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1  MOTIVATION 
The most precise global geodetic reference frame, the International Terrestrial Reference Frame (ITRF), is 
based on four geodetic space techniques: Very Long Baseline Interferometry (VLBI), Satellite Laser Ranging 
(SLR), Global Navigation Satellite Systems (GNSS) and the Doppler Orbitography and Radiopositioning 
Integrated by Satellite (DORIS) System. VLBI is the only technique depending on natural, very weak cosmic 
signals, while the other techniques depend on artificial signals: SLR on optical laser pulses, GNSS on 
microwave emissions from satellites, and DORIS on microwave emissions from ground beacons. All four 
techniques complement each other with their observations for the terrestrial reference frames, because of the 
individual advantages: VLBI is unique for the Earth orientation parameters and the tie of International 
Terrestrial Reference Frame (ITRF) to the International Celestial Reference Frame (ICRF), SLR is strong in 
the determination of the centre of mass of the planet Earth and of the scale in the ITRF, GNSS is good for 
densification of global networks and of orientation and DORIS technique is unique in the most homogeneous 
global network of reference sites. In order to combine these advantages in a synergetic way, a co-location of 
these techniques in geodetic observatories is an objective for progress in global geodesy. 

Fig. 1: DORIS stations co-located with other IERS space techniques. https://ids-
doris.org/images/doris/colocation_IERS_Mar2019.png  

 
 
The idea of co-location for a better geometry comes along with a hidden disadvantage, that DORIS as a 
ground-based active transmitting device counteracts with the efforts of keeping the environment of a radio 
telescope site for VLBI free of radio frequency interference. The question of how the desired co-location of 
DORIS at a VLBI site (or vice-versa) can be achieved is under permanent discussion. The VLBI systems are 
designed to receive extremely faint cosmic signals down to -110 dBm, whereas the DORIS beacon emits 
signals at a frequency of 2,036 MHz with 40 dBm output power. There is a potential for coupling between 
DORIS emissions (including harmonics at higher frequencies) and the VLBI receiving chain generating 
spurious signals. A risk of overloading or even damaging the VLBI low noise amplifiers (LNA) is possible. Even 
if in VLBI the same frequency is not being observed, in the worst case the LNA of the VLBI receiver could be 
saturated by DORIS transmission leading to useless VLBI observations.  
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Meanwhile, several geodetic observatories collected measurements, made studies, and even co-located 
active DORIS beacons. This compatibility study collates some site-specific experiences and may be helpful 
for future decisions on how to co-locate both techniques at new sites. 

2  SYSTEM DESCRIPTION 

2.1  DESCRIPTION OF DORIS SYSTEM 
The DORIS system consists of a global network of active transmitters on the ground and the DORIS receivers 
on board satellites. The beacons at 2036.25 MHz and 401.25  MHz are transmitted continuously. The satellite 
payload comprises an omnidirectional antenna to pick up the beacons, an ultra-stable oscillator, and a radial 
velocity method receiver (MVR) that measures the radial velocity of the order of 0.3 mm/s. The Doppler shift 
is measured every 10 seconds. The on-board software acknowledges commands, predicts the satellite's 
position using a model of its motion, corrects the predicted position on the basis of DORISs measurements 
(when the satellite is within view of a ground beacon), and lastly, delivers the calculated position to the ground 
station. 
The double-frequency system enables a reduction of disturbances by the ionospheric layer in the upper 
atmosphere, where the higher frequency is less disturbed and used for positioning and the lower frequency is 
used for ionospheric corrections. The latter frequency of 401.25 MHz is modulated with  messages containing 
an ID number of the ground beacon, timing information, data from the meteorological sensors, and engineering 
status data. 
 

 
Fig. 2: DORIS payload at satellites. https://www.aviso.altimetry.fr/fr/techniques/doris/systeme-

doris/instruments-doris-a-bord.html  
 
The ground station network is composed of three kinds of beacons: permanent beacons, master beacons, and 
occasional beacons. The permanent beacons represent the orbitography network enabling a precise 
determination of trajectory satellites. The three master beacons at Toulouse, Kourou, and Hartebeesthoek 
belong to the permanent network and are responsible for ensuring the synchronisation of the system to the 
International Atomic Time. Finally, the occasional beacons are installed temporarily or permanently but 
activated only from time to time. All of them desire an elevation mask down to 5°. 
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Fig. 3: DORIS ground beacon antennas of the global network. 
https://www.aviso.altimetry.fr/fileadmin/documents/doris/antennas.pdf   

 
The height differences of the phase centres are important in geodesy (Alcatel h400 = 335 mm, h2 = 510 mm; 

Starec h400 = 0 mm, h2 = 487 mm). 

