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Abstract LOPES, the LOFAR prototype station, was

an antenna array for cosmic-ray air showers operating
from 2003 - 2013 within the KASCADE-Grande exper-

iment. Meanwhile, the analysis is finished and the data

of air-shower events measured by LOPES are available

with open access in the KASCADE Cosmic Ray Data
Center (KCDC). This article intends to provide a sum-

mary of the achievements, results, and lessons learned

from LOPES. By digital, interferometric beamforming

the detection of air showers became possible in the

radio-loud environment of the Karlsruhe Institute of
Technology (KIT). As a prototype experiment, LOPES

tested several antenna types, array configurations and

*e-mail: frank.schroeder@kit.edu ; katrin.link@kit.edu

calibration techniques, and pioneered analysis methods

for the reconstruction of the most important shower
parameters, i.e., the arrival direction, the energy, and

mass-dependent observables such as the position of the

shower maximum. In addition to a review and update

of previously published results, we also present new
results based on end-to-end simulations including all

known instrumental properties. For this, we applied the

detector response to radio signals simulated with the

CoREAS extension of CORSIKA, and analyzed them

in the same way as measured data. Thus, we were able
to study the detector performance more accurately than

before, including some previously inaccessible features

such as the impact of noise on the interferometric cross-

http://arxiv.org/abs/2102.03928v1
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correlation beam. These results led to several improve-

ments, which are documented in this paper and can

provide useful input for the design of future cosmic-ray

experiments based on the digital radio-detection tech-

nique.

Keywords Cosmic rays · extensive air showers · radio

emission · LOPES (LOFAR PrototypE Station)

1 Introduction

What is the potential of the digital radio detection tech-

nique for high-energy astroparticle physics? To answer

this question, LOPES (the LOFAR PrototypE Station)
was deployed in the early 2000’s and operated for about

one decade. Meanwhile the experiment is concluded and

data analysis finished. Therefore, it is time to summa-

rize: What is the answer to the original question? What

has been achieved? What else have we learned, what
new questions emerged, and how is the field continu-

ing?

Thanks to prototype experiments such as LOPES,

digital radio detection has been established as an addi-
tional technique for the measurement of cosmic-ray air

showers. First measurements of the radio emission were

performed with analog detectors more than fifty years

ago [1,2,3]. However, their accuracy for the cosmic-ray

energy and the position of the shower maximum was
limited by the analog technology used and by the in-

complete theoretical understanding of the radio emis-

sion of air showers. Nevertheless, the community main-

tained a certain level of interest in the technique and
continued experimental efforts regarding the radio de-

tection of air showers [4,5]. A technical breakthrough

was achieved in the 2000’s with the digital antenna ar-

rays LOPES [6] and CODALEMA [7] because the dig-

itally saved data enabled sophisticated post-processing
and computing-extensive analyses of the measurements.

In parallel, progress was made on a variety of simulation

and calculation tools [8,9,10,11], whose latest genera-

tions are generally able to reproduce measured radio
signals. Together with the second generation of digi-

tal antenna arrays such as AERA [12], LOFAR [13],

TREND [14], and Tunka-Rex [15], the measurements

of LOPES and CODALEMA were critical to improve

the understanding of the emission processes, in partic-
ular by comparing the measured radio signals with the

predictions of Monte Carlo simulations of extensive air

showers and to the data of the co-located particle de-

tector arrays.

Because LOPES was triggered by the co-located

particle-detector array KASCADE-Grande, a compari-

son of radio and particle measurements of the same air

showers demonstrated that radio detection provides an

accuracy for the shower direction [16] and energy [17]

approximately equal to that of the particle-detector ar-

ray. As prototype station in the radio-loud environment

of the Karlsruhe Institute of Technology, the precision
of LOPES was, however, limited [17]. With improved

methods and at more radio-quiet sites, the successor

arrays LOFAR in the Netherlands [18], the Auger En-

gineering Radio Array (AERA) of the Pierre Auger Ob-
servatory in Argentina [19], and Tunka-Rex in Siberia

[20] have meanwhile achieved an accuracy comparable

to the leading optical techniques for air showers even

for the position of the shower maximum.

In general, radio detection combines several advan-
tages of the classical detection techniques for air show-

ers. Like the air-fluorescence and air-Cherenkov light

of air showers, also the radio emission depends on the

relatively well-understood electromagnetic shower com-
ponent, i.e., the radio signal has an intrinsic sensitivity

to the energy of the electromagnetic component and the

position of the shower maximum. The radio technique

is not restricted to clear nights, but works under al-

most any weather conditions. LOPES showed that only
thunderclouds directly over the antenna array have a

significant impact on the radio signal [21], which low-

ers the available measurement time by only a few per-

cent. Radio detectors share their advantage of avail-
ability around the clock with the classical technique of

secondary-particle detection at the ground. Thus, an-

tennas arrays are the ideal companion to particle de-

tectors, in particular to muon detectors that yield com-

plementary information to the electromagnetic shower
component measured via the radio signal. Moreover,

as it was done at LOPES, a particle detector array

can provide a trigger to the radio antennas, which fa-

cilitates the discrimination of air-shower radio signal
against background.

Digital radio experiments [22,23,24] also revealed

some complications of the radio technique: Due to the

interplay of two different emission mechanisms, the ra-

dio footprint on ground has a two-dimensional, asym-
metric shape. The two proven emission mechanisms are

the geomagnetic deflection of the electrons and positrons

[25],[26], which is the dominant effect for most air-shower

geometries, and the weaker Askaryan effect, i.e., ra-

dio emission due to the variation of the net charge of
the shower front during the shower development [27].

