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Introduction on troposphere

» Lowest part of the atmosphere, below ionosphere
* From the surface of the Earth to ~ 50km

 Induces a GNSS Slant Total Delay (STD):

» Slant Hydrostatic delay (SHD) caused by the dry
gases

» Slant Wet delay (SWD) caused by the water vapor

— Contains troposphere water vapor content T ——
Information lonosphere

GNSS signal propagation in ionosphere
and troposphere

NLS
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Motivations

» Numerical Weather Prediction (NWP):

* Predict the evolution of the atmosphere with observations

Observations p

» Observations for precipitation forecast:

« Conventional observations
EXx: hygrometers

 Satellite observations

e Ground based observations
Ex: Meteo stations

NWP =) [Orecast

>

Other solution: to use
GNSS observations

©
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Motivations

» Limited area Numerical Weather Prediction (NWP):

« Ex: AROME Model: 1.3km horizontal resolution

Need: observations with high
spatial/temporal resolution

Solution 1: conventional Solution 2: network of
sensors (radiometers) GNSS receivers

Accumulated precipitation (mm) on 19

Dependence on the weather + M High spatial and July 2007 AROME forecast
low spatial resolution temporal resolution
: & AIRBUS
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Motivations

» Limited area Numerical Weather Prediction (NWP)

Other observations =)

| GNSS tropospheric delay using mp NWP
I GNSS smartphone receiver networkl

Limited area

=) [Orecast

Objective of the project: Estimation of GNSS tropospheric delay using GNSS
smartphone receiver network for NWP

6 & AIRBUS
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Objectives and approach

Feasibility to use a GNSS smartphone Feasible using optimal
y P — g op

Overall . o . .
receiver network for weather application configurations

objective

Means Smartphone GNSS data sharing
— Collaborative crowdsourcing approach

SUIIER T10posphere delays

|

i1
[wo] arewnsa Aejap 19\
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Objectives and approach

» Crowdsourcing approach
N —N N
GNSS receiver D D D
network — —

l

Collaborative
crowdsourcing algorithms

!

Troposphere delays (ZWD)
estimated for NWP

e

w7

~ Troposphere
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Main results

» Main parameters influencing tropospheric delay estimation quality

45¢ - 70
Constellations 60
(GPS, Galileo, ™
GLONASS) @ 50
2,44 — 40
_ Optimal conditions: 2 =
GNSS receiver fresc;ﬂglnecy . = — 30
grade (single, dual) * 3 constellations -E 43| 20
« Dual frequency —! 10
42 0

[wuwi] ayg 1en0
louia Aejap alaydsodos uesy

System « Open-sky environment |:> . . .
erformance
i 0 2 4

* Near-future smartphones _
Longituie [deg]
= Dual frequency
“density environment « ~ 1 smartphone / km?

density

10mm error (before

Atmospheric
conditions

bias removal)
« Can be used in NWP

(ionosphere,
troposphere)

.........

1000 smartphones T. :

L

o -
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.I'. -I’ -
. ..
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Main way forward

» Consolidate system performance analyses
« Adapt to mobile smartphones
« Teston real data

» Assess performance gain on weather Other observations
forecast GNSS smartphone NWP
tropo delay

» Develop operating system
 Develop near-real time processing facility
to support crowdsourcing algorithms

. & AIRBUS
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Organization

» Partnership between AIRBUS and NLS

Weather Monitoring based on Collaborative Crowdsourcing

F M r-!l 'i.H GEOSPATIAL
RESEARCH INSTITUTE

WP 1000
Project Management

WP 1100
Project Management and
Technical Coordination

12

Shared WP

Airbus WP

Review, trade off, and preliminary

WP 2000

WP 2200
Case study : environnement / type
of measurement / receiver

l

WP 2400
Review of reference tropospheric
data and of tropospheric
information assimilation

|

WP 2500
Preliminary test bed design

WP 3000
Simulation test bed and algorithms

WP 3100
—>  Simulation test bed detailed
design

WP 3300

WP 4000
Simulation test bed and algorithms

WP 5000
Experimentation, results
and conclusions

WP 5100
Experimentation campaign

WP 4200
Test bed implementation,
integration and validation

WP 5200
Results analysis and feedback

WP 5300
Technical Synthesis

FINMISH GEQSPATIAL
E&;ﬁ EARCH INSTITUTE
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Organization

» Work steps

g Task 2.1: R Task 3: simulation Task 4: results
Ttarsalé ; 'Oriffa‘gﬁgv’ simulation_test- S'mUI?}té%n == test-bed operation analysis,
preliminary design bec(ij detailed implementationiva and experimental conclusions and
esign lidation study recommendations
4 N N ([ N N [ N

* Preliminary tropospheric * Detailed design of * Test-bed  Experimental campaign * Main conclusions and
delay estimation WMCC test-bed, with implementation, lessons learnt from
algorithm data management integration, verification, | | * Result analysis experimentations

strategy validation .

