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Abstract. LOPES-3D is able to measure all three components of the electric �eld vector of the radio emission from air
showers. This allows a better comparison with emission models. The measurement of the vertical component increases the
sensitivity to inclined showers. By measuring all three components of the electric �eld vector LOPES-3D demonstrates by
how much the reconstruction accuracy of primary cosmic ray parameters increases. Thus LOPES-3D evaluates the usefulness
of vectorial measurements for large scale applications.
Keywords: radio detection, cosmic rays, air showers, LOPES
PACS: 96.50.sd, 95.55.Jz

1. INTRODUCTION

LOPES [1, 2] is an ever evolving radio antenna array
co-located with the KASCADE-Grande [3, 4] air-shower
particle-detector array at the Karlsruhe Institute of Tech-
nology (KIT). It measures the radio emission [5] from

1 Corresponding author
Email address: daniel.huber@kit.edu

cosmic-ray induced air showers via digital radio inter-
ferometry at energies larger than 1016.5 eV. The latest
setup of LOPES is called LOPES-3D. Within this last
upgrade the LOPES experiment was equipped with an-
tennas that are sensitive to all three components of the
electric �eld vector, the so-called tripole antenna [6], see
�gure 1. One tripole antenna consists of three perpen-
dicular dipole antennas and is the most straightforward
approach to build an antenna sensitive to all three com-
ponents of the electric �eld vector. With the additional
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FIGURE 1. Fotography of one tripole antenna as used for
LOPES-3D

vertical antenna LOPES is now able to measure the com-
plete electric �eld vector directly which increases the
sensitivity to inclined showers. Furthermore the compar-
ison with emission models will improve since more in-
formation can be provided. LOPES-3D is reliably taking
data since May 2010.

2. CALIBRATION

After the recon�guration of the experiment a recalibra-
tion was necessary. The calibration procedure can be di-
vided in several steps that can be performed indepen-
dently from each other.

• Simulation of the antenna gain pattern using
4NEC2X [7],

• measuring the delay of the electronics using two
methods and monitoring the timing using the bea-
con [8],

• measuring the antenna positions and

• performing an absolute amplitude calibration [9]
to know which �eldstrength corresponds to which
value of the analogue digital converter.
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FIGURE 2. Relative delay between channel 6 and channel
14 of the LOPES-3D experiment. Upper plot: 50 measurements
for frequencies between 55 and 65MHz in 1MHz steps. Lower
plot: frequency dependent delay (averaged values from upper
plot).

For the measurement of the delay in the electronics
two methods were used. A classic one with a pulse gen-
erator connected to the electronics and the measurement
of the time between sending and receiving the pulse. The
newly developed method works with the phase differ-
ences of different frequencies. With the new method the
frequency dependent delay of the electronics can be de-
termined, see �gure 2. Here the relative delay between
two channels of the LOPES-3D experiment is shown for
frequencies between 55 and 65MHz. The variation be-
tween different measurements is very small and far bet-
ter than the required 1 ns accuracy. This method is only
limited by the intrinsic detector noise and therefore gives
the best achievable result.

3. MONITORING AND SENSITIVITY

During the recon�guration of LOPES to LOPES-3D also
the monitoring was updated. A proper monitoring is
crucial when running an experiment with an uptime of
nearly 100%. To monitor the state of the experiment ev-
ery 20 minutes the last triggered event is brie�y analyzed
in the following way:

• A raw spectrum, i.e. the fast Fourier transform of all
antenna traces is taken and plotted,

• the average noise is calculated and shown for the
last 20 days and

• the phase differences of the beacon signals are
shown for the last 100 analyzed events.
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FIGURE 3. Dynamic spectrum taken with the east-west aligned part of a LOPES-3D antenna. The variation in the background
noise is due to the galactic plane passing by. The relatively short noisy part at the end of day 3 is most probably a solar �are.
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FIGURE 4. Solar �are recorded with LOPES-3D. Power in
arbitrary units.