Several radio arrays in radio-quiet environments have

experimentally confirmed the coexistence of these two

emission mechanisms [28,29,30]. At LOPES, this com-
plication was neglected against the typical measure-

ment uncertainties, i.e., the LOPES measurements were

interpreted as if the radio emission were purely geomag-
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netic. The resulting inaccuracy was small compared to

other uncertainties, e.g., resulting from the high radio

background at the site. Another complication of the ra-

dio technique regards self-triggering, which turned out

to be possible, but difficult, and is unnecessary when ra-
dio arrays are operated as extension to particle-detector

arrays. Finally, we learned that fully efficient detec-

tion for all arrival directions requires a relatively dense

antenna spacing below 100m, but sparse arrays with
kilometer-wide spacing still qualify for the detection of

inclined air showers. Despite these complications, the

principle advantage of a precise all-day sensitivity to

the electromagnetic shower component make the ra-

dio technique a suitable extension to existing particle-
detector arrays, and potentially even for stand-alone

neutrino detection.

Given these prospects of the radio technique, we
have decided to provide this review of previous LOPES

results starting with a summary of the main results,

followed by a description of the LOPES setup and its

various configurations. The focus is on the latest re-

sults using end-to-end simulations based on CoREAS,
which are published in detail in the last PhD thesis re-

lated to LOPES [31], and have partly been shown on

conferences [32,33,34]. We also include an overview of

lessons learned, in the hope that some mistakes might
be avoided by future radio experiments.

2 Overview of LOPES results

The following list provides a quick overview of impor-

tant results obtained by LOPES. Some of them are re-
viewed in more detail in the later sections.

– LOPES was the first digital radio array which un-

ambiguously proved that the detection technique is
suitable to study air showers generated by high-

energy cosmic rays [6].

– LOPES confirmed earlier results [2] that the domi-

nant emission mechanism is due to the Lorentz force.
The amplitude of the radio signal is correlated with

the geomagnetic angle [6], and the ratio of the signal

of differently aligned antennas is consistent with the

polarization pattern expected by geomagnetic emis-

sion [35],[36].
– Several very inclined events were detected by LOPES

[37]. The slope of the lateral distribution was ob-

served to become flatter with increasing shower in-

clination [38], i.e. the more inclined the shower the
larger the radio footprint. This is in line with later

results by ANITA [39] and by the Auger Engineer-

ing Radio Array [40].

– Closeby thunderstorm clouds with high atmospheric

electric fields can significantly change the radio emis-

sion of air showers and can cause much higher radio-

signal amplitudes than during normal weather con-

ditions [41,21].
– Digital interferometry, in particular cross-correlation

beamforming, is an effective way of lowering the de-

tection threshold and identifying air-shower pulses

against background [42].
– LOPES pioneered methods for the calibration of

the absolute amplitude using an external reference

source [43],[44]1, and for the continuous calibration

of the relative timing by a reference beacon emitting

sine-wave signals [45]. The nanosecond relative tim-
ing accuracy was essential for digital interferometry.

– Thanks to its absolute calibration, LOPES was able

to test the radio-signal amplitudes predicted by the

REAS [46] and CoREAS [8] radio extensions of the
CORSIKA Monte-Carlo simulation code on an ab-

solute level. Applying the improved amplitude cali-

bration showed that not REAS, but the newer CoREAS

is fully compatible to LOPES within its measure-

ment uncertainties [44].
– The lateral distribution of the radio signal falls less

steeply than indicated by the historic results from

the analog era [2]. A Gaussian lateral distribution

function [17] describes LOPES data best, but a sim-
ple exponential LDF turned out to be sufficient for

many applications [47,38]. In the latter case, the av-

erage exponential decay constant observed by LOPES

is approximately R0 = 180m.

– The wavefront of the radio emission by air show-
ers was found to be of hyperbolic shape [48], which

subsequently was confirmed by LOFAR with more

precise measurements [49].

– The frequency spectrum observed with LOPES can
be described by a power law or exponential function

falling towards higher frequencies [50].

– LOPES provided an experimental proof that the ra-

dio signal depends on the longitudinal shower de-

velopment [51], and was able to measure the depth
of the shower maximum for individual events. Al-

though the measurement uncertainties were too large

for an interpretation in terms of mass composition,

LOPES showed that the lateral distribution [17] and
the wavefront [48] can each be used to reconstruct

the position of the shower maximum.

1Due to the better insight and update of the absolute calibra-
tion, numerical values for amplitude measurements reported
in publications prior to 2015 need to be corrected by a factor
of 2.6 ± 0.2 as explained in Ref. [44]. Apart from this change
of the amplitude scale, all results remain valid.
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Fig. 1 Photo of an inverted v-shape dipole antenna of the
LOPES-30 setup in the KASCADE particle-detector array.

– Despite the high radio background at the LOPES

site, LOPES achieved a competitive accuracy of bet-
ter than 20% for the energy of the primary particle

and of better than 0.5◦ for the arrival direction (de-

tails in this article).

3 The LOPES experiment

This section describes the technical setup of the LOPES
experiments and its data acquisition, the procedure for

data analysis and end-to-end Monte Carlo simulations

reproducing measured events. The section concludes

with a description of the data set used for the results

presented in this article and its public access via KCDC.

3.1 Retrospective view on different experimental
stages

LOPES started in 2003 by deploying ten dipole-like

LOFAR prototype antennas at the KASCADE array

for cosmic-ray air showers (Fig. 1). Triggered by the

particle-detector arrays KASCADE [52] and KASCADE-

Grande [53], LOPES soon detected the radio emission
of air showers with energies above 1017 eV [6], and sub-

sequently was extended to 30 antennas (Fig. 2). At the

beginning, all LOPES antennas were aligned in east-

west direction because, due to its dominant geomag-
netic origin, the radio signal is on average strongest in

the east-west direction.