« Architecture of WMCC * HW/SW minimal
system,  with  data « Test-bed verification, requirements of
management strategy validation and WMCC system, data

experimental phases management of

* Architecture of WMCC WMCC system
test-bed

* Future works

\_ DN NG 2N J J

FINMISH GEOSPATIAL AIRBUS
13 @ RESEARCH INSTITUTE



DEFENCE AND SPACE CO nte nt

1. Project summary
2. Organization

3. Results

3.1. WMCC system presentation
3.2. WMCC Test bed presentation
3.3. Main experimental results

3.4. WMCC Test bed delivery content

4. Conclusion/recommendations
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WMCC system presentation

GNSS Satellite s4

System components =&

GNSS Satellite s,

» GNSS smartphone receiver network

= Network

= Central Processing Facility

ZWD or SWD
broadcast to NWP

L

Central processing
facility NWP

Cluster of smartphone
GNSS receivers

Weather Monitoring based on
Collaborative Crowdsourcing (WMCC) system architecture

NLS

FINNISH GEOSPATIAL
15 RESEARCH INSTITUTE AIRBUS



WMCC
components

Functional and HW
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WMCC system presentation

> Architecture and functional requirements

requirements

16

s

e |n

WMCC
Smartphone 1 Data link _
between Central Data link
SmartphoneZ ﬁ receiver ) ProceSSing ) between —9 NWM
' network and Facility (CPF) CPF and
Smartphone N CPF H NWM
- 1 ] 1
) — NP
o GNSS receiver: GNSS and o Internet connexion to download : o ZTD
' - NWP data -
. . pressure estimate
SF with 3 constellations . :
. measurement GNSS correction data transfer
(GPS+Galileo+GLONASS) transfer + Meteo data (METAR/SYNOP or
* In DF with at least 1 constellation NWM data) o Data
(GPS) rate:
o Barometer o Processing unit to process GNSS 15min
carrier phase + receiver height +
o Data frequency: 1Hz smartphone temperature and pressure
from at least 1000 receivers
\ J
& AIRBUS
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WMCC system presentation

» GNSS chipset and smartphone sensor requirements

17

/

(@)

GNSS receiver: R

Minimal capability:

* In Single Frequency : 3 constellations (GPS+Galileo+GLONASS)
* In Dual Frequency: with at least 1 constellation (GPS)

Minimal performances:

Shall be in line with Samsung S8, Huawei P10 (Single Frequency with
3 constellations GPS+Galileo+GLONASS receivers)

Note: near-future and future smartphone receivers have been used in
experimental campaign

Near-future
- Broadcom BCM47755
- Ublox M8T

Smartphones /

: - Septentrio PolaRx5
Receivers

O

Barometer:

Most recent MEMS smartphone barometers have
precision level in line with the tropospheric delay
estimation application

Minimal performances:
Shall be in line with the most recent smartphone
barometers such as Bosh BME280

©
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> Data management

WMCC system presentation

GNSS precise correction

External data (download from Internet servers)

* Meteo data

data « NWP data
GNSS carrier phase + pressure
p p v v WMCC
measurements at 1 Hz
Smartphone 1 > ZTD estimates over the
Central tomographic grid every 15min
Smartphone 2 > Processing
: Facility
Smartphone N >

18

GNSS
receiver N

N

Possible strategy

N

> NWM

AIRBUS
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Simulation test-bed

* Proposed simulation test-bed consists in 13 Modules

« Kevy modules:

Tropospheric delay generator
Receiver error generator
Tropospheric delay estimator

