fitting (99.9%) | Over bounding (99.9%)
° 1Hz | 10Hz 1 Hz 10 Hz
5.7. Conclusion ST 105 11 | ses | 558
95 1.15 1.4 3.35 7.85
— The derivation of Gaussian distribution for the pseudo range o R
measurement errors in presence of noise and multipath has been R B
performed for both 5G and GNSS signal R Ry e T
81 1.4 2.5 495 10.55
QuaDRiGa conclusions SCHUN conclusion L 2> o L o
. . 75 1.5 2.65 5.5 11.15
- The receiver tracking parameter has an 3 L6 [ 27 | 58 | 112
impact. . ) ) 69 185 | 3.0 7.45 11.45
> s : - Aslight increase of the variances 67 20 | 30 | 78 116
- The fitting and the over bounding 65 22 | 315 | 845 11.85
. . can be observed as the C/N, 63 | 245 | 335 | 925 | 1245
0

methodologies yield very different 61 27 | 37 | 103 | 1305
FESUHZS decreases 59 3.15 4.2 11.9 135
. . - The distributions for C/N, > >/ 20 28 | 1o | DS
- The distributions are not Gaussian, : /No > 22 | >5 3 12 3 185
. - 35 dBHz are Gaussian 53 48 | 62 | 1345 | 147
especially for 5G at low C/N,, (positively 51 54 | 7.5 | 1325 | 154
419 5.95 8.1 14.0 16.35
skewed ) - 47 7.25 | 8.05 15.0 17.7
45 7.65 8.15 15.4 18.7
43 6.75 8.25 16.1 19.7
: . . a1 6.45 755 16.35 20.25

— The final outputs are look up tables obtained using the true C/N, 9 1715 745 | 173 | o105 | WD

Look up table for QuaDRiGa
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5G signal presentation

Propagation channel

Correlator output mathematical models

5G ranging module design

Derivation of pseudo range error distributions
Navigation modules and results

AR B W N

Conclusion

ema
Space

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

www.enac.fr

The French Civil Aviation Univers

ity



"""-,_‘_.Ecole Nationale de I'Aviation Civile

La référence aéronautique

6. Navigation modules and results ThaIesAIema (cnes Te SA INP

& Thales .~ Lecrards canpany pace

Pseudo ranges &

7 Pseudo o
g Well k g p ranges characterization
ell known and not presente
% : GNSS navigation GNSS SFanc.ianne
. GNss Receiver GNSS GNSS GNSS module *  Navigation
GPS and Galileo 8 GNSS . solution
propagation =  GNSS ) Correlator ranging == pseudoranges
channel demodulation g
antenna outputs module characteristics
Hybrid
GNSS:5G .
] — — Navigation
navigation module )
. solution
G Receiver 5G - 5G
. 5G 5G ranging
propagation 5G > . »{ Correlator » »1 pseudoranges
channel demodulation module e
5G Base Station antenna outputs characteristics — 5G Standalone
5@G navigation -
— Navigation
module solution)

* Objective 6: The development of hybrid navigation modules exploiting/adapted to the
derived pseudo range measurements mathematical models.
6.1. Navigation Filter Presentation
6.2. Configurations
6.3. Results

www.enac.fr
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6. Navigation modules and results

6.1. Navigation filters presentation (1/2)

— State model:

ThalesAIema (Cnes TeSA %

& Thales # Lsornardo company p G Ce Telecommunications for Space ant d Aeronautics

Xe=|X Vx Y Vy Z V; c-Atgpspyser €' Algpspser €' Algpsigar € Atgpssg]
— Measurement model: Y, = h(X;) + V;,

* h(Xy) is observation matrix h(X;) =

‘h(GPS) (Xk)_

RGO ()

hG9 (Xy)
}'l(GPS) (Xk)

_h(Gal) (Xk)-

« h™® are pseudo range code measurements

« h®are pseudo range rate measurements

* I/, measurement noise vector
— Navigation filters: EKF and UKF

Réf:
Version: Date:

(GPS) e
dpredictedl tc- AtGPS/Lzser —C AtGPS/satj GPS
h(GPS)(Xk) — . '
Ay rodictea > + ¢ - At —c- At
predwtedNGPS GPS/user GPS/satn;pqGPS
Gal
D)
A oiered &0 + ¢ - B Bt Y
predicted tc tGPS/user —C tGPS/Gal —C tGaI/satl‘Gai