End of 2006, half of the then 30 antennas were ro-

tated to align them in north-south direction. The simul-

taneous measurements of the north-south and east-west
aligned antennas provided additional evidence for the

dominantly geomagnetic nature of the radio emission

[35]. Five antenna positions were equipped with both

polarization directions, but due to restrictions in the

cabling infrastructure the remaining ten east-west and

ten north-south aligned antennas were placed at dif-

ferent positions (Fig. 3). Since the radio signal and its

polarization changes significantly on the scale of the an-
tenna spacing (26 − 37m between adjacent antennas)

[54], this special separation of differently aligned an-

tennas turned out to hamper a reconstruction of the

signal polarization. At LOPES, we therefore decided to
analyze the east-west and north-south aligned antennas

separately. Because of the longer measurement time and

the stronger signals, the event statistics was higher for

the east-west aligned antennas [38], and most results

are based on these east-west measurements – including
the new results presented in the following sections.

In the winter of 2009/2010, the configuration of LOPES

was changed again, i.e, the antennas were exchanged to

ten ’tripole’ stations, each consisting of three orthogo-
nal dipole antennas aligned in east-west, north-south,

and vertical direction [55]. This setup was operating

until 2013 when the whole KASCADE experiment was

stopped and subsequently dismantled. Due to a new re-

search facility close to the LOPES site, the background
level increased substantially during the last phase of

LOPES limiting the statistics of events above thresh-

old. Nonetheless, statistical analyses and a few individ-

ual events with detectable signal in all three polariza-
tion directions again confirmed the general picture of

the dominant geomagnetic emission [36]. In addition to

the overall increase of the background level, we noted

that the background rises towards the horizon, as is ex-

pected for anthropogenic radio background. Thus, no
final conclusion was drawn whether such a more expen-

sive setup with three polarization directions per station

would have an advantage over a setup with two anten-

nas per station.

3.2 Data-Acquisition System

While the setup of the antennas was changed several

times over the operation period of LOPES, the hard-
ware of the data-acquisition remained the same. Tech-

nical details can be found, e.g., in reference [55] and

[56], and only the main features are described here.

The voltage measured at each antenna was contin-

uously digitized and stored in a ring buffer, where the
digitization of all antenna signals was synchronized by

a common clock distributed via cables. Upon receiving

a trigger from KASCADE or KASCADE-Grande, the

buffers of all antennas were read out and combined to
one event containing the coincident traces of all 30 an-

tennas. Each event was stored on disk and combined

during later analysis with the coincident KASCADE or
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April 2003 February 2005 December 2006 February 2010

LOPES 10   LOPES 30              LOPES 30 pol          LOPES 3D

January 2013

Fig. 2 Timeline of the LOPES experiment: Starting with 10 east-west aligned antennas of the inverted v-shape dipole type
(LOPES 10), LOPES was soon extended to 30 such antennas (LOPES 30). End of 2006, half of these antennas were rotated
by 90◦ to north-south alignment (LOPES 30 pol). Finally, all antennas were dismantled and 10 tripole antennas connected to
the existing cables and DAQ infrastructure (LOPES 3D). The results presented in this article are based on data acquired with
the LOPES 30 and LOPES 30 pol setups.
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Fig. 3 Map of the LOPES and KASCADE arrays: east-west
aligned antennas are marked with upward triangles, north-
south aligned antennas with downward triangles (i.e., stars
are antenna stations equipped with both polarizations), cir-
cles mark the positions of the tripole stations deployed in
2009/2010, and dashed triangles mark those antennas dis-
mantled in 2006 when deploying north-south aligned anten-
nas.

KASCADE-Grande event providing the trigger, i.e, the

radio signal measured by LOPES could be compared

directly to the particle measurements of the same air
shower.

Due to limitations of analog-to-digital converters

(ADCs) available at this time for a reasonable budget, a

frequency band of a maximum width of 40MHz had to
be selected for LOPES. The radio signal is strongest at

frequencies below 100MHz, because at these frequen-

cies the wavelengths exceed the typical thickness of the

particle front of air showers (today we know that the

signal-to-noise ratio can be better at higher frequencies

under some circumstances, and at the Cherenkov angle
the radio emission extents even up to GHz frequencies

as shown by the CROME experiment at the same site

[57]; see Appendix H). Taking into account the knowl-

edge when LOPES was built, the location of the fre-

quency band of LOPES had been chosen to 40−80MHz
as a compromise between the Galactic background in-

creasing towards lower frequencies and avoiding the FM

band.

The radio signals received by the LOPES anten-

nas were sampled in the second Nyquist domain with a
nominal depth of 12 bits at a rate of 80MHz (see Fig. 4).

Analog filters in the signal chain strongly suppressed

the frequency range outside of the nominal band of 40−

80MHz. This band was further reduced during analysis

by digital filters to an effective band of 43− 74MHz to
avoid systematic uncertainties because of slightly differ-

ent cut-off frequencies of the individual filters. As the

sampling conditions fulfill the Nyquist theorem, the ra-

dio signal between the samples in this band could later
be retrieved by upsampling.

Because the time synchronization of LOPES had

glitches causing occasional offsets up to a few samples

between antennas, we applied a dedicated method to

improve the relative timing. First, the carrier signals of
TV transmitters in the measurement band were used

and later a dedicated reference beacon emitting con-

tinuous sine waves [45]. This external reference beacon

ensured that the relative timing between different an-

tennas was accurate to about 1 ns, which corresponds
to a phase error of less than 30◦ at 80MHz. Together

with an accurate measurement of the antenna positions

by differential GPS this enabled the use of LOPES as

a digital interferometer.

The complete antenna array was calibrated by an
external reference source several times per year starting

in 2005 [43], achieving an absolute accuracy of the mea-

sured radio amplitude of about 16% [44]. Since the di-

rectional pattern of the antennas was not measured, the
directional gain dependence of the antennas was taken

from simulations which, however, came with some defi-

ciencies (cf. section 4). Regarding the phase response of
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Fig. 4 Data-acquisition system (DAQ) of LOPES organized in three stations of 10 channels, each. The signal of all antennas
was digitized continuously in ring buffers. After receiving an external trigger, the signal of all 30 antennas were read out
simultaneously and stored on one of nine local computers. Then, the data were combined to one event in a central computer
and stored on a hard disk and as backup additionally on tape.