Detailed in this presentation

XMLConfig «----3>
Test
bed
initiali [
zation

XML
Reader

ConfigStruct £

> Characteristics

GNSS Receiver

Generator

testBedManagement

----3> RcvinfoStruct

Data Set

ConfigStruct+
test

Simulator Test-Bed

N Meteorological |

Data Generator

lonospheric

residual error
generator

Tropospheric

> Delay

Generator

Receiver Errors 4
> Generator +

BatchGNSSDataStruct

(noise + clock +
multipath) N

Reader

BatchEpoch

> GNSS Data
Filter

|—>> BatchEpochstruct

Configuration Generator

GNSS Errors and Meteorological Data
Generator

Configuration information i VEGA Data Set

@ Sum block

Other data
GNSS Data
Meteo Data

> Network > Tropospheric

Delay
Estimator

Failure
Generator

Buffer

Data
Processor

Network
Simulator

Central Processing Facilty

for
Assimilation

NWP
Models

20

©
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WMCC test-bed

-  GNSS error model: tropospheric delay generator

 Objective: generate reference GNSS tropospheric slant total
delays between smartphones and GNSS satellites

GNSS Satellite 5,

e => Need to represent small-scale and short-term tropospheric delay
AN variations

Positions for which temperature, pressure and
specific humidity are available from
meteorological profile files

Spatial resolution of meteorological files
(1.3km for AROME)

Receiver antenna positions

/ (assumed to be on the ground)

Positions for which IWVC are available from
meteorological surface files

) & AIRBUS
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WMCC test-bed

-  GNSS error model: tropospheric delay generator

 Principles:

. . ) _ SV and RCV true position ——  Tropospheric
o 1st step : compute the reference ZTD by using a vertical integration delay Reference GNSS

. . . AROME/ARPEGE data —> tropospheric delays
of the high resolution AROME/ARPEGE meteo fields above the ot CETE R
smartphone location

o 2" step : compute the wet and hydrostatic mapping functions VMF1 -0

using tropospheric files (VMF1 parameter files from Vienna \
. . \
University) AN .
\\ ! Positions for which temperature, pressure and
\\ ! specific humidity are available from
o 3t step: compute the reference STD \ o meteorological profile files
’il_ ’_'_1 - ’:: -
’:. !:Z____ £ Spatial resolution of meteorological files
Accuracy: : (1.3km for AROME)

o IGS ZTD and AROME ZTD comparison => [mm] level accuracy of
AROME ZTD

Receiver antenna positions
(assumed to be on the ground)

Positions for which IWVC are available from
meteorological surface files

) & AIRBUS
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WMCC test-bed

- GNSS error model: Receiver error generator

* Objective: generate GNSS measurement errors from smartphone to
high-grade receivers

« Mean:
o Experimental approach to collect GNSS code and carrier phase
measurements

o Code/carrier phase measurement combination to extract and model:
* Receiver clock offset
» Delay lock loop (DLL) noise+multipath
* Phase lock loop (PLL) noise+multipath

Multipath
Receiver grade GNSS signal
environment

RCV grade + constellation +
frequency mode + multipath ——

environment Receiver Receiver error on
error —>  code + carrier
DLL+PLL+clock offset model Generator phase
—>
parameters

2

antenna

Patch Samsung

' Huawei

Smartphone (using Samsung S8) GPS L1
Open sky +
Medium (using uBlox with Patch antenna) Galileo E1 P y
semi-urban
High grade (using Septentrio with Leica antenna) EIRO\L RN
Experimental set-up
Note: further details about GNSS receiver error models in «Exploring GNSS Crowdsourcing Feasibility: Combinations of Measurements for NLS

23 Modeling Smartphone and Higher End GNSS Receiver Performance» V. V. Lehtola, S. Séderholm, M. Koivisto, L. Montloin, MDPI, July 2019

. AIRBUS
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WMCC test-bed

- Tropospheric delay estimation

 Objectives:

GNSS carrier phase measurements +

» Estimate: ureme
quality indicator T o
. . ropospneric .
o Tropospheric zenithal wet delays (ZTD) over the area covered by Baro RCV height estimation delay Estimated GNSS
smartphon es Estimator tropospheric delays

. . . . Surface meteo data ——
o Standard deviation of the estimation error

« Adopted strateqy: 4

o STD-based technique adapted to dense network of receivers > ¥

o Estimate the tropospheric wet component on each GNSS measurement
using a feed forward implementation of PPP and tomography ke -.:‘_'-_a\\.;\;._i_;_ —

o Deduce ZTD + associated standard deviation at each grid centre

(#' A i A 4

Tomography agrid model

. & AIRBUS
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Tropospheric delay definition

