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RNO-G calibration overview
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—Station surveying with differential GPS after deployment for initial 
antenna positions

—Local calibration pulsers (see RNO-G station figure) for local antenna 
positions (like in ARA, see talk by Kaeli Hughes) and snow accumulation (like 
ARIANNA, see talk by Jakob Beise)

— Calibration from the DISC borehole for full station calibration and ice 
properties (see talk by Dave Besson about SPUNK and South Pole 
SPICE measurements)

— Local density measurement: the Big RAID drill will (likely) provide density 
measurements for every hole drilled, providing a map of firn densities throughout the 
array.

The RNO-G calibration concept is work in progress, but the following aspects are planned (building on previous 
results and experiences):



RNO-G calibration overview
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— Lab calibration of all devices (this talk)

— Cosmic ray flux measurements with surface antennas (confirmation of 
amplitude scale and system operation, see talk by Christian Glaser and Simon 
De Kockere)

— Vertical scan of antennas response: plans to turn the station pulser on while dropping 
the last string, providing data to improve antenna simulations.

— Other calibration sources: CW sources like the twice-daily radiosonde 
and satellites, and airplanes (see Jakob Beise, Christian Glaser, Cosmin 
Deaconu talks)
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Figure 7. Left: Map of the planned RNO-G array at Summit Station; grid spacing is approximately 1 km.
Right: A single RNO-G station consists of three strings of antennas (Hpol and Vpol) plus surface antennas
(LPDAs), as well as three calibration pulsers located both deep in the ice and also at the surface. The string
containing the phased array trigger is designated as the power string, while the two additional strings are
designated as support strings.

neutrino properties. Building on these requirements, a station and array design as schematically
depicted in Fig. 7 was developed.

The design of RNO-G combines the experience gained with all prior in-ice radio neutrino
experiments, especially ARA [5] and ARIANNA [210], and also builds on lessons learned with
radio air shower arrays that have first demonstrated the experimental power of the radio detection
technique, e.g. [37, 38].

As outlined above, a location is needed with thick, homogeneous and cold ice to yield the
best experimental results. An additional requirement is the availability of a su�ciently developed
infrastructure to allow for installation, running and maintenance of the detector. While the instru-
mented stations can be fully autonomous, the amount of cargo and personnel needed for installation
requires accessibility by plane or large vehicle. The number of accessible research stations fit-
ting these requirements in either Antarctica or Greenland is limited. The host institutions of the
RNO-G collaboration members and their access to national infrastructure additionally excludes
some obvious candidate sites (Dome A, Dome C and Vostok in Antarctica, e.g.), leaving essentially
South Pole Station and Summit Station in Greenland. South Pole station already houses a premier
CMB instrument (the South Pole Telescope [211]), as well as the world’s largest neutrino telescope
(IceCube), which is in the process of installing the IceCube-Upgrade [212]. The logistical burden
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Three types of Amplifiers:
Surface board DRAB IGLU
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2 Radio Detection of Neutrinos and RNO-G

constraints on the models of either a lighter proton-rich TA [41] or a heavier Auger
[42] composition of cosmic rays and will restrict the upper energy cutoff of cosmic
rays. These parameters will also be limited in the case if RNO-G does not detect
any neutrinos.

2.2.3 Radio-Frequency Front-End Design

There are two different signal chains in RNO-G: one for the signals measured with
the surface antennas and one for the signals measured with the borehole antennas.

The signals from the surface LPDAs are transmitted via short coaxial cables of
less than 20 m to the Data Acquisition box (DAQ box). The signals are amplified
only once after they have been fed into the DAQ box by the two SURFACE
amplifier boards (see figure 2.5 (left) and figure 2.6) per station.

Each detector station contains 15 down-hole antennas distributed over three
boreholes. The signals coming from the antennas in the in-ice boreholes travel
through a short coaxial cable to a down-hole front-end where the low-noise amplifier
(LNA) of the IGLU board (one IGLU per antenna, see figure 2.5 (center) and figure
2.7) increases the signal strength to minimize the system noise temperature.

Figure 2.5: Custom designed amplifier boards for RNO-G. Left: a SURFACE
board (5-channel full-chain amplification and filtering board) for the signals coming
from the surface antennas. Center: an IGLU board (In-ice Gain with Low-power
Unit) that converts the signals from the borehole antennas to analog RF signals
and feeds them into a fiber. Right: a DRAB (4-channel Down-hole Receiver
and Amplifier Board) that amplifies the signals coming from the IGLUs and
converts them back to analog signals. All amplifier boards are shown without their
environmental enclosures.
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Downhole Receiver and Amplifier Board In-ice Gain with Low-power Unit

✦ DRABs and Surface boards will be sitting in the DAQ box at the surface, will experience temperatures     
between -20°C and 20°C, and go through many temperature changes.

✦ IGLUs : will be inside the ice at colder, but more static T between -40°C and -30°C.