(Gaz) . — . — .
dpredictedNG l +c At(x‘)"'S/user —C AtGPS/GaZ —C AtGal/satNGabGa;
a

www.enac.fr

The French Civil Aviation University

La référence aéronautique




"""-,_‘_.Ecole Nationale de I'Aviation Civile

La référence aéronautique

6. Navigation modules and results ThaIesAIema (cnes TeSA |

& Thales # Lsornardo company p G Ce Telecommunications for Space ant d Aeronautics

6.1. Navigation filters presentation (1/2)

— State model:
Xe=|X Vx Y Vy Z Vz c Atgpsjuser €' Algpsuser € Algpsgar € Atgps/sel

— Measurement model: Y, = h(X;) + V;,

_h(GPS) (Xk)_ “rs) dpredwted(aps) +cC- AtGPS/user c- AtGM GPS
p(Gab) (X,) h (Xi) = (GPS)
k dpredwted +c- AtGPS/user c- AtGPS GPS
. ) . . . (56) X GPS PS
h(X}) is observation matrix h(X;) = | h*°% (X))
h(GPS) (Xk) p(Gab) (X;)
. D4 o A ;
| j(GaD) (X)) dpredictedgGa) + ¢ Atgpsjuser — € Atgps/gal — € 'AMQ,M
Sl _ | N _
h®) are pseudo range code measurements dpredictedfvi‘;) + ¢+ Atgps user — € Blgps/ca— € - AtMNGaEJG“I
« h®are pseudo range rate measurements Hvoothes:
. ypothesis:
Vi, measurement noise vector Perfectly known
— Navigation filters: EKF and UKF -

Ref:. The French Civil Aviation University
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6. Navigation modules and results

6.1. Navigation filters presentation (1/2)

— State model:

ThalesAIema

Space

La référence aéronautique

(cnes TeSA =

--------

nnnnnnnnnnnnnnnnn for Space and Aeronautics

Xe=|X Vx Y Vy Z V; c-Atgpspyser €' Algpspser €' Algpsigar € Atgpssg]

— Measurement model: Y, = h(X;) +

* h(X}) is observation matrix h(Xy) =[

Vi

| pGab(x )

‘h(GPS) (Xk)_

RGO (X,)

P9 (X

_h(Gal) (Xk)-

D ()
5G
dmeasureg ) + ¢ - Algps user
B 5G
dmeasureg(vsa) t+c- AtGPS/user
Where
5G

dpredicted)g ) =

— ¢ Atgps/sc— ¢ Atsgps,

— ¢ Atgpsssg— C AtSG/BSNSG

\](521‘ B xBSJ)Z T (3~ yBS,f)z * (Ek B ZBS}')

2

« h™® are pseudo range code measurements

« h®are pseudo range rate measurements

* I/, measurement noise vector
— Navigation filters: EKF and UKF

The French Civil Aviation University

www.enac.fr




"""-,_‘_.Ecole Nationale de I'Aviation Civile

La référence aéronautique

TbgleSAIema (cnes TeSA [>l5

pGCG‘ uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

6. Navigation modules and results

6.1. Navigation filters presentation (1/2)

— State model:
Xe=|X Vx Y Vy Z Vz c Atgpsjuser €' Algpsuser € Algpsgar € Atgps/sel

— Measurement model: Y, = h(X;) + V;,

5
TGP (X,)] A9 (X
d (56)+c-At .—cCc- At —C-M
_h(Gal) (Xb) measureq GPS/user GPS/5G BS,
* h(X,) is observation matrix h(X}) =[ RGO (X,) dmeasureﬁs? + ¢+ Atgps/user — € * Dtgps/sg— C* AMSNSG
h(GPS)(X,) Where
) (Gal) - 2 2, (=~ 2
Lh (Xk)' dpredicted)gSG) - J(xk o xBSj) + (yk o yBSJ,—) + (Zk N ZBS}')

« h™® are pseudo range code measurements

« h®are pseudo range rate measurements

* I/, measurement noise vector
— Navigation filters: EKF and UKF

Hypothesis: BS perfectly
synchronized among each others

www.enac.fr
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6.1. Navigation filters presentation (1/2)

— State model:
Xe=|X Vx Y Vy Z Vz c Atgpsjuser €' Algpsuser € Algpsgar € Atgps/sel
— Measurement model: Y, = h(X;) + V;,

-1 (GPS - hgdps)(xk)
RGPS (Xy) AP 01, =
GPS
p(Gal) (X:) h,(VGPS) (Xi) )
\ ) ) > (1,].\ . ) Xkl — Xeps, + (5 _y Vi ~ Yers,
+ h(X,) is observation matrix h(X;) = | h(S%) (X e rs) g (B ™ V)
. (GPS _
h'( )(Xk) + (ﬁ\zk+1|k - vzgpgl) Zkﬂlk—z(gig tc- AtGPS/useT
4 dpredlctedl
h(GaD (x,) _
X) e Rier1jk — XGPSngps Yier1le = Yepsypg
* h'*) are pseudo range code measurements ("xmuk‘”xapmgpg)' 4GP + (vyk+1|k_vyGPSNGPS). 4GP
7 predicte Ngps predicte Ngps
ot h(X)are pseudo range rate measurements R §k+1|k—ZapsNGPS )
i +(v2k+1|k_vZGPSNGPS ' 4 (@GPS) + ¢ Atps/user
N Vk measurement noise vector predicted y s

— Navigation filters: EKF and UKF -
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6.1. Navigation filters presentation (2/2)

. . .. . Example: observation
Linearization techniques .
equation

- Based on an analytical method

- Taylor polynomial expansion Yier1k = Hi Xk State WA Measurement

about a single point 7 doh Prediction

k= 9X,
k|Xk—Xk|k—1

- Based on a statistical method X: state vector
- linear regression between n 2 EOVETNGREE TMTE

points drawn from the prior - n: state vector dimension

distributi £th 4 Yk+ﬂk _quvaght

istribution of the random il Xi: sigma point i
variable. h(Xj v )
N . . — Wi
- The state distribution is J » VK Sigma Kier1jk1
j=0 Points

represented using a minimal set
of carefully chosen sample points
called sigma points.

Ypi1)es1

1

1

1

1

1

1

1

. 1
Selection i
1

1

1

1

1

1

1
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| x::.'"
oo
b
6.2. Configurations
E500
_ ObjECtIVE: gm . Base Station localization
* To determine the positioning performances obtained using the | of the simulated scenario
previously describe navigation filters
— Scenario

-100 &
-600 -500 -400 -300 200 100 0 100 200 300 400

« SCHUN and QuaDRiGa have been used to generate realistic propagation channel ™"

120
. " 60
Gal31

e Ultra Dense Network envisioned

- Mask angle
* High mask angle value implying few satellites in view e, 5Q°
e 60 s simulation duration ~4 floors
— Figure of merit building
* Root Mean Square Error (RMSE) of the positioning solution o
f Bestchoice _ A|ong the horizontal plane : s
g RMSEH (t) \ \[E (Xtrue (t) Xestlm(t))z + (Ytrue (t) estlm(t))z] — .
< N : . _ — . 2
: Along the vertical axis: RMSE,(t) = \E[(Zeryue (t) — Zostim (t))?] e e
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6.3. Results (1/4)
— Objectives:

e To study the performances of the EKF and UKF navigation solutions in order to define the more
appropriate tuning in term of characterization, synchronization module parameterization.

 To study the impact of the navigation filter, of the measurement covariance matrix and C/N,
estimator over the best solution defined in the previous section.

