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N. PALMIERI1 , J. PEKALA11 , T. PIEROG1 , J. RAUTENBERG8 , H. REBEL1 , M. RIEGEL1 , M. ROTH1 , F. SALAMIDA1,16 ,
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Abstract: The measurement of microwave radio emission from extensive air showers with the CROME (Cosmic
Ray Observation via Microwave Emission) experiment is presented. The microwave signal between 3.4 and
4.2 GHz was measured for a trigger provided by the KASCADE-Grande air shower array. A clear microwave
signal was found for tens of air showers with an energy above 1016.5 eV. We will show, that the geometry of the air
showers with detected signal and measured polarisation of pulses are in very good agreement with a prediction for
a forward beamed coherent emission of extensive air showers in the microwave range.
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1 Introduction
The microwave signal from extensive air showers could be
a very interesting way for a measurement and detailed study
of ultra-high energy cosmic rays. After publishing results
about a promising microwave signal detected in test beam
experiments [1] the idea of a fluorescence like detector (see
e.g. [2]) with an almost 100% duty cycle emerged.

P. Gorham and his colleagues observed isotropic emis-
sion in the microwave range radiated by a high-energy elec-
tron beam in a chamber filled with air. The signal was at-
tributed to molecular bremsstrahlung radiation by very low
energy electrons. A similar radiation process was expected
also for the air-shower plasma. The predicted signal would
enable, in the best case, a calorimetric measurement of en-
ergy and also a measurement of the longitudinal develop-
ment of air showers.

The two frequency bands allocated to downlink satellite
communication, the extended C band (3.4–4.2 GHz) and
Ku band (10.7–12.7 GHz), are particularly well-suited for
observation of air-shower signals as they are characterised
by very low natural background radiation, very little human-
made radio frequency interference (RFI) [3], negligible

absorption in the atmosphere and very little sensitivity to
weather conditions. Moreover, commercial receivers for the
C and Ku bands are commonly available in the form of low-
noise block downconverters (LNBs).

There are several experiments searching for a signal from
atmospheric showers in the microwave bandwidth [4, 5,
6, 7, 8]. The first observation of emission of extensive air
showers in the microwave range was reported recently by
two experiments at the UHECR 2012 conference [9, 10]. We
will discuss results of the CROME experiment here, which
has been obtained after the ICRC in Beijing in 2011 [8].

2 The CROME Experiment
The CROME experiment is co-located with the KASCADE-
Grande (KG) cosmic-ray array [11] at the Karlsruhe Insti-
tute of Technology (KIT). The readout of the antennas is
triggered by KG, which is optimised to detect air showers
in the range from 1015.5 to 1018 eV. The KG reconstruction
accuracy is ∼ 0.8° for the arrival direction, ∼ 6 m for the
core position and about 20% for the energy if the standard
KG quality cuts are applied.
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Figure 1: A C-band camera with 12 receivers, 4 of them
are dual-polarised (side LNBs were installed in summer
2012), mounted in the focal point of a parabolic reflector.

The leading CROME instruments are C-band antennas.
The C-band antennas are parabolic reflectors of 335 cm di-
ameter and a focal length of 119 cm. One antenna is pointed
vertically up to minimise the distance to the shower maxi-
mum and to profit from the corresponding time compression
of a possible shower signal. The second and third antennas
are currently tilted by 15° towards the magnetic north and
south, respectively.

The cameras in all C-band antennas are equipped with 9
linearly-polarised C-band receivers (reflector-matched feed-
horns and low-noise LNBs), see figure 1. The polarisation
of a receiver is defined by the orientation of the feedhorn in
the camera and the camera orientation towards the magnetic
north.

The analogue DAQ chain of a receiver channel starts with
the LNB (Norsat 8215F) which transforms an incoming
signal from a frequency band of 3.4–4.2 GHz down to 0.95–
1.75 GHz. The amplifier in the LNB is powered by a bias tee
(Mini-Circuits ZFBT-352-FT+), see figure 2. An attenuator
of 6 dB (Radiall R411 806 124) is used to keep the signal
strength coming from the LNB within a linear range of
a logaritmic amplifier and to suppress reflections due to
an impedance mismatching between the LNB (75Ω) and
the logarithmic amplifier (50Ω). Another component in the
chain is a high-pass filter (Mini-Circuits VHF-1200) which
reduces the bandwidth to ∼ 600 MHz and suppresses RFI
from airplane altimeter radars.

The logarithmic amplifier (Analog Devices AD 8318 in
Mini-Circuits ZX47-60+) is used to measure the envelope
of the antenna signals. The expected duration of the radio
pulses is very short (∼ 10 ns) for a vertical air shower,
requiring fast DAQ electronics. By removing an external
capacitor in the logarithmic amplifier, the response time of
the whole chain of electronics together with the LNB was
significantly reduced to ∼ 9 ns for the 10-to-90% rise time
(corresponding to an exponential time constant of ∼ 4 ns).

The signal is sampled by 4-channel digitisers (PicoScope
6402 and 6403) with a sampling time of 0.8 ns and an 8-bit
dynamic range of ±50 mV. All channels are readout in a
time window of 10 µs before and after the trigger delivered
by KG.