All boards were tested using a Vector Network Analyzer (VNA): 4 S-parameters were 
measured to examine the transmitted and the reflected signals at the input and the output.

Instrument response

Recorded waveform 
from we want

Electric field

So we need to study very well the hardware response



4-phase Test Procedure:

4. Temperature dependence

1.  Function test

3. Parameter influence

2.  Stress test

Was planned to test the survival and response of the boards at very low temperatures:
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1. Function test: First function test was performed to look for broken boards or non 
perfectly functioning boards. It was checked if all channels of all boards 
worked.

S-parameters:4 Measurements

Figure 4.5: S-parameters of the DRABs [dB]. The same measurements in loga-
rithmic form. The gain of the DRABs (bottom left) features a small characteristic
drop at 326 MHz.

Additionally the S-parameters of a board without its enclosure were measured.
The measurement showed the same result: there was no recognizable difference in
the S-parameter data of the measurement with or without an enclosure.

The first amplifier measurements with the VNA looked as expected. The S-
parameter measurements show an overall high uniformity, with slightly better results
from the SURFACE boards. Almost all channels of all DRABs and SURFACE
boards are close to the average of all boards.

4.3.2 Gain Measurements

In the last section the gain of the SURFACE boards (about 59 dB) and the gain of
the DRABs (between 61 dB and 63 dB) has been determined. To further analyze
how much the channels of one board differ from each other and how large the
deviation between all individual SURFACE boards and DRABs is, this section

34

Plot by Nora Feigl



2. Stress test: 

2.2 Second S-parameters measurement at room 
temperature for all amplifiers

Result: All boards survived the stress tests: they 
worked before and after the temperature drop. 
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2.1 In order to test the survival of the boards at very 
low temperatures: Temperature Cycles in the 
temperature chamber: 5 cycles from 0° to -50° for 
all amplifiers
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3.  Parameter influence + other tests:

Crosstalk: Crosstalk determines the disturbance 
due to other channels. 

4 Measurements

Figure 4.14: Crosstalk SURFACE board: gain measurement of channel 1, channel
3, channel 4 and channel 5. While a signal was applied to channel 2, the output of
the other channels was measured. Due to crosstalk the output of these channels
was not zero. But only a small signal was measured, additionally shielded by the
enclosure. The neighbor channels (channel 1 and channel 3) show a stronger signal
but only when measured without the enclosure.

The crosstalk while the board was in the enclosure is clearly smaller and the
neighbor channels no longer show a different behavior than the other channels:
The crosstalk in these channels is not greater, but about the same as in the other
channels.

Accordingly: While the board is not shielded in any way, the crosstalk is clearly
higher than in the case when the board is in its housing. Therefore the enclosure
works as a shielding against interfering signals of other channels, so the signals are
smaller with the board in the enclosure.

Figure 4.16 also displays the crosstalk in the DRAB channels. In this case the
influence of the absorber was tested additionally. Crosstalk figures of the remaining
channels are in the appendix, figure 6.22 - 6.24.
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Plot by Nora Feigl

Noise figure:

4 Measurements

Figure 4.18: Previous noise figure measurements. The measurements were done
with a noise figure meter of a SURFACE board (left) and a DRAB (right). The
noise figure in the passband is below 2 dB (SURFACE board) or at 2 dB (DRAB).

same setup on different days to check for random errors. The influence of the used
IGLU board on the gain of the down-hole amplifier chain was studied. Tests on
the influence of the temperature on the measurements are described in section 4.5.

4.4.1 Fiber Influence

First, the influence of the used fiber cable in the down-hole signal chain between
IGLU and DRAB was tested. This was done because the measurements with the
first fiber did not turn out as expected: the measured gain was too low (50 dB to
55 dB). To check if the used fiber was broken or if the length of the fiber somehow
influences the measurement, some of these measurements were repeated with a
short and a very long fiber. The measurements with those fibers looked pretty
similar and as expected: The gain was in both cases between 61 dB and 63 dB and
the boards showed more uniformity.

In figure 4.19 are gain and group delay measurements of the down-hole amplifiers
to compare the three different fiber lengths between the IGLU and the DRAB.

The shape of the group delay measurements (figure 4.19 (right)) is always the
same, but due to the different lengths of the fibers, the delay time is of course
different, since the signal needs more time to travel through a longer fiber cable. The
three different fiber lengths were 3 m, 10 m and 50 m. The group delay measurement
gives no indication of a defect: the measurements look as expected, the shape of
the group delay is always the same, only the delay time is different.

The gain measurements with all fibers (figure 4.19 (left)) reveal, that the reason
for the too low gain was a broken fiber in the first measurement and the length
of the fiber has no influence on the gain. In the figure are the averages of all
DRABs measured with the three different fibers compared. The gain measurements
with the short and with the long fiber do not differ from one another, only the
measurement with the broken fiber is significantly lower.
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Describes the amount of noise the 
amplifier board adds to the signal 
transmitted through the board. 