« STD can be modelled as:

STD = SHD + SWD

« Zenith tropospheric delay: delay obtained for a satellite at
zenith (elevation angle = 90°)

ZTD = ZHD + ZWD

« Slant and zenith delays can be linked using a mapping
function m:

STD =m; x ZTD

SHD = m,, x ZHD
SWD = m,, X ZWD €— Contalns.water vapor
content information

26

=T

y\ \

A

t
|
[
|
|
|
|
|
|
\ [ 7
N |z
STD \\ |¥/ Troposphere
\ 1

Link between slant and zenith

tropospheric delays

©
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Experimental Plan

: : : Internal perturbation External perturbation
Nominal experimentation : : : :
experimentation experimentation

« Find optimal algorithm configuration .« ASSess system
« Assess system performance in

parameters S performance in degraded
_ _ degraded conditions ) ”
. « Assess system performance in nominal _ _ atmospheric conditions
conditions 26 lmgeeh o [iiged, Ex: impact of degraded
_ network failures, receiver :
Ex: impact of frequency mode / GNSS grade ionosphere/troposphere
constellation conditions
ZASZUTD estimed atlthe tomogra?hy grid centlre - Batch 3 Tesl 2in Norrllinal Conditions
ol /&Jﬂ_ﬂﬁmﬂ " ) mmmm |7 i - .7 — 3 1.
/ 8 3 ) 46
2450'(,,’\,\' P t & :
ool | - ; 5 ' - g
2 ool | § — .~ 5 "
|5 2430 | A Eﬁ. - I 0 :
2410 ‘ ] - . L — ’ s
’ o ! TimeI[':oursl ’ e '
NLS

27 ' SEARCHINSTITUTE AIRBUS
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Experimental campaign description

Receiver distributions and coverages
Receiver distribution Tomography grid

Tomography cell centers - Scenal

Toulouse, France

g Tomography grid center, scenario B
Tomography cell centers, Scenario B
48
T 44
3
3
nal poinf -
dex 312 <
Z4

Longitude [deg]

~qu tude [deg] ’
Le Luc, France

Regional coverage
Toulouse, France
®@ AIRBUS

28



DEFENCE AND SPACE

System Performance Assessment

3 types of metrics

@ Temporal evolution of the tropospheric delay estimation error at a given
horizontal position p.

o After tropospheric delay estimator
o After data processor for assimilation

@ Number of assimilated ZTD after tomo+PPP convergence time for the
simulation period.

Spatial evolution of the tropospheric delay estimation error over the
tomography grid.
o Mean estimation error over the simulation period

29

Tropospheric

Delay
Estimator

5/©

Tropospheric
delay estimator
output

Data @
Processor — NwWP

for Models
Assimilation

Assimilation
processor output

AIRBUS
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System Performance Assessment

- Performance analysis in nominal conditions: GNSS constellations impact

ZTD estimed at the tomography grid centre in Nominal Conditions
T

2480 T T T T
2470 R
H{ wm Conclusions on the use of different GNSS constellations:
L W
2460 .
{
f
2450 % — « Better ZTD estimation obtained when combining GPS,
'E 2440} B
E
£ 2430] | « The number of assimilated ZTD increases with the
number of constellations
2420} ‘ ]
2410 F | -
ARPEGE ZTD
ZTD GPS
ZTD GPS+CAL
2400 v ZTD GPSIGAL+GLO 1
2390 L 1 1 1 1
0 0.5 1 1.5 2 2.5 3

Time [hours]

Local coverage,in dual-frequency. After tropospheric
delay estimator. In red, the reference value.

} & AIRBUS
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System Performance Assessment

-  Performance analysis in nominal conditions: Frequency mode impact

Single Frequency Dual Frequency
24(3_0TD estimed al‘the mmogmlphy grid cemlm _ Batch 3 Test 1in Non':inal Conditions 245201-0 estimed at‘the tornogralphy grid r.entlre = Batch 3 Test 2in Nornlinal Conditions
o ARPEGE ZTD
:::E;EDUE 2470 + ;;z.\;rs[:imilalion
2440 S — J.//—\\‘\“_—_v/ ______ k.
2460 | f.-"' SR =W e
2420 :/
2450 \
E 2400 E 2440 | :-. . -
(=] o
h 2380 | K, 2430+ |
2420 |
2360
2410 |
2340} —t e ‘
e 3 2400 |
23200 1'.)‘.5 i 1‘.5 é 2?5 3 23900 0’.5 ; 1.‘5 é 21.5 3
Time [hours] Time [hours]
Local coverage,GPS+GAL.
Blue line: ZTD after tropospheric delay estimator.
Blue cross: ZTD after data processor for assimilation.
Red line: Reference value
31

Conclusions on the use of different GNSS signals:

* Itis recommended to use dual frequency, the estimation
of the ZTD error is significantly better comparing to
single frequency mode.

* Number of assimilated points when using single
frequency is too low

@ AIRBUS
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Nominal conditions main results

- Nominal experimentations

Conclusions

The main findings from the nominal experimentations are:
* GNSS constellations: The number of assimilated points increases with the number of available satellites

* Frequency mode: GPS only in single frequency mode does not provide acceptable results, independently of the
receiver coverage. However, single frequency mode can be used for our application with triple constellation.

* Receiver density: The receiver density impacts the ZTD estimation accuracy.

NLS

INMISH GEOSPATIAL
32 RESEARCH INSTITUTE AI RB US
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System Performance Assessment

Performance analysis with internal perturbations: system failures impact

= Z 3hr simulation, network failure
3hr simulation, low troposphere water vapor content 50 =

»
&

Network failures on 100% of the receivers leads to:

e i3 E ﬂfﬁr_ : 7 -3N . . H H 1
" N - i « Significant ZWD estimation degradation (ZWD error
“ . < ; increased from 3cm to 7cm on the grid center)
7 ’ Longitude [deg] -10 5 DLunguude _— 5 10
Mean ZWD error (regional coverage, GPS+GAL,dual frequency) Mean ZWD error (regional coverage, GPS+GAL ,dual frequency)

with network failure *

GNSS Satellite s,
GNSS Satellite s,

ZWD or SWD
broadcast to NWP

dcast 1@ ]
Suremambroad“w Central processing
GNSS ‘“:aa\ p(ocesS‘“ﬁ‘a facility
centr

s e epnone * 100% of receivers affected by 10min NF every 2hrs @
AIRBUS
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Performance analysis with internal perturbations: system failures impact

System Performance Assessment

3hr simulation, low troposphere water vapor content

b3

Latitude [deg)

2
] N

w
&

Longitude [deg]

Mean ZWD error (regional coverage, GPS+GAL ,dual frequency)

w 0
ZWD [cm]

Latitude [deg]
S

Mean ZWD error (regional coverage, GPS+GAL ,dual frequency)

3hr simulation, duty cycle

o
Longitude [deg]

34

network failure

Number of ZWD assimilated in each scenario

Number of assimilation points

duty cycle
Availability pattermn

with duty cycle on 50% of the receivers **

ZWD [em]

* 100% of receivers affected by 10min NF every 2hrs
** 50% of receivers affected 15 min every 30 min

©

Using duty cycles on 50% of the receivers does not
significantly change the ZWD estimation accuracy, but
decrease the number of assimilated ZTD.

AIRBUS
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System Performance Assessment

- Performance analysis under external perturbation: perturbed meteorological conditions impact

3hr simulation, high troposphere water vapor content

r [c‘r‘n]

Conclusions on the system performance under perturbed
meteorological conditions:

Latitude [deg]

w
ZWD erro

, T ‘ * The estimated ZWD does not follow the variations of the
' o s o E o reference ZWD

Longitude [deg]

Mean ZWD error at Le Luc (France South East), 29 October 2018,
simulation time interval [00:00,03:00]

Tomography grid point 312 {central point)

» High tropospheric delay estimator inertia => short term
ZWD variations not tracked

» Further analysis needs to be done

~—— WD ARPEGE - reference - Le Luc 29th Oct 2018
——2ZWD estimated by CPF - Le Luc 23th Oct 2018

ZWD [mm]
—

0 05 1 15 2 25
Time [hours]

Reqional coverage, in dual-frequency , at Le Luc, 29 October 2018, @
35 simulation time interval [00:00,03:00] After tropospheric delay estimator

AIRBUS
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Non-Nominal conditions main results

-  Experimentations under perturbations

Conclusions

Internal Perturbations:

» Perturbations on some of the receivers (e.g. semi-urban multipath on 4% of receivers and duty cycles on 50% of
receivers) does not significantly degrade the ZWD estimation accuracy

*  Network failure on all receivers leads to low ZWD estimation accuracy
= Not in line with the NWM application

External Perturbations:

+ Large ZWD values can be tracked by tropospheric delay estimator

* Short-term ZWD variations not tracked by tropospheric delay estimator (high inertia)

} & AIRBUS
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Conclusions and recommendations

> Two kinds of conclusions and recommendations have been made

40

 Conclusions on system parameters influencing the delay estimation quality

= GNSS satellite parameters (number of constellations, signal frequency, ...)

— Atmospheric and environmental parameters (atmospheric conditions, multipath
environment, ...)

= Smartphone parameters (GNSS receiver quality grade, GNSS receiver density, ...)

= Network parameters (nominal or failures in data link)

« Recommendations on system parameters for accurate tropospheric delay estimation
supporting NWP models

@ AIRBUS
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Conclusions and recommendations

» Note: Magnitudes of ZTD errors provided in the conclusions obtained before the data

processor for assimilation

Tropospheric
Delay

Estimator

Biased ZTD

(error magnitudes provided

In the conclusions)

>

Data
Process.or : NWP
for Models
Assimilation

Unbiased ZTD

©
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Conclusions and recommendations

> Two kinds of conclusions and recommendations have been made

 Conclusions on system parameters influencing the delay estimation quality

« Recommendations on system parameters for accurate tropospheric delay estimation
supporting NWP models

. & AIRBUS
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Conclusions

> System parameters influencing performances (1/2)

* Receiver density (especially in Single Frequency L1/E1)
= Dense receiver networks (1.02 receivers/km?) : Zenithal Tropospheric Delay (ZTD) error < 10cm (*)

= Low network density (0.02 receivers/km?) : ZTD error ~ several dm (*) in Dual Frequency (L1/L2 and E1/E5a)
and GPS+GAL+GLO

« GNSS constellation(s)
= GPS+GAL+GLO enables reducing the ZTD error and standard deviation compared to GPS only
= Ex: in Dual Frequency, number of assimilated ZTD is increased by 30% in GPS+GAL+GLO compared to GPS

« GNSS frequency
= Single Frequency mode can only be used in GPS+GAL+GLO

— Best Performance: ZTD estimation obtained in Dual Frequency mode in GPS+GAL+GLO
o ZTD accuracy level ~ 1cm (*)

43 (*): before bias removal @ AIRBUS
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Conclusions and recommendations

> System parameters influencing performances (2/2)

 Receiver grade, multipath environment, ionospheric conditions

= Ex: Number of assimilated ZTD is decreased by roughly 20% when using smartphone GNSS receivers instead of
medium-grade GNSS receivers (ex: U-Blox receivers)

« GNSS data loss between smartphones and CPF and receiver duty cycles
— Examples of failures leading to data loss:

o Duty Cycle: smartphone switch off to save battery
o Link loss: data loss between the smartphone and the Central Processing Facility (CPF)

= Significant impact if they affect a majority of GNSS receivers

o EX: No significant impact if 50% of the GNSS receivers affected
o Ex: Significant impact  if 100% of the GNSS receivers affected

. & AIRBUS
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Conclusions and recommendations

> Two kinds of conclusions and recommendations have been made

 Conclusions on system parameters influencing the delay estimation quality

« Recommendations on system parameters for accurate tropospheric delay estimation
supporting NWP models

. & AIRBUS
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Recommendations

- Recommended system configuration

Configuration GPS+GSAI~:|—+GLO

Recommended?

ZTD estimation
error <10 cm (*)

ZTD estimation

REIEl: error > 10 cm (*)

in SF

Performance
slightly better than
multi-constellation

GPS+GAL+GLO DF

In local coverage, ~1
cm (*) ZWD error

Network Semi-urban
Configuration failures on multipath
every RCV  environment

Recommended?

Degradation of the
number of ZTD
assimilated in NWP
w.r.t nominal

conditions

Duty cycles
on 50% RCV

High
residual
ilonospheric
errors (SF)

Low-grade
receiver

Performance improvement

46

(*): before bias removal

B Recommended and can be used
Sub-optimal but can be used

B Not recommended

* SF: Single Frequency (L1 and E1)
* DF: Dual Frequency (L1/L2 for

GPS and GLONASS, E1/E5a for
GALILEO)

* RCV: receiver
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Perspectives

- Three kinds of project perspectives have been made:

* Future works to improve the simulator test-bed realism

= Recommendations to improve the representativeness of the generated GNSS data and meteorological data

* Future works to improve the WMCC system and test-bed performances

— Recommendations to improve the quality of the ZTD estimates
— Recommendations to improve the performances of the test-bed in terms of computation times

* Future works to operate and exploit a WMCC system

— Recommendations on the future works needed to operate and exploit the WMCC system

. & AIRBUS



DEFENCE AND SPACE

Perspectives

- Future works to improve the simulator test-bed realism

Goal

lonospheric residual
error generation

Tropospheric delay
generation

GNSS receiv_er error
generation

Adapt the test-bed to
mobile receivers

49

Recommendation

Use GNSS service real data
o EX:IONEX IGS real data (today we use a statistical model)

Use ray tracing instead of VMF1 mapping function to compute Slant Delay from Zenith Delay

Develop receiver error models that depend on:

o C/NO value or elevation angle
o Signal frequency (L2, L5, E5a): use Broadcom BCM47755 real data

Adapt GNSS data set to dynamic receivers
Adapt receiver noise+multipath model to receiver dynamics
Improve PPP using Doppler measurements and/or IMU measurement hybridization

NLS
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Perspectives

- Future works to improve the WMCC system and test-bed performances

Goal Recommendation

ZTD estimation accuracy

improvement Compute automatically the optimal grid resolution using receiver position and constellation modes

ZARCEEWCQREEGINERA Tune the tropospheric model estimator to be able to track short-term ZWD variations, frequent
Improvement during stormy days

ZTD estimation accuracy

improvement Analyze and solve ZTD estimation problem over mountains areas

ZTD estimation accuracy
improvement

Use Digital Elevation Map (DEM) instead of barometer to estimate smartphone height

LS SRRV EIIES Use faster programming language (ex: C/C++)
time reduction Increase the data rate of the tomography+PPP algorithm (which is 1s for the current version)

NLS
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Perspectives

-  Future works to operate and exploit a WMCC system

Recommendation

WMCC system Perform real data analyses to validate the system performances

performance analyses Assess the benefit of using ZTD from smartphone network on the high-resolution quantitative
precipitation forecasts

Assess the feasibility to exploit a WMCC system in Europe, determine in which regions of Europe

Assess feasibility to a WMCC can operate:

SLCCIERVISER BN ,  Estimate the minimal receiver density needed to accurately track the ZTD

o Analyse the density of smartphone receivers in Europe

Determine GNSS data Perform a trade-off on the data link between the smartphones of the network and the CPF:

management strategy : : o , :
from smartphone to CPF [ Ex: crowdsourcing application which would allow smartphone to upload GNSS carrier phase +

pressure measurements

NLS
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WMCC test-bed computation times (TMA)

Server name

BLACKHOLE

Brand and model HP Proliant DL360 Genl10

Configuration Bi-Xeon Gold 6154 @ 3 GHz — 384GB RAM
CPU/RAM

Configuration Disques 2 SSD NVMe 1,6 TB + 4 HDD SAS 2,4 TB 10krpm
SYAICINENC Y I E M Linux RHEL 7.x

Test

Computation time (hours)
6

GPS + GAL SF 6,5

GPS SF

GPS + GAL DF
GPS + GAL + GLO SF [ls]

GPS + GAL + GLO DF [m¥4

o)
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Recommendations

-  WMCC system configuration to optimize performances

« Convergence time of the Weather Monitoring Collaborative Crowdsourcing (WMCC)

= Driven by the collaborative tropospheric delay estimation algorithm
= Set to 30 min
= No ZTD shall be assimilated in NWM before the end of this convergence time

« Tomography grid resolution

— Forlocal coverage case (density of 1.02 receivers/km?), the recommended cell size is 5km
= For regional coverage case (density of 0.02 receivers/km?), the recommended cell size is 10km

« Assimilation preparation parameters

= Avoid assimilating biased ZTD and/or ZTD outlier estimates in NWP
= Ex: maximal ZTD bias acceptable for its assimilation (*) = 30mm

(*): before bias removal
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