Table 1 Properties of the LOPES experiment.

Location 49◦06′ N, 8◦26′ E
Altitude 110 m above sea level
Size approx. 0.04 km2

Geomagnetic field B = 48.4 µT, θB = 25.2◦

Number of antennas up to 30
Nominal band 40 − 80 MHz
Effective band 43 − 74 MHz
Trigger by co-located KASCADE(-Grande)

the LOPES signal chain, the largest effect was by the

filters whose phase response was measured in the labo-

ratory and was corrected for during analysis. However,

we did not need to correct for the gain of the individual
components, because LOPES features the end-to-end

calibration of the absolute gain by the external refer-

ence source.

In summary, the data-acquisition system of LOPES
was fully appropriate and fulfilled its purpose of pro-

viding reliable radio measurements of every triggered

KASCADE(-Grande) event.

3.3 Analysis pipeline

Data analysis was performed by an open-source soft-

ware ’CR-Tools’ written in C++. The software as well

as calibration and instrumental data of LOPES were
made publicly accessible in a repository shared with

LOFAR [58]. The LOPES software comes with differ-

ent applications, e.g, for instrumental tests, calibra-

tion measurements, and a standard analysis pipeline
for cosmic-ray air showers used for the results presented

here. The individual steps of this pipeline are described

in detail in various references [31,59,60].

In the first step of the pipeline, the measurements
were corrected for known instrumental properties such

as the phase response of the filters, the simulated di-

rectional antenna pattern, and the total absolute gain

obtained from end-to-end calibration measurements. In

the second step of the pipeline, the data quality was en-
hanced by upsampling and by digitally removing narrow-

band interferences: the frequency spectrum measured

at each antenna was obtained by a fast Fourier trans-

form (FFT) of the recorded traces. Narrow-band lines in
the frequency spectrum generally are of anthropogenic

origin. Consequently, they were suppressed. This en-

hanced the signal-to-noise ratio and left the broad-band
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air-shower signal almost unchanged. Three of these sup-

pressed lines in the frequency spectrum corresponded to

the sine waves emitted by the dedicated reference bea-

con of LOPES [45], whose phasing was used to correct

the relative timing between the individual antennas to
an accuracy of about 1 ns.

Upsampling was performed by the zero-padding method

in the frequency domain: after a Fast Fourier Trans-

form (FFT), zeroes were added to the frequency spec-

trum for the frequencies below the nominal band, i.e.,
for 0 − 40MHz, for an upsampling factor of two, and

also at higher frequencies until n × 40MHz for an up-

sampling factor of n > 2. Several cross-checks, e.g.,

with calibration pulses, had shown that high upsam-
pling factors enabled a timing precision of better than

1 ns although the original samples were 12.5 ns apart.

Generally, a higher upsampling increases the computa-

tion time for the analysis. Therefore, for each analysis

the upsampling factor was chosen such that the result-
ing sampling did not contribute significantly to the final

uncertainties, which was given for most analyses at an

upsampling factor of at least n = 8, and for timing-

sensitive analyses at an upsampling factor of at least
n = 16.

The interferometric method used at LOPES was

cross-correlation (CC) beamforming, which was the next

step in the pipeline: The traces of the individual anten-

nas were shifted according to the arrival time of the
radio wavefront. This time shift depended on the ar-

rival direction of the signal and on the shape of the

radio wavefront. For the latter we used an hyperboloid

centered around the shower axis with a variable angle

ρ between the shower plane and the asymptotic cone of
the hyperboloid [48]. After the time shift of the individ-

ual traces, the CC beam CC(t) was calculated as the

sum of all pair-wise cross-correlations of shifted traces

(details in Refs. [50,42]):

CC(t) = sgn(S(t))

√

|S(t)|

Np

with S(t) =

N
∑

i6=j

si(t)sj(t)

(1)

with N the number of antennas,Np the number of pairs

(all combinations of two different antennas), and s(t)

the time-shifted signal in an individual antenna.

Because the CC beam features rapid oscillations, it
was smoothed by block averaging over consecutive sam-

ples over 37.5 ns (i.e., n× 3 samples for an upsampling

factor of n). A Gaussian was fitted to this smoothed

CC-beam trace and the height of this Gaussian was
used as measure for the amplitude of the CC beam.

This smoothing made the reconstruction more robust,

but lowered the amplitude of the CC beam. Therefore,

the CC-beam amplitudes depend on the reconstruction

procedure and are difficult to compare to other experi-

ments.

In an iterative fit procedure we searched for the

maximum CC-beam amplitude by varying the cone an-
gle ρ of the wavefront and the arrival direction.2 To

speed up the reconstruction procedure, we used the

KASCADE(-Grande) reconstruction as initial value for

the shower axis and search for the maximum in a range
of 2.5◦ around this initial value. This range is more

than five times larger than the direction accuracy of

both arrays, KASCADE(-Grande) and LOPES, and we

checked that the search range was large enough to avoid

a bias due to the selection of the initial value. Hence,
the maximization procedure yielded a reconstruction of

the arrival direction as well as of the steepness of the

radio wavefront.

Using the arrival direction and cone angle found by
maximizing the cross-correlation beam, we also form a

power beam:

p(t) =

√

√

√

√

1

N

N
∑

i

s2i (t) (2)

The fraction of the power and the CC-beam, the so-

called excess beam, is a measure for the coherence of the

signal [62]. Assuming that the air-shower pulse is mostly

coherent in the individual antennas, incoherent contri-

butions by background increase the value of the power
beam, but not of the CC beam. Thus, the fraction of

the total power contained in the CC beam is one of the

quality criteria applied to the data set (cf. Sec. 3.5).

Furthermore, by the time shift of the indiviudal
traces that maximizes the CC beam, we knew the ar-

rival time of the signal in each antenna. Thus, we could

subsequently measure the signal amplitude at each in-

dividual antenna even very close to the noise level and

without the need of applying additional quality cuts
at the level of single antennas. Then, these amplitude

measurements at the individual antennas were used for

further analyses.

The amplitude measurements at the individual an-
tennas are given in field strength per effective band-

2In an earlier version of the LOPES pipeline we used a spher-
ical wavefront which corresponds to the approximating of a
static point source. The maximization procedure of the CC-
beam was similar, varying the arrival direction and the dis-
tance to the assumed point source (= radius of curvature)
instead of the arrival direction and the cone angle. Such a
method of searching for the point in the sky maximizing an
interferometric beam was recently re-suggested in [61]. At
LOPES, however, we switched to the hyberbolic wavefront
model because it describes the measured and simulated events
slightly better than a spherical wavefront model and also en-
abled a more precise Xmax reconstruction [48].
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width, using an effective bandwidth of LOPES of 31MHz

(this means that values stated here need to be multi-

plied by 31MHz to obtain the field strength in µV/m

in the effective band.) With some remaining limitations

(see below), these amplitudes are easier to interpret
than the CC beam and were used for the final step of

the pipeline, which was the reconstruction of the lateral

distribution. Although an exponential lateral distribu-

tion function (LDF) features an unphysical singularity
at the shower axis, it turns out to provide a sufficient

and simple empirical description of the LOPES mea-

surements - given the significant uncertainties of typi-

cally 4 − 8m in axis distance and at least 5% in the

individual amplitudes (much more at typical signal-to-
noise ratios [63]). Hence, an exponential LDF with two

free parameters was fitted to the amplitude, ǫ, over dis-

tance to the shower axis, daxis:

ǫ(daxis) = ǫ100 exp(−η(daxis − 100m)) (3)

where the amplitude at 100m axis distance, ǫ100, is a

good energy estimator, and the slope parameter η is
sensitive to the longitudinal shower development [51],

as was predicted on the basis of simulations [64].

The lateral distribution was even better described

by a Gaussian LDF which contains an additional free
parameter. We used the Gaussian LDF for the recon-

struction of the energy and the position of the shower

maximum [17]. However, for the energy precision, the

Gaussian LDF provided no significant improvement com-

pared to the simpler exponential LDF [31]. We there-
fore use the simpler exponential LDF (Eq. 3) for the

analysis presented here.

3.4 End-to-end simulations

The latest feature implemented in the analysis soft-

ware is the treatment of air-shower simulations in the
same way as measured data. The radio signal of air-

showers was calculated by the CoREAS extension of

the CORSIKA Monte Carlo code [8]. Afterwards, all

known instrumental effects were applied on simulated
electric-field vectors at each antenna position, in par-

ticular the gain pattern of the antennas, the amplitude

and phase characteristics of the signal chain, and the

quantization of the signal implied by the resolution of

the 12-bit ADC. The simulated signals were stored as
traces with the LOPES sampling rate of 80MHz in the

same data format as real events (see Fig. 5 for a typi-

cal example event). Subsequently, the simulations were

analyzed using the same standard analysis pipeline as
for the measurements.

Optionally measured noise was added to the simu-

lated events. For this purpose, we used real background

measured by the LOPES antennas. Thus, the perfor-

mance of the LOPES experiment could be assessed us-

ing these end-to-end simulations. In particular the cross-

correlation beamforming was studied with the simula-

tions, and the measurements of the hard to interpret
CC beam were compared quantitatively to the predic-

tions of the CoREAS simulations.

With the new end-to-end simulations, we were able

to check the effect of a simplification made when com-
paring REAS and CoREAS simulations to LOPESmea-

surements in earlier publications [38]: when processing

the simulations, we simply filtered the east-west and

north-south polarization components of the simulated

electric field to the effective band of LOPES, but ig-
nored that LOPES was unable to measure these electric

field components directly. Due to the inverted v-shape

of the LOPES antennas the east-west and north-south

aligned antennas are also partially sensitive to vertically
polarized signals. In contrast to other experiments fea-

turing two orthogonally aligned antennas at each sta-

tion, the three components of the electric field vector

could not be reconstructed at LOPES. Since at most

antenna positions only one antenna was available, e.g.,
east-west aligned, necessarily a simplifying assumption

had to be made in the reconstruction of the radio signal.

Therefore, we used a simplified treatment of the decon-

volution of the direction-dependent antenna pattern,
which is described in detail in reference [31]. Neverthe-

less, with the new end-to-end simulations we treated

simulations and measurements in the same way and

were able to fully compare them with each other.

Furthermore, with the end-to-end simulations we
were able to study the error made by the simplification.

Since both, the polarization of the radio signal emitted

by an air shower as well as the antenna gain, depend

on the arrival direction, the size of the error is strongly
arrival-direction dependent. While for individual events

the error can be as large as a factor of 2, on average the

reconstructed values of the field strengths are only few

percent lower than the true values of the simulated air

showers. Figure 6 shows the dependence of this bias on
the azimuth and zenith angle: each point corresponds

to the arrival direction of a real air shower measured by

LOPES (the distribution is nonuniform because the am-

plitude of the radio signal and the detection threshold
of LOPES depended strongly on the arrival direction

of the air shower relative to the geomagnetic field). For

the large majority of events, the error by the simplifi-

cation is smaller than 10% and well within systematic

uncertainties quoted in earlier publications.

In addition to the bias for the reconstructed field

strength in individual antennas, we also studied the av-

erage effect of the simplified treatment of the antenna
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Result of reconstruction:

θ  = 45.2 °

φ = 7.2 °  

ε
100

 = 19.5 ± 2.5 µV/m/MHz

η  = 11.8 ± 1.0 km-1

( ) )m 100(exp)( 100 −⋅−= dηd εε

Lateral Distribution Function (LDF):

Result of reconstruction:

θ = 44.3 °

φ  = 8.9 °  

ε
100

 = 16.9 ± 1.9 µV/m/MHz

η  = 11.5 ± 1.0 km-1

( ) )m 100(exp)( 100 −⋅−= dηd εε

Lateral Distribution Function (LDF):

Fig. 5 Example event measured by LOPES and simulated with CoREAS using the KASCADE-Grande reconstruction as
input: energy E = 3.4 · 1017 eV, azimuth φ = 8.6◦, zenith θ = 44.1◦. This event is a best case example with high signal-to-noise
ratio. Therefore, the signal is easily visible in all antennas. Left: LOPES measurement. Right: CoREAS end-to-end simulation
including the detector response. Top: Time series of the signal in the individual antennas (after the time shift for the hyperbolic
beamforming in the shower direction). Middle: Cross-correlation beam and power beam after block-averaging over 37.5 ns for
smoothing. Bottom: Lateral distribution of the maximum instantaneous amplitude (peak of Hilbert envelope) in each antenna
and the fitted LDF (figure from Ref. [34]).
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Fig. 6 Ratio between the true polarization components in individual antennas and the values reconstructed by the standard
analysis pipeline of LOPES for end-to-end CoREAS simulations including all known detector effects for the east-west (EW)
and north-south (NS) aligned antennas. While for individual events the deviation can be as large as a factor of 2, in most cases
the reconstructed values are only slightly smaller than the true ones. The average bias is only (4.5 ± 0.5) % for the east-west
component and (7.4 ± 0.6) % for the north-south component.

Table 2 Average bias due to noise determined by comparing the end-to-end simulations with and without noise for the east-
west (EW) and north-south (NS) polarization components, respectively. The stated values were calculated as (1 - without
noise / with noise) for values given in % and as (without noise - with noise) for the slope parameter η. For the parameters of
the lateral distribution, ǫ100 and η, also the biases due to the simplified reconstruction method of the electric field used by
LOPES are stated: (1- true / reconstructed) and (true - reconstructed), respectively. Such a bias cannot be determined for
parameters of the cross-correlation beamforming, since it implicitly includes the reconstruction simplifications and, thus, no
’true’ values without bias are available from the CoREAS simulations. The ± indicates the standard deviation, which for the
bias due to noise can be interpreted as average statistical uncertainty of the corresponding quantity due to noise.

bias due to reconstruction bias due to noise net bias

CC-beam amplitude
EW −(1.9 ± 5.9) %
NS −(3.7 ± 6.5) %

cone angle ρCC

EW +(0.2 ± 12.0) %
NS (0.0 ± 12.1) %

lateral amplitude ǫ100
EW +(1.5 ± 8.1) % −(1.1 ± 7.3) % +(1.9 ± 10.6) %
NS +(6.6 ± 7.3) % −(1.9 ± 7.3) % +(3.7 ± 14.4) %

lateral slope η
EW −(1.05 ± 0.64) km−1 +(1.01 ± 1.80) km−1 +(0.08 ± 1.72) km−1

NS −(1.02 ± 0.85) km−1 +(0.52 ± 1.70) km−1 +(0.68 ± 2.35) km−1

gain on the reconstructed lateral distribution (see Fig. 7

for an example). By comparing the true values of the

simulations with the result of the end-to-end simula-
tions with and without noise, we discovered that noise

introduces an additional bias on the amplitude and

slope parameters, ǫ100 and η, respectively. This bias

is on top of a bias due to noise in individual anten-

nas, which we had already corrected for in our stan-
dard analysis [63]. For the amplitude parameter ǫ100,

the size of each effect (noise bias and antenna-gain-

simplification bias) is small relative to the dominating

16% scale uncertainty of the amplitude calibration. For
the slope parameter η, the size of the individual biases

are comparable to the measurement uncertainties, but

the biases by noise and by the simplified treatment of

the antenna gain partly compensate each other. Over-

all, the mean net biases are small, but there is a rel-
atively large spread, which reflects an event-by-event

systematic uncertainty (see Table 2). This implies that

the measurements of individual events have to be in-

terpreted with care while average values over dozens to

hundreds of events should be affected only marginally.
Consequently, LOPES results published prior to this

paper can be considered reliable.
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Fig. 7 Lateral distribution of a typical example event mea-
sured by LOPES and simulated with CoREAS. The appli-
cation of the detector response (= end-to-end) impacts the
CoREAS simulations only marginally. Generally, a different
slope for the simulated and measured lateral distribution is
expected for individual events because the position of the
shower maximum is subject to shower-to-shower fluctuation.
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Fig. 8 Impact point of the shower axis (core) of the events
passing the quality cuts described in the text. In addition to
the KASCADE array (Fig. 3) also the detector locations of
the larger KASCADE-Grande array are shown.

3.5 Data set

The LOPES data set consists of air-shower events trig-
gered by the KASCADE array and its KASCADE-Grande

extension. Both arrays provided a trigger to LOPES for

all events with estimated energies & 1016.5 eV, which

was significantly lower than the detection threshold of
LOPES around 1017 eV. We removed those events from

the analysis which had a zenith angle larger than 45◦

or which had their shower cores outside of the fidu-

Table 3 Statistics of LOPES events used in this paper. The
two subsets of LOPES events triggered and well reconstructed
by KASCADE and KASCADE-Grande, respectively, overlap
by a few events which is why the total number of events is
less than the sum. For those measured events remaining after
all quality cuts, also the statistics of corresponding showers
simulated by CoREAS are shown that pass all quality cuts for
both cases of a proton and iron nucleus as primary particle.