— Method:
e Step 1: EKF and UKF tuning based on the e Step 2: Impact analysis over the best identified
study of: solution
- Confidence bound impact - Navigation filter
- Approximation method impact - Measurement error characterization

- Synchronization module impact - C/N, estimator

www.enac.fr
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adce Telecommurications o Spceand eranautc
10 Hz DLL 1 Hz DLL 1 Hz DLL

No FLL No FLL FLL

I Impact of the synchfonization module - horizontal RMSE
T T

& Thales .~ Lecrards canpany

6.3. Step 1: EKF and UKF tuning (2/4)

— Confidence bound impact

I
I COMP-0B-99.9-GI-10Hz

[ COMP-0B-99.9-GI-1Hz-NoFLL
[ 1cOMP-OB-99.9-GI-1Hz-FLL

e To study the impact of the confidence bound used for the
characterization on the filter performances

L)

ntal plane [m]

-
o
T

- 99.9% confidence bound recommended

— Approximation method impact

-

RMSE along the horizo

e To study the impact of the characterization method chosen on
the filter performances

e
0
T

- Overbounding method recommended

0
EKF §G UKF 5G EKF HYBRID UKF HYBRID

= SVﬂCh ronization module impact Synchronization module impact — horizontal RMSE

* To study the impact of the DLL loop bandwidth: 10 Hz or 1 Hz mnn
when no FLL is considered m 047 110 2.66 1.20

e To study the impact of the FLL for a 1 Hz DLL loop bandwidth m 0.61 081 464 1.01
—> 1 Hz DLL loop bandwidth and a FLL is recommended m 0.67 0.78 17.09 1.03

— Best tuning: GGG 049 064 296 081
* 99.9% overbounding characterization with a 1 Hz DLL loop LGl 043 | 038 0.75 058 B
bandwidth and a FLL Optimal solution performances
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RMSE along the horizontal plane RMSE along the vertical axis

6.3. Step 2: Impact analysis over the best solution (3/4):" ..
— Impact of the navigation filter

* Observation:

— For 5G standalone solution, there are no significant ,,, %

differences between the UKF and the EKF

— The vertical RMSE is much higher than the horizontal RMSE, a
predictable behavior since all BSs are at the same height (bad
Z axis geometry) § N—

— The hybrid navigation solution provides better solution than
the standalone navigation solutions.

* Conclusion: ﬁ ﬂ

— The use of the hybrid navigation solution is recommended A

Impact of the navigation filters used over the optimal solution

——GNSS locked
——5G locked
GNSS+5G

Nb of measures

— The use of the UKF is recommended compared to the EKF.

400 500
Distance travelled [m]

Number of measures
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Space

Accurate covariance matrix

Constant covariance matrix

6.3. Step 2: Impact analysis over the best solution (4/4)

— Impact of the measurement error characterization
* To determine the improvements brought by an accurate
measurement covariance matrix
— Impact of the C/N, estimator
* To determine the impact of an estimation of the C /N,

— Observations:
* An accurate measurement covariance matrix improves the
filter performances
* A estimation of the C /N, degrades the filter performances

* The improvements brought by the accurate covariance matrix
are erased by an inaccurate estimate of the C /N,

1.

e e e
B o ™

RMSE along the horizontal plane [m]

e
9

o

X
N\

Impact of the characterization Iters
T T T
I COMP-0B-39 9-Gl-1Hz-FLL
I Constant covariance matrix: o = 6.

EKF 5G UKF 5G EKG HYBRID UKF HYBRID

Characterization impact RMSE along the horizontal plane

True C/N,

Arctangent C/Ny || FLL driven C/N,

RMSE along the horizontal plane

Imgact of the l::.'N'J used on the filters /
y 4

| Q— I True C/N,
[ arctangent N phase corrected estimator

[ IFLL driven R phase corrected esti

l

UKF HYBRID

lane

UKF 5G EKF HYBRID

act — RMSE along the horizontal

EKF 5G

C /N, estimator imp
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6.4. Conclusions
— Identification of the optimal EKF and UKF tuning
* 99.9% overbounding characterization with a 1 Hz DLL loop bandwidth and a FLL
— Impact analysis
* Impact of the navigation filter
— The use of the hybrid navigation solution is recommended
— The use of the UKF is recommended compared to the EKF.
* Impact of the measurement error characterization

— An accurate approximation of the pseudo range measurement errors improves the performances of the
navigation filters

* Impact of the C/N, estimator

— The UKF hybrid navigation solution are degraded by approximately 40 cm with the use of the NWPR C /N,
phase corrected estimator along the horizontal plane.
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5G signal presentation