The DORIS receiver onboard satellites make the Doppler shift measurements and store them in its internal 
memory and relay them to the ground on each pass of the satellite over a station. Finally, the data is sent to 
the DORIS mission control centre in Toulouse, France. This centre keeps a check on station operations, 
processes measurements, calculates the orbits of the satellites carrying the DORIS instrument, and archives 
and distributes data. Since 1990 DORIS has acquired millions of measurements and continues to be used on 
future satellite missions. 
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Fig. 4: Overview of DORIS missions.  
https://www.aviso.altimetry.fr/fileadmin/user_upload/Constellation3Timeline_large.PNG  

 

2.2  DESCRIPTION OF VGOS SYSTEM 
The VLBI Global Observing System (VGOS) is an international network of radio telescopes coordinated by the 
International Service for Geodesy and Astrometry (IVS) with the purpose to determine the Earth position, 
orientation and rotation in space, which are of utmost importance for the monitoring of our planet and the global 
change and the accurate determination of orbits/positions of satellites and probes in the space. 
 
The data products provided by VLBI are 

● !"##$%&'$()$*+,'-$(,.&/'+'.(/$0+,+1&'&,%$20(#+,$1('.(/3$45674583$/"'+'.(/9 
● Terrestrial reference frame 
● Celestial reference frame 
● Tropospheric parameters 
● Time series of baseline lengths 

 



 Page 8 

 

 

Fig. 5: The VGOS network with existing (blue dots) and planned (pink dots) stations (status 2022). 

 
The radio telescopes are 13 metres in diameter, typically, with fast-moving capabilities (12 deg/s) to allow a 
large number of observations and equipped with broadband 2 - 14 GHz low-noise cryogenic receivers for 
sensitive detection of quasars’ radio signals and high-performance back-ends for the fast sampling and 
recording of these signals. An example is seen in the picture below, which shows the RAEGE1/VGOS radio 
telescope in Yebes Observatory (IGN, Spain). 
 

 

Fig. 6: The RAEGE/VGOS radio telescope at Yebes Observatory (IGN, Spain). 

At each radio telescope, the signals are digitised and recorded temporarily on a data-buffer, which are hard 
disks. The data is being transmitted to the assigned correlator either using global internet links or by physical 

 
1 RAEGE stands for Red Atlántica de Estaciones Geodinámicas y Espaciales (https://www.raege.eu/) 
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transportation of disk modules. The VLBI correlator is responsible for processing acquired data, reporting 
feedback to the stations and providing processed data to the analysts. 
 
Details about VLBI and the VGOS project can be found in ITU-R Report RA.2507 “Technical and operational 
characteristics of the existing and planned Geodetic Very Long Baseline Interferometry”. 
 
The extreme sensitivity of the radio telescope and its associated cryogenic receivers can be severely affected 
by radio signals emitted by systems like radars, radiolinks, mobile communications, satellites, and other radio 
services. In order to protect the operation of the radio telescopes from the harmful effects of those signals, 
some regulations are applicable like ITU-R RA.769-2 “Protection criteria used for radio astronomical 
measurements”. 
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3  COMPATIBILITY STUDY 
 
As shown in previous sections, DORIS transmits beacons continuously at 2036.25 MHz and 401.25  MHz with 
a power of 10 and 6.35 watts, respectively. These transmissions may contain harmonic or spurious signals 
that can potentially disturb the VLBI measurements performed with VGOS radio telescopes, as they are 
equipped with ultra-sensitive receivers for the detection of quasars, which are several million light-years from 
Earth and whose signals are 15 orders of magnitude weaker than the ones from DORIS. The situation is 
particularly relevant when both systems are co-located in the same station. 
 
The purpose of this study is to evaluate the electromagnetic compatibility between the DORIS and VGOS 
systems when they are actually or potentially co-located in the same station. 
 

3.1  METHODOLOGY 

This compatibility study between DORIS and VGOS system is based on a single-entry site-specific, whose 
purpose is to obtain some contour areas to define the minimum distance where the compatibility between the 
DORIS and VGOS is achieved. 

We study (1) the worst case scenario which provokes the saturation of the LNA at the VLBI receiving chain by 
interfering emissions; and we distinguish according to the ITU-R Report RA.2507 two observation modes with 
different threshold levels: (2) Very Long Baseline Interferometry mode (VLBI) used for detection of Earth 
rotation or astrometry; (3) single-dish (SD) mode used for calibration (see values in Table 2). 