Cumulative Quality Cuts KASCADE Grande Total

E > 1017 eV 951 3042 3974
signal-to-noise ratio 415 310 715
power in CC-beam 345 245 582
exclude thunderstorms 339 239 570

simulated events 302 162 464
sim. events with noise 258 122 380

cial areas of the KASCADE or KASCADE-Grande ar-

ray, respectively. After applying these cuts, both arrays

were fully efficient for all types of primary cosmic rays

well below the relevant energy range, and we can safely
assume that all events that had a radio signal pass-

ing the LOPES reconstruction were triggered. However,

LOPES itself was not fully efficient, i.e., only a fraction

of the triggered events passed the LOPES reconstruc-

tion (see Table 3 and Fig. 9)3. Corresponding to the two
particle-detector arrays providing the trigger, there are

two data sets of LOPES events, KASCADE and Grande

events, which have only little overlap (Fig. 8). Depend-

ing on the analysis, we either use both data sets com-
bined, or only the KASCADE data set because those

events have their core contained inside of the LOPES

antenna array which allows for a higher quality of the

event reconstruction.

For the present analysis we used data recorded by

the east-west aligned v-shape dipole antennas from De-
cember 2005 to October 2009, because starting Decem-

ber 2005 LOPES featured an absolute amplitude cali-

bration [43]. During this time almost 4000 well-reconstructed

KASCADE and KASCADE-Grande events with an en-

ergy of at least 1017 eV triggered LOPES and were
propagated through the LOPES analysis pipeline. To

those events which passed the analysis pipeline with-

out error, which implies, e.g., that the reconstruction

of the arrival direction converged, we applied further
quality cuts:

– The signal-to-noise ratio of the CC-beam must be

greater than 14 ·
√

Nant/30, with Nant the number

of antennas contributing to the measurement of the
event.

3Because the biases related to the partial efficiency of LOPES
are difficult to estimate, we refrain from determining the ab-
solute flux, energy spectrum, or mass composition.
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Fig. 9 Top: Number of events triggered by the KASCADE
array with a reconstructed energy above 1017 eV (no event
had an energy above 1018 eV); and the number of events in
the subset passing all LOPES quality cuts. Bottom: Fraction
of the two event numbers which is a measure for the efficiency
of LOPES.

– The CC beam must contain at least 80% of the

total power, which excluded events contaminated by
background.

– To reject thunderstorm events, events with an at-

mospheric electric field of at least 3 kV/m were ex-

cluded. This cut was applied to events recorded af-
ter the installation of a local electric field mill on 24

August 2006.

After the quality cuts, 570 measured LOPES events

remain in the analysis.

Using the KASCADE dataset, we were able to es-

timate the efficiency because the shower cores of these

events were contained or very close to the LOPES an-
tenna array (Fig. 9). For energies above 2·1017 eV, more

than half of the LOPES events passed all of the quality

cuts mentioned above. For most of the Grande events,

the shower cores were too distant from the LOPES ar-

ray for a detectable radio signal. More detailed discus-
sions on the dependencies of the amplitude of the radio

signal, e.g,. on the energy, the geomagnetic angle, and

the distance to the shower axis can be found in many

of the references cited in the introduction.

We also produced a library of CoREAS simulations
using the energy, arrival direction, and shower core re-

constructed by KASCADE(-Grande)4 as input. Using

4’KASCADE(-Grande)’ refers to both, the KASCADE and
the KASCADE-Grande data sets, at the same time.

CORSIKA 7.3 with the hadronic interaction model QGSJet

II.03, two simulations were created per LOPES event,

one with a proton and one with an iron nucleus as pri-

mary particle. Because different LOPES analyses used

different selection criteria, versions of the analysis pipeline,
and subsequent quality cuts, the exact data sets varied

slightly over time and LOPES publication, and some

showers were not included in the simulation library.

Still, there is significant overlap between all selections,
and for about 90% of the measured events used here

there are corresponding CoREAS simulations. Each sim-

ulation was processed twice through the standard anal-

ysis pipeline, once the pure simulated radio traces and

once the simulated radio traces after adding randomly
selected noise samples measured by LOPES.

After the analysis pipeline, the simulated events were
subject to the same quality cuts as the measured events.

Since many of the measured events are close to the

detection threshold, only a part of the corresponding

simulated showers passed the quality cuts (the vice-

versa situation does not happen because those showers
missing the cuts for the measurements, were simply not

simulated). In case of pure simulations without adding

noise, 464 events passed all quality cuts for both, pro-

ton and iron, as primary particle (after removing 3 sim-
ulated events for which the fit of the lateral distribution

failed). In case of the simulations with measured noise

added, 380 events passed all quality cuts for both, pro-

ton and iron, as primary particle. These common events

with both measured and simulated results available are
the data set used for the results shown here.

The LOPES events were made available to the pub-
lic in the KASCADE Cosmic Ray Data Center (KCDC)

[65] in November 2019 as part of the ’Oceanus’ release.5.

In addition to the reconstructed parameters of these

LOPES events (up to 20 parameters per event and 4
parameters per antenna in an event), also the corre-

sponding KASCADE-Grande data can be downloaded

from KCDC as detailed in the user manual available on

the KCDC website. The LOPES data can be found as

subset of the KASCADE data in the KCDC data shop:
https://kcdc.ikp.kit.edu/

4 Results

Using the end-to-end simulations, we first checked for

the consistency of measurements and simulations. Gen-

erally, the CoREAS simulations describe the measured

5Due to different versions of the KASCADE reconstruction
software ’KRETA’, the values available in KCDC may differ
slightly from the ones used in the analysis presented in this
paper.

 https://kcdc.ikp.kit.edu/
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events well. Therefore, in a second step we used the sim-

ulations to study several features of our analysis proce-

dure, in particular the relation between the amplitude

at a specific lateral distance and the CC-beam ampli-

tude. Finally, we provide an update on earlier results
regarding the direction and energy accuracy of LOPES

and the sensitivity to the shower maximum.

4.1 Consistency of Measurements and end-to-end

Simulations

Do CoREAS simulations agree with the measurements?

In earlier publications, we had compared the amplitude

predicted by CoREAS with the amplitudes measured
by LOPES, but were not able to assess the systematic

uncertainties due to the simplified treatment of the an-

tenna gain described above. With the new end-to-end

processing of the simulations, we solved this problem

and could compare simulations and measurements in an
“apples-to-apples” way. The remaining significant un-

certainties are the scale uncertainty of the amplitude

calibration of 16% and the 20% uncertainty on the

energy reconstructed by KASCADE-Grande that was
used as input for the simulations.