Propagation channel

Correlator output mathematical models

5G ranging module design

Derivation of pseudo range error distributions
Navigation modules and results

NASRY & W

. Conclusion
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Pseudo ranges &

e Main co_ntributions

Pseudo o
5 Well k 4 4 ranges characterization
Qi ell known and not presente
ity P GNSS navigation GNSS SFan(?lalone
. GNss Receiver GNSS GNSS GNSS module " Navigation
GPS and Galileo ) GNSS ) solution
propagation =  GNSS . Correlator ranging == pseudoranges
channel demodulation e
antenna outputs module characteristics
Hybrid
GNSS:5G yorie
) . — Navigation
navigation module .
B solution
5G Receiver 5G - 5G
. 5G 5G ranging
propagation 5G = . »| Correlator pseudoranges
channel demodulation module L
5G Base Station antenna outputs characteristics — 5G Standalone
5G navigation L
— Navigation
module .
solution

— A description of the 5G physical layer, and notably the Synchronization Signal: SS PBCH

— The selection and mathematical model definition of a 5G compliant propagation channel. Methods have
been designed to study the evolving parameters of the propagation channel and to select the required
propagation channel sampling rate generation.

— The development of mathematical models of 5G correlator outputs, taking into account the effects of non-
constant propagation channel parameters, noise.
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Pseudo ranges &

e Main contrlbutlons

Pseudo o
_ Well k 4 4 ranges characterization
., ell known and not presente
ity P GNSS navigation GNSS SFan(?lalone
GNSS Receiver GNSS GNSS GNSS module = Navigation
GPS and Galileo GNSS ) solution
propagation GNSS . Correlator ranging == pseudoranges
channel demodulation e
antenna outputs module characteristics
GNSS:5G Hybrid
— — Navigation
navigation module .
- solution
5G Receiver 5G - 5G
. 5G 5G ranging
propagation 5G = . »| Correlator pseudoranges
channel demodulation module L
5G Base Station antenna outputs characteristics — 5G Standalone
5G navigation L
— Navigation
module .
solution

— The proposition of a simplified model of 5G correlator outputs, which is valid in a LOS scenario for sub-6 GHz
carrier frequency

— The proposition of a statistical model for the interference term, which can be generate as a Gaussian
variable with a mean and a variance derived in the study

— A synchronization module based on a DLL and on a potential FLL has been derived. The synchronlzatlon
module also implements a C/N estimator.
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Main contributions

%

5G
propagation
channel
5G Base Station

1
) GNSS
GPS and Galileo )
propagation =
channel

Receiver
GNSS
antenna

Receiver
5G
antenna

Well known and not presented

GNSS C GN|SSt
demodulation orretator
outputs
G 5G
N . » Correlator
demodulation
outputs
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Pseudo ranges &

Pseudo o
characterization
ranges
GNSS navigation
—
GNSS GNSS module
ranging == pseudoranges
module characteristics
GNSS:5G
. R —
navigation module
5G ranging >G
pseudoranges
module e
characteristics —
5G navigation
—

module
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GNSS Standalone
Navigation
solution

Hybrid
Navigation
solution

5G Standalone
Navigation
solution

— The development of a simulator, coded in C, providing ranging measurements from GNSS and 5G tracking
loops, taking into account simulated multipath propagation channels

— The development of methods to characterize GNSS and 5G ranging measurement errors in urban

environment.

— The proposition of Gaussian modeling of ranging measurements as a function of C/N

— The study of simulated positioning performances using different navigation filters (EKF, UKF) and variou

parameters.
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Future work

— Real data collect
— Correlator output mathematical model

* The interference term of the correlator output mathematical model for NLOS scenario must be completed;
therefore, the pseudo range measurements quality will be degraded and consequently, the positioning solution
obtained will be less accurate.

— Pseudo range error characterization
* To derive the characterization for the NLOS scenario
e To derive the characterization for mmW

— Navigation solution

* The development of Particle Filters could be implemented. The main advantage of PF is that they do not rely on a
Gaussian PDF approximation contrary to Kalman Filters; an a-priori information on the distributions must be
provided, and such information has been derived in this study.

* The GNSS and 5G pseudo range measurements models used in the navigation filter could be refined by adding the
time shifts between the transmitters and the reference time (GNSS or 5G) which are considered as perfect
corrected in this PhD
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Thank you!

Any questions?
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