The terrain around the radio telescopes has an important impact on the study results. For this reason, the 
propagation model according to ITU-R Recommendation P.452-16 is used. For this study no clutter has been 
considered. According to Recommendation ITU-R RA.1513, RAS has to accept a maximum data loss of 2%. 
Therefore, for the propagation model, a time-percent value of 2% is used throughout this section. The 
resolution of the digital terrain model is critical for the results. Lidar data has not been freely available for all 
sites, therefore, SRTM data is used as a second choice. Table 1 lists the used data type for each station and 
the data sources are listed under References.  

The study has been developed using pycraf2 for the following VGOS stations (except for those under Note 2). 

Tab. 1: Site information used for the study 

Observatory 
Name 

Admini- 
-stration 

Longitude 
(E), 

Latitude 
(N) 

Elevation 
(m 

AMSL) 

Diameter 
of the 

antenna 
(m) 

Topographical 
source 

Geographical 
characteristics 

Onsala  
(OTT-N, 
20mRT) 

Sweden 11°55'11" 
57°23'37"  

11º55’34.8’’ 
57º23’45’’ 

16 13.2 
 

 20 

SRTM Waterside, 
forested. 
Located at 5 km 
from the closest 
urban area 
(Onsala) 

Wettzell Germany 12°52'38" 
49°08'42" 

611 13.2 Lidar Medium 
mountainous, 
located on a 
saddle 

 
2 https://github.com/bwinkel/pycraf 
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Observatory 
Name 

Admini- 
-stration 

Longitude 
(E), 

Latitude 
(N) 

Elevation 
(m 

AMSL) 

Diameter 
of the 

antenna 
(m) 

Topographical 
source 

Geographical 
characteristics 

Onsala  
(OTT-N, 
20mRT) 

Sweden 11°55'11" 
57°23'37"  

11º55’34.8’’ 
57º23’45’’ 

16 13.2 
 

 20 

SRTM Waterside, 
forested. 
Located at 5 km 
from the closest 
urban area 
(Onsala) 

Yebes Spain -
03°05'18.7" 
40°31'24.5" 

980 13.2 Lidar Broad flat plain 

RAEGE- -
Santa María  

Portugal -
25°07′33.2″ 
36°59′7.1″ 

247 13.2 SRTM Island in Azores 
archipelago 

Ny Alesund 
(TT1, TT2)  

Norway 11°51′17″ 
78° 56′ 36″  

11º51’19” 
78° 56′ 33″ 

18 13.2 SRTM Located near the 
sea and near an 
island mountain 
chain 

Metsahövi Finland 24° 23′ 36″ 
60° 13′ 05″ 

80 14 SRTM undulating plains 

 

The technical parameters used in the study are summarised in Table 2 and Table 3. 

 

Tab. 2: Technical parameters for a VGOS station 

System Parameter Value Remarks 

Minimum VGOS elevation angle 10º Minimum observation angle during VGOS 
observations. 

Side lobe gain at minimum VGOS 
elevation angle, Gr 

0 dBi VGOS gain at 10º elevation angle, extracted from 
Figure 8. 

Thresholds interference level (three 
different scenarios have been 
considered for some specific cases) 

-50 dBm 
  
 

Maximum input power level for linear regime of 
the LNA (internal communication from Yebes 
LNA laboratory) 

-133 dB(W/m2) Maximum spectral density power for VGOS VLBI 
operation (ITU-R RA.2507) 
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-170 dB(W/m2) Maximum spectral density power for VGOS 
single dish (SD) operation (ITU-R RA.2507) 

Antenna height, hrx D/2 m + 2.5 m D is the diameter of the antenna, and 2.5 m is an 
estimated offset from the ground to the lower 
antenna edge. See column 5 of Table 1. 

 

Tab. 3: Doris system parameters 

System Parameter Value Remarks 

EIRP level @ 2 GHz towards zenith 46 dBm Extracted from document: DORIS BEACON RF 
CHARACTERISTICS 

EIRP level @ 2 GHz at 90º from 
zenit 

38 dBm The maximum level when the DORIS signal is towards 
the RAS station 

Antenna height @ 2 GHz 2 m A general value. This height can vary in each 
observatory case 

Duty cycle 100 % Percentage of time where the DORIS signal is active. 

In the study, only one DORIS transmitter is considered, which emits with a certain antenna pattern (see Figure 
7) towards the RAS direction. The maximum EIRP transmitted by the DORIS antenna in the zenith direction is 
46 dBm, and 38 dBm in direction to the horizon while the maximum level the low noise amplifiers (LNA) can 
receive to work in linear regime is -50 dBm. The difference between the transmitter (Tx) EIRP in the direction 
of the RAS station and the RAS threshold is denoted as the minimum coupling losses (MCL). The actual 
difference between the determined path propagation loss (following the propagation model in ITU-R P.452-16) 
and the MCL is called margin. A positive margin means that the received signal strength is below the RAS 
threshold and thus both systems are compatible with each other. A negative margin indicates a violation of 
this threshold level. Therefore, the area enclosed by the zero-margin contour indicates the potential size of an 
exclusion zone. 

MCL = EIRP_tx - RAS_threshold 

Margin = path_propagation_losses - MCL 

Margin = path_propagation_losses - EIRP_tx + RAS_threshold = RAS_threshold - Prx 
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Fig. 7: DORIS diagram pattern @ 2.036 GHz 

 

Fig. 8: VGOS antenna pattern 
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3.2  DORIS EXCLUSION ZONES 

In this section the compatibility study results are provided for each station. For those observatories with twin 
telescopes configuration, only one case is provided. The map area under the study is a square with different 
distances/sizes, depending on the threshold evaluated in the study. 

 

Table 4: Exclusion zones mapping parameters 

Threshold limit Map size White radii circles  
(in exclusion zone figures) 

LNA case: -50 dBm 5x5 km 100, 200, 300, 400, 500, 600 m 

VLBI  case: -133 dB(W/m2) 20x20 km 0.5, 1, 2, 3, 4 km 

SD case: -170 dB(W/m2) 200 x 200 km 10, 20, 50, 75, 100 km 

This study must be seen as a preliminary result to have an idea of the most suitable places for DORIS 
installation. For more precision, some real measurement should be done to take into account possible 
obstacles like buildings or other facilities that can be present (not considered in this study) and may increase 
the attenuation if they are in the line of sight with the DORIS station. 

In this study only the DORIS beacon at 2 GHz is considered (without its harmonics). 

 

3.2.1 WETTZELL GEODETIC OBSERVATORY CASE 

This Wettzell observatory already has a DORIS system installed on-site, and a first compatibility study can be 
found in [Klügel et al. 2017], so it is the most suitable case for comparison of the real scenario with this 
theoretical compatibility study. For this reason, this case is studied by evaluating the three different threshold 
levels: LNA saturation, VLBI-mode and SD-mode (Table 2). Fig. 9, 10, 11, 12 have been created from the 
perspective of the Wettzell-North radio telescope and looking for potential locations of a DORIS system 
(although DORIS exists already at the observatory site). 

Fig. 9 represents the level of propagation losses following the propagation model in ITU-R P.452-16. The 
location of a saddle in the medium mountain topography is well recognizable by less attenuation in East-West 
direction as opposed to the higher attenuation in North-South direction. 
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Fig. 9: Wettzell attenuation map 

Figure 10 shows the terrain map with the exclusion zone in red.  

 

Fig. 10: DORIS exclusion zone (red) for Wettzell (N) geodetic station for LNA saturation threshold. 

Separation distances show up to be around 300 m, very close to the real scenario. 
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Fig. 11: DORIS exclusion zone (red) for Wettzell (N) geodetic station for VLBI threshold. 

Using a digital terrain model (without details of the near field of the radio telescope), and for the case of VLBI 
observation mode, the minimum separation distance to the DORIS is at least 400 m. Due to the surrounding 
topography suitable DORIS sites can be found as close as less than 1 km distance, but also further away 
than 5 km. This simulation indicates areas for a near co-location of a DORIS installation making use of 
natural blockage by the topography.  
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Fig. 12: DORIS exclusion zone (red) for Wettzell (N) geodetic station for the single-dish threshold. 

The single-dish calibration mode is the most critical to detrimental inferences. The minimum distance of a 
DORIS beacon should be 1-2 km, but installations also up to 40 km distance could have an impact on the 
calibration measurements. 

Comparing real scenario with theoretical simulation 

A comparison between the real DORIS location in Wettzell and the simulated one is shown in Fig. 13. The first 
study of Klügel et al. (2017) concluded that the minimum VGOS elevation angle is 15 degrees for a safe VLBI 
operation when DORIS is active. The minimum elevation angle used in this study is based on a lower elevation 
of 10 degrees. In Fig. 13 the yellow star represents the current DORIS location, which is close to the limit of 
the exclusion zone. In this study no local features like buildings are taken into account (due to the available 
topographic database) and they may serve as RF-blocking structures between the DORIS and VGOS. 

In view of these results, it can be concluded that this theoretical simulation carried out with pycraf software 
serves as a good tool for executing coarse search to identify possible DORIS locations. Near ground beacons 
limit in any case the elevation mask for a radio telescope. 
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Fig. 13: Wettzell observatory with the calculated DORIS exclusion zone area (10° elevation) for LNA-
saturation and the real DORIS location (star). The location suggests a DORIS operation only during idle-time 

of the radio telescopes. 
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Fig. 14: Wettzell observatory with exclusion zone areas for DORIS due to LNA saturation threshold (pink) 
and VLBI mode (violet) . 

 

3.2.2 RAEGE YEBES OBSERVATORY CASE 

Yebes Observatory hosts two radio telescopes for both radio astronomy and geodesy. As a preventive 
measure, no DORIS system has been installed at this station, until the conclusions of a specific study like this 
one are known. 

Some theoretical simulations are carried out to check whether the compatibility between radio astronomy and 
space geodesy vs. DORIS can be achieved. 

The technical parameters for the 40 m radio telescope are different to the VGOS ones. The height of the 
antenna and the gain are different, but for this study in both cases 0 dBi of gain at secondary lobe (10º of 
elevation, see figure 15) is considered. 
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Fig. 15: 40 m Yebes radio telescope antenna pattern. 

 

Fig. 16: Exclusion areas for RAEGE Yebes station. 
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Fig. 17: Exclusion areas for Yebes 40 m radio telescope. 
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Fig. 18: Exclusion zones over satellite map for VGOS and 40 m radio telescope at Yebes Observatory. The 

two stars mark possible locations for DORIS to be evaluated by measurements. 
 

In view of the results, two potential sites are identified where DORIS may be installed. Although, more realistic 
studies, similar to those carried out in Wettzell, should be done to check that DORIS beacon would affect 
neither geodetic nor astronomic observations. 

If the more restrictive limits (VLBI and SD) are applied to the Yebes case, the exclusion area increases more 
than the Wettzell case. For the VLBI case, the distances reach up to 30 km, while the SD case gives distances 
around 80 km. This is due to the terrain characteristics. 

The minimum distance where the DORIS system could be installed for the VLBI case in Yebes is around 1 
km. 
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Fig. 19: Exclusion zones for VGOS radio telescope at Yebes Observatory for VLBI threshold. 

 

 

Fig. 20: Exclusion zones for VGOS radio telescope at Yebes Observatory for SD threshold. 
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3.2.3.RAEGE SANTA MARIA STATION CASE 

The RAEGE station in Santa Maria has a VGOS radio telescope which has been recently upgraded with a 
VGOS receiver (2-14 GHz). In this case, it is evaluated if a DORIS transmitter is compatible (and can be co-
located) with the VGOS radio telescope. 

From the results in figures 22 and 23, it can be seen that the exclusion zone is larger than the area of the 
station, so the DORIS can’t be installed there. 

 

 

Fig. 21: Exclusion area for RAEGE Santa Maria station. 
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Fig. 22: Exclusion zone over satellite map for RAEGE Santa María station. 
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3.2.4 NY-ALESUND OBSERVATORY CASE 

 
Fig. 23: Exclusion area for Ny-Alesund observatory. 
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Fig. 24: Exclusion zone over satellite map for Ny-Alesund  observatory (no better satellite image found 
yet). 

 

 

3.2.5 METSAHÖVI OBSERVATORY CASE 

 

Fig. 25: Exclusion area for Metsahövi observatory. 
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Fig. 26: Exclusion zone over satellite map for Metsahövi geodetic station. 

3.2.6 ONSALA SPACE OBSERVATORY STATION CASE 

The OTT N (VGOS) and the 20m (not VGOS yet) are considered.  

 

Fig. 27: Exclusion area for the OTT N VGOS radio telescope in Onsala space observatory . 

 

Fig. 28: Exclusion area for the 20 m radio telescope (using a VGOS pattern) in Onsala space observatory . 
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Fig. 28: Exclusion zone over satellite map for both radio telescopes at Onsala space observatory. 
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4  CO-LOCATION OF DORIS AND BEACON LEVEL MEASUREMENTS 
 
4.1 GEODETIC OBSERVATORY WETTZELL 

4.1.1 CO-LOCATION 

The Geodetic Observatory Wettzell has all geodetic space techniques such as 3 VLBI radio telescopes, 2 SLR 
systems, several GNSS permanent stations, gravity meter, laser gyroscope, atomic clock ensemble collocated 
within a distance of less than 500m. This situation is attractive to collocate a DORIS beacon next to the other 
devices in order to provide a strong geometric tie among the technique-specific reference systems. Beginning 
in 2003 a collocated DORIS beacon operation had been executed during non-VLBI-operation periods to avoid 
interference, but this mode of operation turned out to be inappropriate for adequate DORIS data retrieval, 
hence DORIS had been shut off for more than 10 years. 
Within the framework of the Global Geodetic Observing System (GGOS) collocation of techniques has since 
then been actively promoted and a new approach to operate DORIS at Wettzell took place. Taking into account 
the sensitivity of the radio telescopes against unwanted electromagnetic emissions like the DORIS beacon, 
only locations with a certain blockage by topography (Option 2) or buildings (Options 1 + 3) had been 
considered in the new site finding (Fig. 29). These spots concentrate at the west end of the Observatory where 
the blockage of an artificial hill for thermal isolation of the underground laser gyroscope is present in the 
direction of the radio telescopes. The search for the best place began in 2014 (Klügel et al. 2017).  

 
 
Fig. 29: Blockage by buildings (Option 1 + 3) or topography (Option 2) in the near field of the 3 radio 
telescopes. Only option 2 provides no line of sight to the 3 radio telescopes and spot A3 had been chosen. 
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4.1.2 BEACON LEVEL MEASUREMENTS 

Investigations on the interference of DORIS to the 20m radio telescope (RTW) with Cassegrain geometry and 
the northern twin telescope (TTW-1) with ring focus geometry had been made using an activated DORIS 
antenna and measuring the received power in the IF-spectrum at the VLBI backend with a spectrum analyzer 
(Klügel et al. 2017). Corrections for cable losses and amplifier gain were applied. The DORIS signal could be 
easily detected, but amplitudes above -50 dBm are critical power levels where the non-linearity of the LNA 
must be taken into account. 

The first measurement determined the azimuth dependency with a fixed elevation of 2° (RTW) and 0° (TTW-
1). The highest amplitudes were found in the direction toward the DORIS site driving the LNA to non-linearity. 

 

Fig. 30: DORIS power levels vs. azimuth at two radio telescopes (RTW, TTW-1 alias Wettzell North) at the 
observatory Wettzell. Signals are caught over the entire azimuth range and drive LNA to saturation when 
pointing near the transmitter. 

The second measurement determined the elevation dependency by keeping the azimuth fixed toward the 
DORIS site (280° RTW, 325° TTW-1). Signals are present over the entire elevation range, but the amplitudes 
differ among the different reflector geometries due to different spill-over patterns (Fig. 31). 

 
 



 Page 32 

 

 
Fig. 31: DORIS power levels at LNA input vs. elevation. DORIS signals are traced over the entire elevation 
range when the azimuth is pointing towards the transmitter.  
 
The investigation showed that the received DORIS power at the VLBI system may exceed the LNA-safe 
operation as soon as there is a direct line-of-sight. This must be avoided. 
One method of blocking radiation is by absorber plates or steel mesh blockers. A setup with no, one, and three 
absorber plates COMTEST MT65 was carried out at location C1 (see fig. 33). This approach could bring down 
the unwanted emissions by about -10 to -18dB. 
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Fig. 32: The effect of absorber plates to attenuate locally interfering emission of the DORIS system results in 
about -10 to -18 dB at the RTW. 
 

 

 
Fig. 33: Absorber plate configuration to attenuate DORIS emission locally. 

 
In the case of Wettzell, the DORIS site was created at spot A3 (Fig. 29) with the following conditions: 
● No direct line-of-sight to radio telescopes. 
● Operation on demand of DORIS with only 25-30% duty cycle. 
● DORIS elevation mask around 10° (instead of 5°) 

 

4.2  NY-ALESUND GEODETIC OBSERVATORY 

4.2.1 CO-LOCATION 

The DORIS station is 342 m away from the south VGOS radio telescope to which test results refer. The North 
telescope is a bit further away. 

The DORIS beacon is located behind the aurora building and this provides a blockage in the direct line of sight 
between DORIS and the VGOS radio telescope site near sea. The DORIS position is located at the slope of a 
small mountain and about 22 m above the radio telescope reflector. According to Fig. 34 the DORIS antenna 
gain at 2 GHz is highest at mid and high elevations (30°-60°) and only half of it at horizon (0°). Direct 
illumination to the lower-situated radio telescopes shall therefore be less harmful.  

The location near the sea conflicts also with the presence of strong ship radars. The radio telescopes are used 
in observation programs only above 15° elevation and as such reducing the impact of the omnidirectional 
DORIS signals as shown in Fig. 35. 
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Fig. 34: The DORIS position is 342 m away from the south telescope at the left end of the red distance line. 
The Aurora building (orange rectangle) is providing blockage of the direct line of sight attenuating the strong 

DORIS emission. 