Figure 2: A box with analogue electronics. The main com-
ponents in a readout chain are (from bottom to top) the bias
tee, the 6 dB attenuator, the high-pass filter and the logarith-
mic amplifier.

Figure 3: The signal measured by a spectrum analyser for
a receiver placed in a cryostat at two temperatures is shown
in the upper plot. The ratio of the power measured for the
hot and cold load is shown in the lower plot.

3 Calibration
The calibration of the individual receivers (LNBs with
feeds) was performed with a microwave absorber at room-
and liquid-nitrogen temperature [8]. The flat 5 cm-thick
microwave absorber was placed along the steel wall, at the
bottom of the cryostat and at the top of the cryostat. The
cryostat is closed by a copper lid. The temperature was kept
uniform and stable in the whole inner part of the cryostat
during the calibration.

Results of the cryostat measurement of the receivers
correspond to a system temperature of 23±3 K when the
same electronics as in the experiment was used. With a
spectrum analyser we measured the system temperature
of 24 ± 2 K. The frequency response between 800 and
1900 MHz is presented in figure 3.

A flying radio source has been developed to study the
radiation pattern of the antennas. The radio transmitter (a
voltage controlled oscillator and an antenna) is mounted on
a remote-controlled copter together with a differential GPS
for precise measurement of the position. A two-element
Yagi antenna or a spiral antenna are used. Both antennas
provide a wide main lobe with −3 dB beamwidth of more
than 90°. The maximum power generated by a stabilised
transmitter is 8 dBm (6 mW) and covers the frequency range
between 2970 and 3950 MHz.

We have verified that the measured radiation patterns
of the receivers are consistent with simulations of the far-
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field zone obtained with the software package GRASP [12].
The measured absolute gain of the antenna along a receiver
beam axis is ∼ 40 dBi. The main lobes are clearly visible
and the −3 dB beamwidths are less than 2◦ for all channels.
An effect of aberration has been measured for off-centre
receivers. The first side lobe is lower by more than 10 dB
relative to the peak of the main beam and is oriented towards
the main lobe of the central receiver.

The measurement for clear sky with the measurement
with a microwave absorber (radiating as black body at
ambient temperature) placed in front of the camera provided
the system temperature of the whole system ∼ 50 K. An end-
to-end calibration with the calibrated microwave emitter is
currently under way.

4 Timing
Particular attention has been paid to the time synchronisa-
tion between the CROME and KG DAQs since the radio
signal is expected to be as short as 20 ns for nearly vertical
showers. A GPS clock identical to the one of KG was used
(Meinberg 167 lcd) to assign a time stamp to the triggers to
merge the CROME and KG data later.

We have developed a detailed analysis of the propagation
of the microwave signal and air shower secondary particles
in air. The propagation time has been measured for all elec-
tronic components and cables in the readout signal chains
and it has been included in our analysis. For the trigger line
we used results provided by the KG collaboration while the
signal lines from antennas to digitisers were measured on
site for each channel.

The KG station with the highest signal was used for a
calculation of the time of the air shower impact on ground.
This station is the closest to the shower core. Because the
distance between the core and the hottest station is less than
65 m a planar shower front was used in our calculation. With
corrections for time delay inside KG stations, propagation
times from stations to the trigger builder and then to the
CROME DAQ we got the arrival time of the KG trigger at
the digitisers. The time of the KG trigger defines the zero
point in our traces. In addition, the arrival time of the shower
front relative to the KG trigger signal is determined by
directly digitising the discriminator signal of one scintillator
station of KG. This time has served as a reference time
between the CROME and KG time frames.

The expected time window in the CROME trace for the
microwave signal arriving from the air shower through air
with a realistic index of refraction into the antenna was
calculated for each KG event and it is typically 5 µs before
the KG trigger. A cone of 3° half-opening angle defines
the field of view of each receiver. A sample of at least
one hundred events whose reconstructed parameters were
fluctuated within the KG and CROME uncertainties was
studied for each air shower. These fluctuations typically
enlarged the expected time window to about 50 ns.

5 Event selection
After merging the CROME and KG data we analysed all
events passing the KG quality cuts with energy above
1016 eV measured between May 4, 2011 and Aug 10, 2012.
The events crossing the field of view of at least one receiver
for which a cone of half-width of 2◦ was assumed were
selected. Traces with a suspicious shape caused by RFI were
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Figure 4: The distribution of a viewing angle is shown for
channels with and without a signal passing our selection
criteria.

excluded from our analysis. The CROME measurement
was from time to time affected by two RFI sources: the
ANKA synchrotron located at the KIT campus [13] and
the altimeter radar of airplanes crossing the antenna field
of view. The signals from both RFI sources are longer
than ∼ 1 µs and are periodic, and therefore it is easy to
identify them. The altimeter radar transmits at 4.3 GHz and
its interference was reduced with the installation of a high-
pass filter. Only ∼ 0.1% of readout traces are affected by
RFI sources.

The strength of a signal was calculated relative to the
mean noise level of each 20 µs trace within the expected
time window. The mean noise level shows a correlation with
temperature which could be explained with the temperature
response of the amplifier in the LNB. No difference in the
baseline was found during business and non-business hours
or days [14]. One would expect a change in the baseline, if a
temporary emitter were present in the C band. We have also
monitored the background level with a wide band antenna
connected to a spectrum analyser. Collected data from the
spectrum analyser has been used in a study of a radio signal
reflection off the extensive air shower front [15].

The optimal selection includes events with energy above
1016.5 eV and a pulse strength of more than 8 dB above the
mean trace voltage. To reduce the expected noise signal
rate (see in the next section) a cut on the viewing angle (the
angle between the shower axis and the boresight axis of the
receiver) was introduced. In figure 4, two histograms of the
viewing angle for events passing our selection criteria are
shown. The red line indicates the distribution of the viewing
angle for channels with a signal above 8.0 dB and the black
for all others. One can clearly notice a lack of events in the
signal distribution at viewing angles larger than 4◦.

In total, 32 channels with a pulse of a few nanosecond
length were found for 30 cosmic ray events. The trace of
an event measured on Apr 16, 2012 is shown in figure 5. Its
energy was 1017.4 eV, the zenith angle 5.6° and the distance
between the shower core and the antenna was about 120 m.
The input power to the logaritmic amplifier as a function of
time relative to the trigger time is plotted for the receiver
with a clear microwave signal. The peak of the input power
is 17.7 dB above the mean trace signal.

It should be noted that a shower signal was usually found
in only one channel. Moreover, the pulses are on average
about 10 ns long. These two characteristics exclude RFI
from sources located either outside (e.g. airplanes, ANKA
synchrotron source, any broadband emitter) or inside the
DAQ container (where the readout electronics are located)
as an origin of the signals. Also, the receivers detecting
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Figure 5: The input power of the microwave signal relative
to the trigger time is shown for one CROME event. The solid
line shows the measured signal and dashed line indicates
the signal threshold of 8 dB above the mean trace voltage.

the microwave pulses differ from event to event and from
antenna to antenna.

More details about the CROME events are discussed
in [16], where the distribution of core positions, arrival
directions, polarisation of the microwave signals and other
properties of measured pulses are presented.

6 Noise signal rate
As was discussed above, 32 channels with a microwave
signal exceeding 8 dB were found in our data after applying
all selection cuts. We have studied how many noise signals
can be expected for the same selection criteria by checking
signals in the time window shifted by a negative and positive
integral multiple of 1 µs from the expected arrival time.

The expected number of noise signals is 7.1±1.6 for the
selection criteria except the cut on the viewing angle and
we have a microwave signal in 37 channels. After requiring
the viewing angle to be less than 4° we get 32 signals and
only 1.2±0.5 are expected. As can be seen in figure 3, 5
events differ from the others by a very large viewing angle.
By accepting events with viewing angles less than 4◦ the
purity of selected events improves from 19% to 4%.

Let us mention that a signal above 10 dB (which corre-
sponds to more than 5σ for a normal distribution of noise
in a 50 ns window) was measured for 8 events while no
noise signal of the same strength is expected. The corre-
lation between the field of view of the receivers and the
shower geometry is expected to increase the significance,
but has not been used in this estimate.

We could improve the purity of the event selection by
increasing the cut on the signal strength, the event energy
and reducing the field of view. In this way we would get
no noise signal, but the number of selected events would
decrease very rapidly. The chosen selection criteria provide
a very clean data set together with large statistics for the
study of properties of the microwave signal.

7 Conclusions
The CROME experiment began its measurement in May
2011 and was upgraded and enlarged a few times. Its
operation was terminated at the end of 2012, when the data
acquisition of KG was shut down, see [17].

The detector showed very stable performance over its
lifetime and its deatime was only about 5%. The major
sources of deadtime were typically a malfunction of a KG
station providing the trigger and interruptions caused by

the test and calibration measurements or by a restart of the
CROME and KG DAQ. We found that detected changes of
the voltage baseline were correlated with temperature. Only
a few collected traces were affected by RFI sources, which
had very distinctive signals.

Detailed analysis of measured data has revealed mi-
crowave pulses produced by air showers crossing the field
of view of a receiver with an amplitude well above noise
fluctuations. After using timing information and suitable
cuts the revealed tens of microwave pulses coming from the
extensive air showers crossing the field of view of receivers.
In total, 32 clear signals were found for 30 events recon-
structed by KG with energies above 1016.5 eV. The expected
noise fraction is only marginal, approximately 4%.

The data collected during about 16 months of the
CROME measurement lead to the first detailed study of the
microwave emission from cosmic-ray showers. We were
even able to identify the emission mechanism as is dis-
cussed in [16].
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[14] R. Šmı́da et al., AIP Conf. Proc. 1535, 214 (2013); doi:

10.1063/1.4807551
[15] J. Stasielak et al., paper 0473, these proceedings
[16] F. Werner et al., paper 1112, these proceedings
[17] A. Haungs et al. [KASCADE-Grande Collaboration], paper

0300, these proceedings


	Introduction
	The CROME Experiment
	Calibration
	Timing
	Event selection
	Noise signal rate
	Conclusions