With this monitoring, failures in electronics can be iden-
ti�ed on a very short time scale without detailed knowl-
edge of the experiment. In the background noise a pe-
riodicity with a ≈ 24 h period is observed. An analysis
of this periodicity indicated an origin from the galac-
tic plane transit and therefore the exact period is 23 h
56min. In �gure 3 a dynamic spectrum from the data
taken with an east-west aligned antenna is shown. The
plane transit can be seen only with small amplitude vari-
ations. This is because the LOPES site is an industrial
area with a lot of ambient noise. LOPES was designed
as a prototype station and never meant to perform highly
sensitive measurements. Nevertheless the observation of

the galactic plane transit demonstrates that LOPES is a
very sensitive radio antenna array, even with the high
noise level present at the LOPES site. In the dynamic
spectrum shown in �gure 3 a period with very high noise
can be observed at day 3. This is most likely a solar �are
seen by LOPES-3D.

4. PERFORMANCE

When recon�guring an experiment, the performance af-
ter the modi�cation needs to be checked to ensure that no
mistake was made during this process. In order to verify
the performance of LOPES-3D several crosschecks were
done. One possibility is to compare event rates before
and after the rebuilding. For LOPES this is not straight-
forward since the antenna positions are reduced and this
needs to be taken into account. However with two pre-
dictions: an optimistic and a pessimistic one, it is proven
that LOPES �ts well within the expectations, see table
1 and for more details reference [1]. Another possibility,
at least for radio antenna arrays, is to look at solar �ares.
With LOPES 30, solar �ares were observed and since the
sun is becoming more active, solar �ares should also be
detectable with LOPES-3D, see �gures 4 and 3. Here so-
lar �ares detected with the present setup LOPES-3D are
shown.
The most straightforward and convincing approach to
check the performance is to compare several measured
events with a model that made good predictions in the
past. In �gure 5 a comparison of LOPES data with the
�v×�B-model is shown. The �v× �B-model is a model that
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FIGURE 5. Comparison of reconstructed events measured with LOPES-3D (right hand side) to the prediction of the�v×�B-model
(left hand side) for the east-west (top), north-south (middle) and vertical (bottom) component of the normalized emission vector.
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TABLE 1. Event statistics of LOPES-3D
Average rate [events/week]
LOPES 30 (EW)[13] 3.5
LOPES-3D expected (EW) 0.39−1.17
LOPES-3D (only EW) 1.06
LOPES-3D (all) 1.75

was able to describe the radio data well and was con-
�rmed by several other radio experiments such as CO-
DALEMA [10] and the Auger Engineering Radio Array
AERA [11]. Therefore most of the events measured with
LOPES-3D should be well described by this model. For
the comparison shown in �gure 5 a normalized emission
vector predicted by the �v× �B-model is used and com-
pared with arrival directions of reconstructed cosmic ray
air showers. A comparison of the relative amplitude with
an arrival direction can be done because the more signal
is above a certain threshold in one dedicated component
of the emission vector the more likely this shower can
be reconstructed. For this comparison the different po-
larizations were analyzed separately. For the east-west
component 61 events were reconstructible and survived
the very strong quality cut of a signal-to-noise ratio of 8
in power. For the north-south component 26 events sur-
vived and for the vertical 16 events survived. This is ex-
pected since most of the radio emission from extensive
air showers is emitted in the east-west component, sec-
ond most in north-south, and the fewest in vertical. The
measured event rate, the agreement of the measured data
with the �v×�B-model and the detected solar �are, at the
exact expected time, are evidence for the functionality of
LOPES-3D.

5. CONCLUSION

The LOPES experiment at the Karlsruhe Institute of
Technology is a �rst generation radio interferometer [12]
for the detection of cosmic rays. LOPES was recon�g-
ured several times to further develop the radio detection
technique of cosmic rays. In its latest setup, LOPES-3D,
it is measuring all three components of the electric �eld
vector emitted by extensive air showers directly and by
this LOPES once again ful�ls its role as a pioneering
radio detector of cosmic rays. Studies have shown that
LOPES-3D is behaving as expected. By comparing rates
of reconstructed events with the former setup of LOPES
and by the agreement of the data taken with the pre-
dictions of the �v× �B-model one can be con�dent that
LOPES-3D measures cosmic rays. Furthermore it could
be shown that the sensitivity of LOPES is good enough to
see the galactic plane transit, even in the very noisy envi-
ronment where LOPES is built. With direct measurement

of the vertical component and the interferometrical re-
construction LOPES-3D is a unique experiment that will
show the prospects of vectorial measurements for future
applications such as AERA [11], by combining the mea-
sured information from all three vector components in on
analysis and not analysing all components separately.
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