 

 

Fig. 35: The local situation of Ny Alesund station seen from the sea. In the foreground are the two VGOS 
radio telescopes. The DORIS beacon is located behind the small building above the left telescope. Due to 
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the mountains no VLBI observations happen with low elevation <15° towards the beacon, but the DORIS 
signal is caught anyhow (Fig. 36). (Foto by Bjørn Owe Holmberg) 

 

4.2.2 BEACON LEVEL MEASUREMENTS 

The DORIS beacon levels had been measured with the radio telescope north pointing into the direction of the 
DORIS site with an elevation of 1.8° which is below the cut-off angle of 15° used in normal VLBI operation. 
The measurements had been taken just behind the LNA which provided a +25dB amplification. Fig. 35 shows 
colour-coded measured power levels coming from the DORIS beacon at 2.036 GHz. 

 

 

 

Fig. 36: Test results of DORIS signals at the Ny Alesund radio telescope north measured at the full azimuth 
and elevation range. Although there is blockage by the Aurora building (Fig. 34) the emissions travel around 

and reach the radio telescope even at elevations above the excluded range below 15°. 

  

4.3  METSÄHOVI OBSERVATORY 

4.3.1 CO-LOCATION 

Metsähovi Geodetic Research Station has been part of the global DORIS Network since the 90s. Metsähovi 
DORIS station (Fig. 37) is located about three kilometres away from the observatory area because any active 
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radio transmitters are not allowed to be installed inside of Metsähovi observatory area’s radio quiet zone. Fig. 
37, the locations of the DORIS station and Metsähovi observatory area are shown. The terrain between 
locations is hilly (Fig. 38), thus the topography is used to form a natural protective shield. So far, any interfering 
signal from DORIS in astronomical/geodetic or specific RFI (Radio Frequency Interference) observations 
pointing toward the DORIS site has not been detected. The geodetic tie of DORIS to the Metsähovi reference 
points can be realised by short baseline GNSS measurements between the two sites. 

        

 

Fig. 37: Metsähovi DORIS station (reference: NLS – National Land Survey Institute, DORIS) 
https://www.maanmittauslaitos.fi/en/research/research/metsahovi-geodetic-research-station/doris 

 
      

  

Fig. 38: The map shows the two locations of the Metsähovi observatory area and DORIS station in about 3 km 
distance (left). The terrain profile between both locations shows how topography is used as a natural blockage 
against interference. 

4.3.2  BEACON LEVEL MEASUREMENTS 

Due to the topographical blockage and the distance of almost 3 km measurements have not shown any 
interference by DORIS. 
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4.4  ONSALA SPACE OBSERVATORY 

4.4.1 CO-LOCATION 

Onsala Space Observatory (OSO), Sweden, is an important space geodetic site that contributes to the 
international efforts for the Global Geodetic Observing System (GGOS) and in particular the Global Geodetic 
Reference Frame (GGRF). In April 2021, OSO investigated a potential DORIS installation within the 
observatory area. Since a DORIS beacon is emitting signals at 401.25 MHz and 2036.25 MHz it is important 
to find a location that is well shielded so that the radio astronomical observations at OSO are not impacted. 
Natural blocking of the line-of-sight between the DORIS beacon and the telescopes at OSO appears to be a 
necessity. While the lower frequency is outside the frequency range of any of the telescopes at OSO, the 
higher frequency is in the lower S-band, and S-band is a frequency that is observed for both geodetic and 
occasionally even astronomical VLBI at OSO. The conclusion from the study is that it appears possible to 
install a DORIS beacon at OSO without impacting and disturbing the radio astronomical measurements 
performed. It is now up to the management of OSO to decide how to proceed to take into account both 
practical and strategic matters.  

4.4.2 BEACON LEVEL MEASUREMENTS 

Not yet provided. 

5  DISCUSSION 

The theoretical compatibility study of chapter 3 indicated exclusion zones for individual VGOS observatories 
based on available free digital terrain models. The assumption was made that all telescopes have the same 
VGOS antenna pattern (Fig. 8) because all telescopes have the same ring focus design with a 13.2 m main 
reflector diameter and similar feeds. These studies show that any DORIS beacon closer than 400m to the 
radio telescope is harmful to the radio telescope by exceeding the threshold level on which the LNA goes into 
saturation. This is the worst condition because the associated signal strength is detrimental to any VLBI 
operation.  

The measurements at Wettzell confirm that the DORIS signals in reality are omnidirectional present over the 
entire azimuth at lower elevations (Fig. 30) and over the entire elevation range when pointing in azimuth 
towards the beacon (Fig. 31). A similar picture shows the measurements from Ny Alesund (Fig. 35). The 
simulations suggest to go at least further away than about 400 m from a radio telescope with a DORIS beacon, 
because the measurements at Wettzell (about 150 m resp. 250 m distance) and at Ny Alesund (about 340 m) 
confirm the strong impact, if minimum distances are not respected.  