Measurements were done with a noise figure meter of a SURFACE board (left) and a DRAB (right). 

(Surface board)



4.  Temperature dependence: 
Surface boards
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— Instead of measuring every board at multiple 
temperatures, the  gain measurement was 
multiplied with a fit function G(f, T) in order to 
calculate the gain at other temperatures.

Troom

4 Measurements

Figure 4.35: Temperature dependence: Test of the fit functions for different
temperatures for the SURFACE board measurements [mag]. The room temperature
measurement is multiplied with the fit function for the target temperature. The fit
function method works quite well, only when zooming into the lower temperature
figures some mismatches become visible. There are only small differences between
the two used fits, the clearest deviation is in the -40 �C figure (bottom left) between
0.3GHz and 0.5GHz. Small features and the gain for frequencies above 0.7GHz
are not perfectly fitted in both cases. Since the gain above 0.7GHz is of minor
interest and the differences are small, this method seems like a good option.
72

— The fit function G(f, T) is obtained fitting the 
measurements of the temperature dependence of 
one board at T: 0°, -10°, -20°, -30°, -40°, -50° C

Plot by Nora Feigl

—The gain increases with the decreasing 
temperature. 


[All RNO-G stations have a temperature sensor for 
continuous monitoring and correction]



• On the total down-hole chain measurements the IGLU 
temperature has the most influence.


• For T in -30°C — -40°C the gain behavior is most uncertain: 
some channels showed an increased, some a decreased gain 
compared to the measurements at higher temperatures. 

Test: One board inside the T-chamber while the other at room 
temperature. The fiber was either inside or outside the 
chamber. 


Results:

4 Measurements

Figure 4.42: IGLU or IGLU and fiber cooled down. Top row: While the IGLU
board was in the temperature chamber, DRAB and fiber stayed outside. Bottom
row: IGLU and fiber were in the temperature chamber while the DRAB was
outside the chamber. The same two DRAB channels have been tested in both cases
(left and right). The influence of the IGLU temperature is clearly greater than
the influence of the DRAB temperature. The different gain measurements have
different heights but the height does not change steadily with temperature. While
for the SURFACE boards the gain increased with decreasing temperature, the gain
of the down-hole amplifiers only increases until -30 �C (green, left) or -40 �C (light
blue, right). The temperature at which the gain starts to decrease again was mostly
consistent within one board, but not entirely. With the IGLU and the fiber inside
the chamber the gain measured at -50 �C (darker blue) was no longer greater than
the one measured at room temperature (red).

Since there is a temperature difference of only 10 �C between the other measure-
ments, but between these is a difference of about 23 �C, this makes sense. In the
SURFACE board measurements, however, there was no discernible difference to
the other measurements. The reason for the different behavior of the IGLU board
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4 Measurements

Figure 4.40: Temperature dependence of the S-Parameters of a DRAB and an
IGLU board [dB]. The measurements in logarithmic form show, that the changes
due to the temperature variation are relatively small.

SURFACE board gain at different temperatures: With decreasing temperature
the gain increases. The gain does not appear to have a strong dependence on
the DRAB temperature. Putting the fiber inside the chamber as well does not
really change the measurements either. With the DRAB and the fiber getting
cooled down while the IGLU stays outside the temperature chamber, the gain
measurement looks similar to the case with just the DRAB inside the chamber.
Hence, the fiber temperature does not influence the gain very much either.

Next, the influence of the IGLU temperature on the measured gain was tested
(see figure 4.42). First, the IGLU was put inside the temperature chamber and after
that the IGLU and the fiber were placed inside the chamber and only the DRAB
stayed outside. The temperature of the IGLU seems to influence the measured
data clearly more than the DRAB temperature. The different gain measurements
have different heights and opposed to the SURFACE board measurements the
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4 Measurements

Figure 4.42: IGLU or IGLU and fiber cooled down. Top row: While the IGLU
board was in the temperature chamber, DRAB and fiber stayed outside. Bottom
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Channel 1

Channel 2

(IGLU inside the chamber, DRAB and fiber outside)

Plot by Nora Feigl

However, applying the corrections we obtain a 
maximum deviation of ~7% (at -40°) !

4.  Temperature dependence: 
DRAB + IGLU

Testing DRABs and IGLU has to study the influence of the 
temperature of different components:



Database
• Centralized database of 

calibration values for all 
components

• Scaleable, controlled 
upload via limited web 
interface:

http://radio.zeuthen.desy.de

• Will in the future 
integrate with our 
software for fully custom 
and time dependent 
detector descriptions

http://radio.zeuthen.desy.de/


• Extensive Lab testing of cables, amplifiers, etc. 

• Field survey (GPS positions, local densities, local pulser drop)

• Calibration campaign (DISC borehole)

• Continuous monitoring (temperature sensors, local calibration pulsers, 
cosmic rays, CW, …)

Summary

RNO-G Calibration Plan:


