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Today’s WG3 programme

Haas (in-person)

Haas (in-person)
Neidhardt (in-person)
Gruber (online)
Schartner (in-person)
Schartner (in-person)
Haas (in-person)

Ozyldirim (in-person)

Questions and discussion

"ESA GSET WG-3 (VLBI) general overview"

"WP-1:
"WP-2:
"WP-3:
"WP-4:
"WP-5:
"WP-6:
"WP-":

frequencies, signals, antenna etc.”
ground station fidelity”

delay resolution and correlation”
scheduling”

end-to-end simulations”

test observations”

PRN-option”
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WP-1: frequencies, signals etc.

* Genesis frequencies

* Signal strength and on/off option

* Genesis antenna gain characteristics

* Genesis antenna phase centre characteristics

* Antenna phase centre and satellite centre of mass

* => Rudiger’s presentation
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WP-2: ground station fidelity

e Can the VGOS stations track satellites?

* Canthe VLBI backends (DBBC3, R2DBE) observe the Genesis
frequencies?

* What is the electromagnetic environment at the stations?

* Can we operate switching back-and-forth between ”standard
VGOS” setup and Genesis-setup?

* Are there any issues with data recording?

 => Alexander’s presentation
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WP-3: delay resolution and correlation

* Expected delay resolution from Genesis frequency setup?
* Are there any issues with correlation?

* Will a potential PRN signal cause issues?

* Near-field model in the correlation software?

 Can data be post-processed with standard VGOS pipeline?

* => Jakob’s presentation
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WP-4: scheduling

* What are suitable observing scenarios?

* Should we include Genesis-observations into standard IVS-
sessions or have separate and dedicated Genesis sessions?

* How to create schedules and prepare observation files?
* Advantages/disadvantages of specific satellite inclinations?

 => Matthias’ presentation
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WP-5: end-to-end simulations

* Simulation and analysis of simulated data
* What noise levels to expect?

* Estimation of
* a) “the traditional VLBI parameters”
* b) additional parameters (e.g. satellite orbits, geocenter, ...)

* What will we gain from observing Genesis?
* Important: no harm on geodetic VLBI shall be done!

* => Matthias’ presentation
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WP-6: test observations

* Tests of various Genesis frequency setups
* Observations of other, already existing, satellite signals
* Test “switching-schedules”

* Execute the complete chain:
* scheduling — observation — correlation — fringe-fitting — data analysis

* Important: Gain experience before Genesis will be launched!
* => R{diger’s presentation
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WP-7: PRN-option

* Why is PRN of interest at all?
* What is the achievable precision for one-way-ranging?

* How can this be integrated into the existing station
iInstrumentation?

* Are there any negative impacts on classical interferometry?
* Is there a need for dedicated software receivers?

 => Alime’s presentation
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The Genesis VLBI frequencies
» Band-1: 3100-3300 MHz (i.e. B=200 MH2z)
> Band-2: 5250-5570MHz  (i.e. B =320 MHz)
> Band-3: 8200-8400MHz  (i.e. B =200 MHz)

» Band-4: 9300-9800 MHz (i.e. B=500 MHz)
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Today’s IVS frequency capability

egacy S/X

* S-band2225.99-2365:99 MHz
* X-band 827T2.99-8932.99 MHz

(the examplé above Is.the
frequengy setup of a standard
”R1” gession)

VGOS

e Broadband 3.0-14 GHz

* (4 bands of 1 GHz selectable
"whereever” in this range)
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ITU radio regulations

Radio Regulations
Articles

* https://www.itu.int/en/publicati e
ons/ITU-
R/pages/publications.aspx?par
ent=R-REG-RR-
2020&media=electronic

» Service: “Earth Exploration
Satellite”



https://www.itu.int/en/publications/ITU-R/pages/publications.aspx?parent=R-REG-RR-2020&media=electronic
https://www.itu.int/en/publications/ITU-R/pages/publications.aspx?parent=R-REG-RR-2020&media=electronic
https://www.itu.int/en/publications/ITU-R/pages/publications.aspx?parent=R-REG-RR-2020&media=electronic
https://www.itu.int/en/publications/ITU-R/pages/publications.aspx?parent=R-REG-RR-2020&media=electronic
https://www.itu.int/en/publications/ITU-R/pages/publications.aspx?parent=R-REG-RR-2020&media=electronic

Possible VGOS channel selection for Genesis

3100-3300 MHz 5250-5570 MHz 8200-8400 MHz 9300-9800 MHz

BAND-2 5276.4 32.0 L BAND-3 8220.4 32.0 L BAND-4 9340.4
BAND-2 5308.4 32.0 L BAND-3 8252.4 32.0 L BAND-4 9372.4
BAND-2 5340.4 32.0 L BAND-3 8284.4 32.0 L BAND-4 9404.4
BAND-2 5372.4 32.0 L BAND-3 8316.4 32.0 L BAND-4 9436.4
BAND-2 5404.4 32.0 L BAND-3 8348.4 32.0 L BAND-4 9468.4
BAND-2 5436.4 32.0 L BAND-3 8380.4 32.0 L BAND-4 9500.
BAND-2 5468.4 32.0 L BAND-4 9532.

BAND-2 5500.4 32.0 L 6 ChannEIS BAND-4 9564.

BAND-2 5532.4 32.0 L BAND-4 9596.
BAND-2 5564.4 32.0 L BAND-4 9628.
BAND-4 9660.

10 channels BAND-d4 9692

BAND-4 9724.

BAND-4 .4

=> In total 37 channels, total BW covering 1184 MHz in=4-bands.
15 channels|




Genesis sighals strength considerations

* Compromise between
Enough signal to get reasonable SNR for reasonable integration time

Not disturbing other passive users of the electromagnetic spectrum, in
particular radio astronomical observatories

=> |dea: tuneable signhal

histogram of spectral flux density
of natural radio sources at X-band
inly, (1Jy=102°W m=2Hz")
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Genesis sighal strength ?

* Equation relating signal strength (spectral flux density F ), station
sensitivities (SEFD ), bandwidth B, number of channels N, and
observation time t:

1 F
e SNR = -
N/ SEFD,-SEFD,

V2-B-N-t

* Assuming SEFD=3000 Jy, t=30 s, B=32 MHz,
* 6 channels: F=0.5/1/5/10Jy willgive SNR=10/20/100/200
* 15 channels: F=0.5/1/5/10Jy willgive SNR=16/32/160/320

* Tuneable sighal strength necessary (on/off and tuneable!)
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Tuneable signal strength

* Logarithmic tuning

* Max. spectral flux density S

max

=10lJy

* Attenuationin 21 steps: A=[0 20]dB

S

Smax

—A

- 10 10
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10.0
7.9433
6.3096
5.0119
3.9811
3.1623
2.5119
1.9953
1.5849
1.2589
1.0

12
13
14
15
16
17
18
19
20
OFF

0.7943
0.6310
0.5012
0.3981
0.3162
0.2512
0.1995
0.1585
0.1259
0.1

0
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Tuneable signal strength

@00 Figure 1
File Edit View Insert Tools Desktop Window Help
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=> Proposal has been forwarded to industry <=
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Special situation for VLBI with satellite signals
AN (1) satelite
1) Satellite antenna pattern A

* Gain difference between bore sight and HPBW edges ,/ é \\
/ o \ (2) signal
2) Free space loss / S S
* Distance and frequency dependent ’/-w X

3) _(incl. atmospheric losses)

* Frequency and weather dependent

Atmospheric gas attenuation /
Cloud attenuation

Scintillation attenuation

(Rain attenuation)



VLBI SNR and satellite signal strength

_ VS1+/S2 ) T
SNR_U\/SEFDl-\/SEFDZ\/Z BW - T - bits

* Signal strength S, S, at two VGOS stations:

* dependent on Genesis antenna gain
* dependent on signal path length

* Sensitivity SEFD,, SEFD, at two VGOS stations:

* dependent on elevation-dependent system sensitivity

* Problem: SEFD(g) not known for all stations (!)
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1) Satellite antenna pattern

Question: #
One or two //
Genesis aK

"4

-
»

Pt

tennas?

/

» Maximum group delay difference between frequencies is roughly phase center distance times b/6000.
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11.6 cm
385 ps
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Satellite antenna pattern

* Existing fringe-fitting software for VGOS cannot handle variable
geometry-dependent phase vs. frequency effects

* Itis thus preferable to have one single broad-band antenna

=>”"0One-antenna request” forwarded to industry

* Nevertheless: phase-center variation needs to be calibrated, and
potentially the VGOS fringe-fitting software adapted
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2) Free space loss effect:

Free space loss:
4-m-R-f
C

Lps =

Froquency |3.2GHz | 5.41GHz | 8.3GHz | 8,556z

Lrs meqy ~ 178.1dB 182.7dB 186.4dB 187.6dB
Lrs eage ~ 182.6dB  187.2dB  190.9dB 192.1dB
AL 45dB  45dB  45dB  4.5dB

Assuming an HPBW opening angle of 61.732°
i.e. corresponding to ¢.,,,= 5°
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3) Station sensitivity

* Usually expressed as SEFD (System Equivalent Flux Density)

* Meaning: flux density (in jansky) of a fictitious source that gives the
same power as the complete system itself

* Assume we have a system (i.e. antenna, signal chain, backend) with
SEFD=1000 Jy, then observing a radio source with flux density of 1000 Jy
will result in that the RF power doubles (i.e. +3 dB)

* Needs to be measured/calibrated at the stations
* Includes atmospheric effects and is elevation-dependent
* So-called gain-curves not necessarily known for all VGOS stations

284



Example: ONSA13NE, H-pol at f=5.3 GHz

= Gain Plot 2 R
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File Edit Simulation X-Axis Y-axis Source Frequencies Tools Scaling PlotOptions Help

Plotting SEFD vs. Elevation

y: SEFD Left Polarization
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This includes the tropospheric effects!
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Example atmospheric losses: Ishioka (JAP)

Ishioka clear sky, f=3.2 GHz, p=0.01
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5 | |
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Bagck-of-the-envelope calculation

central

angle § elevation ¢

Y, angle y Kind of "worst case”
/70@
$

What is the observation time
that is needed to achieve
a specific SNR:

2

1 SNR /SEFD; ./SEFD,

T2-BW-bits \ 0 Js, /S,




Back-of-the-envelope calculation

* Assumptions:

* Genesis signal at boresight: 10 Jy
* Antenna gain variation 10 dB between boresight and edges
* Additional free-space loss contribution 4.5 dB

* Two stations observing at 5° elevation (baseline ca. 10000 km)
* Station SEFD @ zenith: 2000 Jy
* Elevation-dependent SEFD variation (SEFD @ 5°: ca. 3300 Jy)

 Bandwidth BW=200 MHz
* SNR goal 25

* Correlation efficiency: n=0.75

=> observation time required: T=120 s
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Conclusions so far from WP-1

* One broad-band Genesis VLBI antenna is preferred

* Antenna phase centre variation needs to be calibrated
* Potential adjustments in VLBI processing software are necessary

* Signal strength should be tuneable
* possibility to switch off desirable

e Station sensitivity needs to be measured and monitored
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WP-2: ground station fidelity

Alexander Neidhardt (TUM, Wettzell)

Rudiger Haas (Chalmers University of Technology),
ESA GSET WG-3 members, stations
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VGOS observing network

&
Ny-Alesund

Onsalay  AMSvetloe .

Antenna
Capabilities

Metsahovi ABadary
Westford Wettzelld A Urumgi
A Flores A i
A M Zelenchukskaya Ishioka
GGAO Santa Maria p- 8 -
McDonald Gran Canaria Kanpur Sheshan KOkeeA
Chiang Mai
Songkhla
AFurmlc..gdl
‘Kzuhcn ne
Tahiti
Y arragadee
AGGO Hartebeesthoek - A

A operational A antenna built, signal chain work
in planning stage
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VGOS observing network

&
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Chiang Ma{‘

Songkhla
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Tahiti
Y arragadee
AGGO Hartebeesthoek =i ec‘

A operational A antenna built, signal chain work
in planning stage

Page 293



Technische Universitat Mianchen }

VGOS observing network

&
Ny-Alesund

Dnsala‘ AMg\t,m oe Badary
etsahovi
Westford WettzellA A Urumgi A A f ten na
‘A Flores % ‘M e lonchkskaya ‘Ishioka Cap abilities
GGAO Santa Maria Ybes 8 A A
McDonald e i Sheshan .
Gran Canaria Kanpur Eq ul p m ent
Chiang Mai
\
Songkhla . -
AFurmlc:zal RFI Situation
‘Kzuhcn'nc
Tahiti
A Y arragadee
AGGO Hartebeesthoek A

A operational A antenna built, signal chain work
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VGOS observing network

&
Ny-Alesund
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A
Hobart

A operational
in planning stage

A antenna built, signal chain work
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VGOS observing network

Betreff: [NSGENESES] Is your VGOS-site read\" for GENESIS =>we need your feedback and help » Do you have graphs from fivept, onoff, acquire for a gain calibration, or the log files of a longer
Von: Alexander Neidhardt <alexander.neidhardt@tum.de> observation or something similar, which we can use to get a 24-hour data set for different sources
Datum: 30.03.2025, 22:38 (e.g., cygnusa, casa, etc.)? See: https://www haystack.mit edu/wp-content/uploads/2023/05/
An: ivs-stations@lists.nasa.gov, ivs-vgos-tech@lists.nasa.gov Callbration-TOW-2023.pdf and hitps://www haystack mit edu/wp-content/uploads/2023/05/

TOW MW FSCperations Neidhardt.pdf (starting on page 56}

Dear responsible staff at VGOS stations, If you have all (or part) of this information, | would appreciate it very much if you just insert it into this text

above and if you sent it to me via email. Please use the special tag [IVSGENESIS] so that it arrives in the right

Iwould like to draw your attention to an important future support mission for VGOS. The European Space folder. In any case, we can discuss further details at the EVGA (provided you attend the meeting) or in a
Agency (ESA) has approved the GENESIS mission, which can be described as follows (see also hitps:// Zoom call at your convenience,

www.esa.int/Applications/Satellite_navigation/Genesis): “The Genesis satellite will combine the main

geadetic techniques (very-long-baseline interferometry, satellite laser ranging, global navigation satellite Thank you all for your efforts and looking forward to your feedback.

systems and possibly DORIS), synchronising and cross-calibrating the instruments to determine biases
inherent to each technic, allowing to correct them for superior precision.” ESA GSET WG-3 (VLBI) has
commenced work on the preparation and coordination of VS tasks together with ESA staff. For a more
detailed planning, we request your help in gathering information for your site.

Best regards, Alexander

GENESIS is planned to be launched in 2028 and has a mass of 300 kg. It will orbit Earth at a height of 6000
km (inclination 95 deg) and can be observed on the following frequencies:

- Band-1: 31003300 MHz (i.e., B = 200 MHz)

- Band-2: 5250-5570 MHz (i.e., B = 320 MHz)

- Band-3: B200-8400 MHz (i.e., B = 200 MHz)

- Band-4; 93009800 MHz (i.e., B = 500 MHz}

For the simulation of the scheduling, we would like to have the following information:

1) Antenna capabilities

+ s your antenna able to track satellites?

s Does your antenna support continuous or step-wise RaDec-tracking?
= If not, can it be extended to track satellites until 20287

* What do you need for the tracking (e.g.,TLEs)?

2) Current equipment

* What is you current equipment? We want to update the info on https://www.ivs-technology-
coordinator.info/ivs-station-data/. Please check, what is written there and update it or inform me to
update it.

+ Canvyour frontend, converters, and backend be adapted to the listed frequencies {LOs if used, etc.)?

* (Can your digital baseband converter / digitizers handle the smaller bands of 200 MHz or 320 MHz?

3) Spectrum

* Do you have spectrum information, e.g., spectra plots, for the above bands?
= Do you have any restrictions for these bands (e_g., directional dependencies, known elevation masks)?

4) Antenna quality

s Can you send the latest SEFD or system temperature values?
* Do you have SEFDs for different elevation positions? Page 296
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» Antenna capabilities
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Antenna capabilities

Questions are:

e |s your antenna able to track satellites?

e Does your antenna support continuous or step-wise RaDec-tracking?
e |f not, can it be extended to track satellites until 20287

e What do you need for the tracking (e.g.,TLEs)?

Because:

« We have ,slow” VGOS antennas and fast VGOS antennas (12 deg/s in
azimuth and 6 deg/s in elevation)

« Not all antenna control systems are yet ready for satellite tracking tables.

* Not all locations have the possibilities to upgrade existing software
(maybe new VLBI Field System versions)

« The input type to send orbit positions to the antenna control might be
different (VLBI Field System supports TLESs, but currently no way to get
schedules with TLEs => additional ,workaround“ programs, VEX27?)
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Antenna capabilities

Idea from Yebes (Pablo de Vicente)

VGOS satellite tracking proof of concept

Implementing the TLE in the FS (Field System)

1. Create a new FS command called “satellite”:
satellite=sat%20name (spaces are replaced by %20)

The command just stores the name in a FS local variable (sathname) readable from antcn.c

2. Use FS command to start the tracking:
source =satellite,00000,00000

The source name “satellite” is treated in a different way in antcn.c, than natural sources:

This looks for the TLE in https://celestrak.org/NORAD/elements/gp.php?NAME=" + sathame + "&FORMAT=tle"
Downloads the 2 lines and parses them sending them to an algorithm.

3. Use an algorithm to create a: Time, Az, El table from the TLE for the next 20 minutes.

4. Load the table in the VGOS telescope control system and start the real tracking.

Similar sample from Wettzell (A. Neidhardt)

2025.090.21:18:14.26#antcn#* antenna=tle.,: follow a passage of a sattelite orbit *
2025.090.21:18:14.26#antcn#* for seconds given as Two Line *
2025.090.21:18:14.26#antcn#* Element (TLE) in the folder /usr2/tle files *
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Antenna capabilities

Idea from Yebes (Pablo de Vicente)

VGOS satellite tracking proof of concept

Satellites with a beacon in X band:

COSMO 8.120 GHz & 8.250 GHz
SENTINEL-2C 8.2 GHz.

Within the VGOS subbands.

Heliosyncronous orbit

Fast movement: 100 minute period orbits

Already tracked from Matera VGOS RT (during commissioning)
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Antenna capabilities
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A operational
in planning stage

A antenna built, signal chain work

Page 301



Technische Universitat Mianchen :‘73 FESG *ll‘""::‘:::"mwW @> TuTI

ESA GSET WG-3 (VLBI)

WP-2:
ground station fidelity

» VGOS Network
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Equipment

Questions are:

« What is your current equipment? We want to update the info on
https://www.ivs-technology-coordinator.info/ivs-station-data/.
Please check, what is written there and update it or inform me to
update it.

« Can your frontend, converters, and backend be adapted to the
listecBand-1: 3100-3300 MHz (i.e., B = 200 MHz)

Band-2: 5250-5570 MHz (i.e., B = 320 MHz)

Band-3: 8200—-8400 MHz (i.e., B = 200 MHz)
Band-4: 9300-9800 MHz (i.e., B = 500 MHz)

« Can your digital baseband converter / digitizers handle the smaller

“bands of 200 MHz or 320 MHz?
Because:

« We have different frontends (up-down-converter, down-converter,
RFoverFiber-connection and DBBC3s).

« We have different backends, mainly DBBC3s and RDBEs (and
follow-on models).

« We have different recorder, which is not a problem.
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Equipment

Feedback from AuScope

« A & B into 3-7 BPF, 16 channels available > okay

+ C:into 6-10 BPF - okay
Feedback from Onsala

+ D:into 9.5-13.5 (16 channels) - on the edge of the bandpass (for
9.3 Genesis frequency); looks okay, may need to adjust LO

Genesis @ OSO, using DBBC3 ddc_v126 firmware

Feedback from Yebes and Santa o{10- 00

m 38-76GHE »|LO=7.7GHz
Choosing 2 x 32

channels with
DBBC3 ddc_v126

TE-11.4GHz | LO=7.7GHz

Pablo de Vicente (2024-09-03):

¥ LO=116GHz

"We can observe the 4 GENESIS bands using an extra output we
have at our filtering modules before the VLBI| backends. That also
applies to Santa Maria.”

RF-backend DBBC3

Ws: Elevenfeed, down-converter with fixed frequencies, up-down-converter with variable frequency
Feed baCk from Wettze” settings as optional second receiver path, 2xDBBC2/FILA10G and Mark6 as recorder (DBBC3 and Flexbuff
as recorder is tested locally and equivalent, so that a switching to the new system will be soon in

November/December 2024}
=> Antenna can participate in GENESIS observations, but it requires a re-cabling from the pure down-
converter to the up-down-converter and a correct setting of the Holzworth synthesizer; additionally,

DBBC3/Flexbuff is the solution to avoid special setups with the PFB mode in DBBC2s

Wn: QRFH-Callisto-feed, down-converter with fixed frequencies, DBBC3 and Flexbuff as recorder
=> Antenna cannot participate in GENSIS observations if we don't do some changes
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ESA GSET WG-3 (VLBI)

WP-2:
ground station fidelity

» VGOS Network

» Antenna capabilities
» Equipment

» RFI Situation

>
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RFI Situation

Questions are:

» Do you have spectrum information, e.g., spectra plots, for the
above bands?

» Do you have any restrictions for these bands (e.g., directional
dependencies, known elevation masks)?

Because:

« Many areas are polluted by RFI (5G, 4G/LTE, Star Link, WLAN, etc.)
« There is almost no protection.
» Sites are sometimes just polluted from directions of urban installation.
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RFI Situation

Feedback from Yebes

Pablo: RFl situation at Yebes

Pablo: RFI situation at Yebes

Genesis band- (211-2.3 GHi) o etk Pa‘blo: RFl situation at Yebes Pablo: RF| situation at Yebes
il
{1V Nty gt E o ‘
A ATl S AN \.‘m P TG ey A I;
Feedback from Wettzell Feedback
from
o GENESIS Onsala
g LS OBSERVER Fixed Monitoring Unit (FMU) 318w i
522
i il |
| |
| Wl
fifil]
-!?.‘= s

='.\I /=\ / =\\=

5000 10000 15000

Frequency {MHz]
o 5 E
ANAN=A >
S, S - L |
s e i I
3.1-3.3 GHz 5.25-557 GHz || 8.2-8.4 GHZ 9.3-9.8 GHz ol ¥ -l I Il
= [ — = 3 1o
i -
BW=0.2 GHz BW=032 GHz BW=02 GHz BW=05GHz :-l).x |
pol X
»*
pol X

1w
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RFI Situation
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ESA GSET WG-3 (VLBI)

WP-2:
ground station fidelity

» VGOS Network

» Antenna capabilities
» Equipment

» RFI Situation

> Quality
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Quality

Questions are:

» Can you send the latest SEFD or system temperature values?

* Do you have SEFDs for different elevation positions?

« Do you have graphs from fivept, onoff, acquire for a gain
calibration, or the log files of a longer observation or something
similar, which we can use to get a 24-hour data set for different
sources (e.g., cygnusa, casa, etc.)? See:
https://www.haystack.mit.edu/wp-
content/uploads/2023/05/Calibration-TOW-2023.pdf and
https://www.haystack.mit.edu/wp-
content/uploads/2023/05/TOW_MW _FSOperations_Neidhardt.
pdf (starting on page 56)

Because:

» Gain calibration is often just available for astronomical antennas.
« SEFD, Tsys, etc. values change over time.
« Quality changes over time in VGOS sessions (Pcal, etc.)

Page 311



Technische Universitat Mianchen

7G> FESG *I™—

0 TUM

Topic 1: SEFD (from logs)
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Key questions of WP-3

e What is the expected delay resolution from VLBI to Genesis?
e Are there any issues with Genesis signal correlation or post-processing (e.g., fringe

fitting)?

Genesis
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(VT)

Radio
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Delay resolution

/ Telescope 1

\,, Radio
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Correlation
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Fringe-Fitting




Key questions of WP-3

e What is the expected delay resolution from VLBI to Genesis?
e Are there any issues with Genesis signal correlation or post-processing (e.g., fringe

fitting)?

Genesis
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Software simulation
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Overview of progress

1. June 2024: Investigation of delay resolution achieved by VLBI (VGOS) to Genesis.

2.  August 2024: Testing of a new frequency setup to align with Genesis emission bands.

3. October 2024:. Comparison of Gaussian and binary random signals from Genesis
within the VLBI processing chain.

4. October 2024: Simulation of single-dish observations of signals with 256/512 MHz
bandwidth.



(1) Investigation of delay resolution obtained by VLBI (VGOS) to Genesis VT
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(2) Testing of a new frequency setup to align with Genesis emission bands
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(3) Comparison of Gaussian and binary random signals from Genesis within the
VLBI processing chain
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Simulations show equivalent results for Gaussian and binary random
signals.



(4) Simulation of single dish observations of signals with 256/512 MHz bandwidth
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Delay observations can be obtained with a single radio telescope for
256/512 MHz bandwidth signals using signal replication.



Future work

o Implementation of realistic BOC signals in VieRDS, including magnitude shape and

code length.
e Investigation of BOC signal behavior in the VLBI processing chain.

o Analysis of the effects of superimposing BOC and Gaussian noise signals within the
VLBI processing chain.
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Studied various orbits
o Altitude: 6000 km
* Inclination: 60 deg

Previously: Visibility w.r.t. Orbit
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7 stations
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Previously: Visibility w.r.t. Orbit

Studied various orbits
o Altitude: 6000 km
* Inclination: 60 deg
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Signal Strength

S S
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Signal Strength Angle y:
- Max 31 degrees
—> Signal strength

cosine

— max 3 dB

—-12 + —— max 6 dB

— max 9 dB
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1 2
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Many degrees of freedom for scheduling

Variable:
« Signals strength in nadir (x-axis)

« Signal loss at y = 31 degrees (y-axis)

Question:
« What signal strength do we need

 Tuneable signal strength 0.1-10 Jy
(logarithmic scale)? :-/

E'HZUI“ICh Organisationseinheit verbal

Fixed:

Observation duration

Genesis antenna gain curve:
— Cosine

SEFD:
— Elevation-dependent models

Required SNR:
— 20 per band

Recording rate:

— A, C: 640 Mbps

— B, D: 1024 Mbps
Satellite min repeat time:
— 3 minutes

09.04.2025
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What observations do we loose?

Mostly low elevation scans
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=31 deg [dB]

Signal loss vy

Next Step: Generalize Investigations
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6 Jy with 5 dB at y=31 deg
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6 Jy with 11 dB at y=31 deg
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6 Jy with 5 dB at y=31 deg
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6 Jy with 11 dB at y=31 deg
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Simulation Studies

Schunck, D., McCallum, L., & Molera Calves, G. (2024). UNIVERSITYof
On the Integration of VLBI Observations to GENESIS into Global VGOS Operations. TASMANIA
In Remote Sensing (Vol. 16, Issue 17, p. 3234). MDPI AG. https://doi.org/10.3390/rs16173234 AUSTRALIA
« Scheduling:
— 10 sec (every 5 minutes) —
ptima
; i VGOS schedule
— 3 networks (12, 20, 29 VGOS stations) ot e 1 aptirhizition
M \IIESChEd++ mzurICh VGOS performance lglEpl\?E;Igf
Vienna VLBI and Satellite Software 2 with mixed schedules on VGOS
« Simulations: - Optimal i
Frame tie with pHERG Estimate of
tit # & #ob
— Additional error source (orbital errors) 3 GENESIS(24h “for GENESIS " to GENESIS
- F ti ith
VieV S 4 GENESIS (extended)
Vienna VLBI and Satellite Software
1EGEI\IESIS
° . rame ti
Results: agcufaqer

— 150 — 200 scans (good agreement with prev. findings)
— Impact on traditional geodetic products negligible > ©
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Simulation Studies
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not observable

Wolf, H., Bbhm, J. (2025)
How accurate can the VLBI station
coordinates be derived from VLBI observations to the Genesis satellite?

Scheduling:
— 30 sec rep East

— Two inclinations (60° and 97°) ] ESARAIREN |

m VieSched++ ETH:zirich

Vienna VLBI and Satellite Software

-
5,

o

i3 I8i7 | 2Bl 7.5 7.9 |84 W 7.9

Simulations

Analysis: M VieVS

o

---.-

— EOP (quasar Only) Vienna VLBI and Satellite Software _“ .
. . Q\ Q> <> %p

Station coordinates (sat + quasar) vo«,’v%v&”&o*y o;\*‘ .&/\Q& <& Qgg«
S e SRR

Conclusions:
— For that specific task, 97° slightly better than 60°
— Larger networks have less impact w.r.t. inclination
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Simulation Studies

Schunck, D., McCallum, L., & Molera Calvés, G. (2024).
Practical Considerations of VLBI Observations to the GENESIS Mission.

In International Association of Geodesy Symposia.

Springer Berlin Heidelberg. https://doi.org/10.1007/1345 2024 245

N
VieSched++

Vienna VLBl and Satellite Software

ETH:zUrich

—>»{ VEX }—»

.

7~

.

DRUDG

» .prc —»p

>

—{.snp }—»

» Genesis visibility (= good agreement with prev. findings)

Identify missing software components

How many VGOS sessions will observe Genesis?

— Dedicated sessions needed (frequency setup differs)
— Regular one session per week: VGOS already at maximum capacity
— Additional resources need to be allocated for Genesis sessions

ETHzirich

Matthias Schartner (mschartner@ethz.ch)

Field
System

UNIVERSITYe¢f
TASMANIA

AUSTRALIA

—>
4—

ACU
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https://doi.org/10.1007/1345_2024_245

Prev. Simulation Studies

CHALMERS

UNIVERSITY OF TECHNOLOGY

Klopotek, G., Hobiger, T., Haas, R., & Otsubo, T. (2020).
Geodetic VLBI for precise orbit determination of Earth satellites: a simulation study.
In Journal of Geodesy (Vol. 94, Issue 6). https://doi.org/10.1007/s00190-020-01381-9

* Precise Orbit Determination (POD) C5++

« MEO Satellites (LAGEOS-1/-2 and Galileo) 480" =185 00" ~45Y D° 45 ey a5 fuy Galileo - E02 & E04 & E12
90 —1 : ’

* Monte-Carlo simulations WRMS 35 [mm]

— 3D orbit precision of few cm !

45°

Geocenter offset... _

o 20 o

CODE orbits for forward simulations - “the truth”

ti t'+1 t Oe al

T
“ \\\ T"F\* & i
?' 0 10 -

Chttrl\ v.r.t. th CODc
O!bltS = ucuracv

90 9
-180°-135" -90° -45° (° 45 90" 135" 180°
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Next steps

 Coordinate efforts

« Bring all topics together:
— Underlying models

— Genesis observing duration ViESCth++ ETHz(irich
— Simulated error sources Vienna VLBI and Satellite Software
— Analysis steps VieVS

. DI Vers I ty Vienna VLBI and Satellite Software

— Additional software packages
— Others can also be used

@ cnavers [
e UNIVERSITY OF TECHNOLOGY — Bernese

* Focus on key topics:
+ Many more ©

— Orbit parameters?

— Signal strength?

— Precision of orbit determination / geodetic parameters?
— Combination with other techniques?
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Possible VGOS channel selection for Genesis

3100-3300 MHz 5250-5570 MHz 8200-8400 MHz 9300-9800 MHz
BAND-2 5276.4 32.0 L BAND-3 8220.4 32.0 L BAND-4 9340.
BAND-2 5308.4 32.0 L BAND-3 8252.4 32.0 L BAND-4 9372.
BAND-2 5340.4 32.0 L BAND-3 8284.4 32.0 L BAND-4 9404.
BAND-2 5372.4 32.0 L BAND-3 8316.4 32.0 L BAND-4 9436.
BAND-2 5404.4 32.0 L BAND-3 8348.4 32.0 L BAND-4 9468.
BAND-2 5436.4 32.0 L BAND-3 8380.4 32.0 L BAND-4 9500.
BAND-2 5468.4 32.0 L BAND-4 9532.
BAND-2 5500.4 32.0 L 6 channels BAND-4 9564.

BAND-2 5532.4 32.0 L BAND-4 9596.

BAND-2 5564.4 32.0 L BAND-4 9628.
BAND-4 9660.

10 channels BAND-4 9692.

BAND-4 9724.

BAND-4 9756.

=> |n total 37 channels, total BW covering 1184 MHz in 4 bands. | san-1 97ss.

15 channels




Some VLBI restrictions

 VVLBI Data Interchange Format (VDIF):

9.3 Multi-channel real-data Data Array format

For simplicity, and in accordance with historical VLBI Eractice, the VDIF specification for
multi-channel Data Arrays supports only 2" channels with 2* bits/sample; maximum #channels is
231=2,14’? 483,648 and maximum bits/sample is 2°=32. Extension of these formats to include an
arbitrary number of bits/sample is not contemplated. In such cases, users are strongly
encouraged to use single-channel Data Threads, which do not impose this constraint.

=> 37 channels impossible, but 32 work fine
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G1 frequency setup (5-9-5-13)

3100-3300 MHz 5250-5570 MHz 8200-8400 MHz 9300-9800 MHz
BAND A 3132. . BAND B 5276.4 32.0 L | BAND C 8220.4 32.0 L
BAND A 3164. : BAND B 5308.4 32.0 L | BAND C 8252.4 32.0 L
A : : BAND B 5340.4 32.0 I | BANB—C 82844 32.0 T
BAND B 5372.4 32.0 L | BAND C 8316.4 32.0 L
BAND B 5404.4 32.0 L || BAND C 8348.4 32.0 L

BAND—B—5436-4—32-0—F BAND C 8380.4 32.0 L

BAND B 5468.4 32.0 L
5 channels BAND B 5500.4 32.0 L 5 channels
BAND B 5532.4 32.0 L
BAND B 5564 .4 32.0 L
9 channels

=> |n total 32 channels, total BW covered 1024 MHz in 4 bands.

13 channels



Further restrictions

* Backends:
* Perferable to have 8 channels per IF

—> modified Genesis frequency setup
develo ped at Onsala Table 2: Modified Genesis frequency setup with 8 BBC per IF. Frequencies are given in unit MHz.

Shown are the upper edges of 32 MHz wide channels. The channels shown in gray and in brackets
are outside the Genesis frequency bands. They have been recorded but were not used for further

correlation and fringe-fitting. The channels shown in red are part of the current VGOS operational
(VO) setup.

Channel Band-1 Band-2 Band-3 Band-4
(3608.4) 55604 83764 97844
(3480.4) 55284 83444 97524
(3354.4) 54064 83124 06884
32884 54644 82804 96244
3256.4 54324 82484 95604
32244 54004 (32164) 94324
31924 53684 (81524) 93684
31604 53364 (T9284) 93364

0o =1 &3 B b L3 BD =
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Test observations at OSO

* G1-test: with 5-9-5-13 channels
* Requires special DBBC3 DDC_v126 firmware
* Has problems with HOPS/Fourfit post-processing

* G2-test: with modified Genesis frequency setup 5-8-5-8
* Simplification to keep 8 BBC per IF

* Allows to use DBBC3 DDC_v125 firmware that is standardly used for
VGOS observations

* Observations Oe-Ow, correlation with DiFX and fringe fitting with
HOPS/Fourfit
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Delay resolution function VO
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Delay resolution function G1
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Comparsion G1 vs. VO setup
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Delay resolution function G2
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Comparison G2 vs. G1 setup
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G2 test observations

Successfull ©
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Outlook

* VGOS R&D Genesis session has been proposed and granted
e Complete IVS VGOS network
G2 frequency setup
* 24 h observations and complete data analysis

* Tests with ”real satellite signals”

* (but different frequency setups)

 Example: AuScope VGOS observations of GNSS L-band (McCallum et al.,
2025)
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Single Station Delay
Measurements
(PRN-Option)

Alime OZYILDIRIM
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VLBI Transmitter

* VLBI transmitter will broadcast
— White noise signals mimicking quasars

— Pseudo Random Noise (PRN) codes enabling single station
delay measurements at VLBI ground stations.

https://h2020nav.esa.int/project/h2020-038-01

e PLD-VLB-130: Single Station Delay Measurements

— The signals transmitted shall enable single station delay
measurements at the VLBI ground stations. //'

chip
-
_..: .‘--

+1 7 -

https://ggos.org/item/ivs/

X Royal Observatory 360
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https://h2020nav.esa.int/project/h2020-038-01

Principle of VLBI Observation

‘.|| genesis

(2)
| |
| |
| |
| ! |
RF I RF I
Local |_| Amplifier I Amplifier || _Local I
Oscillator Mixar : Mixer Oscillator :
¢ | : L ,
Frequency ; e | Single Station
Standard I Standar I
| |
; | % |
| |
Station | | Sampler I Sampler | | Station I
Clock Formatter : Formatter Clock :
| |
Recording : Recording :
Unit I Unit I
| - |
3 I o I
x Lo B '
Correlator
~xxxx RoOyal Observatory 361

xx**  of Belgium (Nothnagel A., Elements of Geodetic and Astrometric Very Long Baseline Interferometry, April 2024)



Single Station Delay Measurement

* Ranging Process!

1 second

eeeeeeeeeeeeee S N

m

1 PPS Signal and PRN Code

Satellite Orbit Error

Satellite Clock Error

29

5
0]
lonospheric Delay
50 — 200Km
"

Tropospheric Delay 7
10Km b7

/ Multipath
Thermal b
Noise =

(=]

i

Errors in Pseuodorange Measurements
(Manandar D., GNSS Introduction, Jan. 2023)

3)

Receiver Clock Error

**:** Royal Observatory
jollolallal of Belgium

i Signal proceding
‘ from the satellite
L BEed Code replic
DR Ry HH g&glergteﬁlh?the receiver

AN // \ NN AN

i Correlation
N 4 7 V

At
Travelling time of the transmitted signal from the satellite
(ESA Navipedia, GNSS_Basic_Observables)

Ideal Case (True Range): po = c(t, — tg)
p=po+c(6 —6b)+ I,+T,+Ins,. —Insg + MP, + ¢
where

6, and &, represent receiver clock error and satellite clock error

Ins, and Ins; are the receiver and satellite instrumental delays

MF, and ¢ refer to multipath error and receiver thermal noise

‘.|| genesis

I, and T, denote frequency dependent ionosphere and tropospheric errors
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Steps for Ranging Process (Implementation)

1. Acquisition o
— Doppler frequency shift of carrier frequency '
— Code phase (delay) of PRN code (correlation)

Doppler Frequency bins (Hz)

2. Model and calculate tropospheric delay a _ reoneg = mre L O
PRN Code Phase bins (Chip) Transform '? * Transform
3. Calculate ionosphere delay T T e
4. Consider other delay errors (clock errors, 3 m;
instrumental delays, etc.) = T

- ldentify requirements for the appropriate platform (HW and SW) for
implementation!

% Similar to GNSS Receiver Ranging Process for a single Satellite!

Royal Observatory
*****
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Pseudorange Resolution

.\ genesis ||/

Carrier ; :
Frequency Band Frequency range (MHz) Frequency Qectiplod Bondwidin
(MHz)
(MHz)
S 3100-3300 3200 200
] 5250-5570 5410 320
X (low) 8200-8400 8300 200
X (high) 9300-9800 9550 500

* IfC&X;;, 2 300 MHz Bandwidth - 150 Mcps
— 66.7 ps time resolution (%1 rule of thumb used in GPS systems)
20 mm measurement resolution

* Some factors can affect the correlation such as
— analog-to-digital conversion
— receiver antenna characteristics, etc.

leading to distortion = a reduction in time resolution!

Royal Observatory
of Belgium

*
* ok ok ok k
* ok ok ok

Max Time Resolution (ps)

Max Pseudorange

Chiprate| Time resolution Pseudorange
(Mcps) {psec) Resolution [cm)

150 GE.6T 2.00

100 100.00 3.00

50 200.00 &6.00

25 400.00 12.00

10.23 97752 29.33
1.023 a775.17 293.26

=
o
(@]
o

800
600
400}

200}

30f & °

Resolution (cm)

--= GPSP(Y) |

| KO o |

—

20 40

N .610. " .81()

TR S
100
Chip rate (Mcps)

126 140
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SDR Implementation

e Software Defined Radio (SDR) receiver a\oproach may
be employed to avoid additional hardware
modifications in ground stations

* Ranging will be carried out in SDR based receiver

e Several questions arise
— Can the recorded data be used as it is?

— Is it possible to record data with wider BW and higher bits at
VGOS stations?

— What are instrumental delays at VGOS stations?
— How do VGOS stations differ from each other?

*= Frontend & Backend

= AGC

= |nstrumental delays

= Sampling rates and number of bits

Antenna

\/

Software Defined Radio Receiver

& RF Tuner

_.|

Analog to
Digital
Converter

_.I

Digital
Down
Converter

_,i

Digital
Signal
Processor

Aim: Perform Pseudorange calculation on a SDR based Receiver!

Royal Observatory
of Belgium

*
* ok ok ok k
* % %k

Digital
Outputs

https.//www.digikey.com/en/articles/learn-the-fundamentals-
of-software-defined-radio
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VGOS DBBC3 (Current, Later?)

*
* Kk Kk kK
* % %k

7.6-11.4GHz

11.4-15.2GHz

RF-backend

| LO=0GHz 3100-3300 MHz

»|LO=7.7GHz 5250-5570 MHz

»| LO=7.7GHz 8200-8400 MHz

»|LO=11.6GHz 9300-9800 MHz
DBBC3

Sampling method; 4-way interleaved sampling
using four ADC devices each running at 2048 MHz

Phase Adapter required to distribute the analog
signal to all four samplers

Requires careful calibration of each samplers offset,
gain and phase delay to prevent artifacts in the
reinterieaved datastream.

Possible Input Bandwidths: 1x4 GHz, 2x2 GHz,
4x1 GHz

Output Bandwidth: 8 Gsps @ 10 Bit — 80 GBiv/s

4 GHz (151 Nyg) ; o
4GHz N -1—15(_..- 16 Ghps
-
L) >
PY-UFAESTE- GColMa £ 2 ADB3L . 16Gbps
>
4 GHz (15t by A
4 GHz in 4-15 GH2 16 Gbps
-

16 Ghps

GCoMo: Analog signal processing

automatic gain control

power level monitaring

optional downconversion (4-15 GHz — 0-4 GHz)

ADB3L: Analog Digital Converter

4-way interleaved sampling @ 2048 MHz
= 4096 MHz bandwidth

output: 8Gsps @ 10 Bit

Core3H: Digital Postprocessing

digital filtering, depending on observation mode
time and 1PPS synchronization

manitoring of sampler statistics

creation of VDIF packets and data transmission to
recorders (up to 16 Gbps/1F)

DBBC3

GGano— [RBEAD— [GOREaH 1=
GCoMO —— |ADB3L —— CORES3H
4 GHzin H-pol=> | fGCoMO — -—

4 GHzin V-pol=> | |GCOoMO —— -

4 GHz in H-pol=>

4 GHz in V-pol =>

~ CORESH 5
CORE3H §
CORE3H =
COREaH 2| 5
GOREaH “f=
CORE3H “f| |

& VGOS Survey will be carried out!

Royal Observatory
of Belgium

‘ Genesis PRN receiver

genesis
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Exercise (?)

1. Start with GNSS data recorded at L-Band VLBI stations
— Australia VLBI Ground Station
— Sweden VLBI Station (Onsala)

Learn VDIF format to parse data
Understand GNSS (GPS or Galileo) transmitted data (at 2 carrier frequencies)

Understand GNSS receiver processes

Lok N

Generate a replica of PRN codes for acquisition process (correlation)
— Analyze Doppler frequency shift of carrier frequency
— Analyze code phase (delay) of PRN Code

6. Research particularly tropospheric and ionosphere delays for GNSS signals

7. Consider other delay errors (clock errors, instrumental delays, etc.)

x Royal Observatory
*****
* ok &k of Belgium 367



Yarragadee Station (Yg)

VGOS

Receiver
L-Band S-Band VGOS
1900 MHz (50) Local \'
Oscillator HPF  Filter
3+ GHz
BPF  Filter BPF  Filter |
~1-1.6 GHz 300-500 MHz RFOF  Cable
X Y X ¥ Receiver/Antenna
Control Room
/5 | BPF Unit
£8
3 é \l BPF BPF BPF
& 37GHz 6-10 GHz 9.5-13.5 GHz
x X
IPS
X /’
DBBC3
IFA IFB IFC IFF IFG IFH

9LX 8sn H4l
91X g8 H4l

9Lx asn v4i
91X 857 V4l
91x @57 34|
91X 851 34|

9LXx gsn o4l
91X 887 04l
9LX gsn a4l
91X 881 adl
9Lx gsn 94l
91X gs7 94l

9Lx gsn 84|
91x gs1 84!
91X asn 34|
91X gsn 44|

[ ] FlexBuff

**:** Royal Observatory
jollolallal of Belgium

UNIVERSITY of 55 e=
TASMANIA@@?

v L Band recorded data (20 GB) has been
arrived!

— GPS Block IIF-4 (PRN 27)
— 12-m antenna in Yarragadee station
— 20 second scan
— 2 linear polarization
— 2 channels, 128 MHz BW and 8 bits
— 20 GB of data

Thermal Noise Floor

-22dB -19d8
C/S Code C/A Code

L2 = 1227.6MHz L1 =1575.42MHz

‘.|| genesis ||/
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Early Results

*
* Kk Kk kK
* % %k

Royal Observ
of Belgium

'
M
o

Power density in dB scale
W )
o o

A
o

Peak at = 1575.55 MHz
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Topics for Consideration

 How many bands will be used (2 or all)?

 What chip-rate is feasible?

 Which type of PRN-code is suitable?

 What type of modulation (e.g., BPSK, BOC) is feasible?
e Operational scenario

— Transmission of PRN signals
= Mix PRN signal with white noise signal

= Separate transmission

x Royal Observatory
*****
* ok &k of Belgium 370
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