The exclusion zone for the VLBI mode includes the LNA saturation zone and needs to be respected for an 
undisturbed VLBI operation. Even if the observed frequency bands in VLBI do not match the DORIS carrier 
frequency, it is the signal power which will load the LNA for the entire broadband from 2 to 14 GHz. To keep 
the strong signals out of the radio telescope the options are (1) shielding or blockage between DORIS and 
radio telescope, (2) raising the elevation mask leaving less area in the sky to observe, (3) alternating operation 
of both systems, or (4) install microwave filters in front of the LNAs to reject the DORIS beacon. 

The sharpest criteria for exclusion zones come from single-dish calibration mode. Source calibration shall be 
made during VLBI-operation on each source. Therefore the single-dish calibration mode simulation shows 
exclusion zones exceeding the VLBI mode exclusion areas and should be also considered. However, the low 
elevation calibrations are also more receptive to meteorological variations and interfering signals which are 
increasing the errors of these measurements.  

The consequences of strong interference signals in VLBI-operations are always a loss of performance. With 
the presence of interfering signals at one of two co-observing stations the signal-to-noise ratio on this baseline 
drops and hence longer integration times would be needed to correct for it, but degrading the optimised VLBI 
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process. The phasecal signal in the VLBI data-streams becomes more difficult to recover, as it appears noisy 
by spurious signals, so that the scale in the time delay measurement is degraded. This defect cannot be 
recovered in the analysis. For that reason radio quiet zones give best protection for radio telescopes observing 
cosmic sources and any local transmitter should be turned off during VLBI operation. This is effectively the 
case at Wettzell, that the DORIS duty cycle is fairly low when only VLBI idle times can be used to turn the 
DORIS system on. The better solution is to consider sufficient distance between the radio telescope and 
DORIS as it is realised at Metsähovi,Finland. 

In view of the results obtained with the pycraf compatibility study, the terrain characteristic plays an important 
role to get the precise limits of an exclusion zone. However, a first hint for an appropriate reconnaissance for 
a DORIS site outside an exclusion area may avoid severe problems after its installation. A case-by-case study 
is mandatory to evaluate each situation at a radio telescope site before installing a DORIS system or vice 
versa. 

Finally, this study has been done considering only the beacon at 2 GHz. A compatibility study considering the 
second and third harmonic (4 and 8 GHz) would be also appropriate to check their impact on the VLBI operation 
or if other receivers could be damaged or affected by them. 

6  CONCLUSIONS 

The co-location of DORIS with a VLBI radio telescope is desirable for the realisation of global geodetic 
reference frames. DORIS signals are detrimental to VLBI operation. The co-operation of VLBI and DORIS is 
possible if DORIS is operated outside of exclusion zones from the perspective of the radio telescope.  

Three types of exclusion zones had been defined: (1) The most restrictive threshold is the single dish case, 
which is used by the VGOS station for calibration. The most suitable solution would be the one that respects 
the separation distance evaluating the SD case. As the result would depend on the terrain, it could be the case 
that the minimum separation distance would be too large. In that case, (2) the VLBI scenario should be studied 
to evaluate the nearest site outside that exclusion zone. And (3) as the last stage, if those situations do not fit, 
one can look for the LNA exclusion zone to install the DORIS system, taking care not to saturate the LNA and 
work with alternating duty cycles. 

From the global perspective a co-location of a DORIS antenna with a few kilometre distance to a radio 
telescope can be considered as well as co-located. The local survey tie between the radio telescope site and 
the DORIS site can be easily established by two co-located GNSS permanent stations. DORIS is a decimeter 
technique; GNSS is a centimetre technique. The GNSS baseline of a few kilometres between DORIS site and 
radio telescope site would satisfy together with local survey at both ends the demand for tying the different 
space techniques within a global geodetic reference frame. Running both techniques at 100% duty cycles is 
also a desirable objective. 

7  ACRONYMS 
 
DORIS  Doppler Orbitography and Radiopositioning Integrated by Satellite 
EIRP  effective isotropic radiated power 
GNSS  Global Navigation Satellite Systems 
IGN  Instituto Geográfico Nacional (Spain) 
IVS  International Service for Geodesy and Astrometry 
LNA  low noise amplifier (here used synonym as first amplifier at the receiver) 
MCL  minimum coupling loss 
RAEGE  Red Atlántica de Estaciones Geodinámicas y Espaciales (IGN, Spain) 
RTW  Radio Teleskop Wettzell (20m) 
SD   Single-Dish mode 
TTW  Twin Telescope Wettzell (2 á 13.2m) 
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VGOS  VLBI Global Observing System 
VLBI  Very Long Baseline Interferometry 
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