We confirmed that CoREAS describes the absolute

amplitude well, both for the CC-beam amplitude and

for the amplitude ǫ100 at 100m obtained from the LDF

fit. Determining the offset between simulations and data
as a factor k of a line fitted to the event-by-event cor-

relation (Fig. 10) and as the mean of a histogram of

the deviations (Fig. 11) yielded consistent results. Also

the offsets between simulations and measurements for
the CC-beam amplitude and for the amplitude ǫ100 at

100m axis distance are consistent within statistical un-

certainties. The difference of about 11% to 12% be-

tween proton and iron showers can be explained by the

different fraction of the energy in the electromagnetic
component emitting the radio signal. In all cases, the

mean offset between LOPES and CoREAS is lower than

the calibration scale uncertainty.

Hence, except for a few outliers, the CoREAS sim-
ulations are generally consistent with the LOPES mea-

surements. These outliers were observed in earlier anal-

yses, too [38]. For all outliers, the measured amplitude

is significantly higher than the simulated one (in the

vice-versa situation, an event was likely not detected
at all). Such upward fluctuation of the measured am-

plitude could be caused, e.g., by undetected thunder-

storms (however, only one of the outliers is an event

detected before the thunderstorm monitoring was in-
stalled), man-made radio noise overlapping with the

air-shower signal, or systematic issues in the instrument

response or reconstruction procedure.

A closer investigation of the comparison of the CoREAS

simulations and the measurements revealed that there

is a trend in the ratio of measured versus simulated am-

plitudes with zenith angle (Fig. 12). This trend might

be due to deficits in the simulated antenna pattern
used for the interpretation of the measurements (reg-

ular calibration measurements were only done for the

zenith, and cannot be repeated for other directions since

LOPES is dismantled). This unknown reliability of the
antenna pattern is a major systematic uncertainty for

the interpretation of amplitudes of individual events,

but only a smaller uncertainty for average values of the

full data set which has its mean at < cos θ >= 0.84

(with only a smaller difference between the two data
sets: < cos θKASCADE >= 0.86 and < cos θGrande >=

0.82). The clustering of some of the outliers at a par-

ticular zenith angle may be a hint that deficits in the

antenna pattern could also be the explanation for some
of the outliers. 8 of the 11 outliers in Fig. 12 are also out-

liers in Fig. 10. Overall, it seems that there is no unique

explanation for all outliers, but a variety of reasons. In

any case, the outliers do not affect the conclusions de-

rived from the average values of the full event statistics
presented here.

In addition to the amplitudes, we also compared

higher-level quantities, in particular the slope of the lat-

eral distribution and the shape of the wavefront (Fig. 13).
The results show that CoREAS simulations are gener-

ally compatible with the measurements, though there

are some interesting details. For both the slope param-

eter η of the LDF and the cone angle ρ, i.e, the an-

gle between the shower plane and the asymptotic cone
of the hyperbolic wavefront determined by maximiz-

ing the CC-beam amplitude, the measured distribu-

tions are slightly wider than the simulated ones. Such

a wider distribution is expected if there are additional
measurement uncertainties not considered in the end-

to-end simulations. Indeed, there are such uncertainties:

the weather-dependent uncertainty on the antenna gain

increases the uncertainty on the lateral slope; and occa-

sional glitches and jitters in the time synchronization,
though corrected mostly by the beacon, increase the

uncertainty on the wavefront reconstruction. Thus, a

slightly wider distribution of the measured parameters

than in the end-to-end simulations was expected, and
does not mean that CoREAS would not describe the

distributions correctly.

Regarding the mean values of the distribution, there

is a small inconsistency, which may reflect unknown sys-

tematic uncertainties. The measured distributions of η
and ρ are each individually compatible with CoREAS.

However, given that both distributions originate from

the same measured events, there is an interesting diver-
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gence: For the slope parameter η, the measured distri-
bution is close to the proton distribution. For the cone

angle ρ, the measured distribution is closer to the iron

distribution. This discrepancy was reported earlier by

us [34]. In order to make a conclusion whether there was
an unknown systematic effect at LOPES, or whether

this discrepancy originates from the simulations, fur-

ther investigation will be necessary at more accurate

interferometric antenna arrays, such as LOFAR [13] or

the SKA [66].

4.2 Relation of the Cross-Correlation Beam and the
Lateral Distribution

The end-to-end simulations finally enabled us to bet-

ter study the interpretation of the CC-beam ampli-
tude. With the first LOPES data we had already shown

that the CC-beam amplitude was approximately lin-

early correlated with the energy of the primary particle

after correction for the geomagnetic angle α, i.e., the an-
gle between the Earth’s magnetic field and the shower

axis [6]. While the absolute amplitude ǫ measured in

individual antennas is easy to understand, the absolute
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amplitude of the CC-beam lacked interpretation and it

was not clear how the CC-beam amplitude related to

the amplitudes in individual antennas.

We now investigated this by comparing the ampli-

tude ǫ100 determined by the LDF with the CC-beam

amplitude (Fig. 14).

We find a linear correlation which has a mean ratio

of < ǫ100/CC >= 1.83 ± 0.22 for the LOPES mea-

surements, 1.79± 0.19 for the proton simulations, and

1.82 ± 0.14 for the iron simulations. The stated ratios

are the mean and standard deviations of a Gaussian fit-
ted to the ratio of ǫ100 and the (normalized) CC-beam

amplitude. The outliers are mainly the more distant

events, with a core in the Grande array, which show a

significantly lower CC-beam amplitude. Since the CC
beam represents a non-trivial way of averaging over the

individual antenna signals, this was expected due to

the steeply falling lateral distribution of the radio sig-

nal. While the CC beam itself does not contain any

correction for the lateral distribution and is expected

to depend on the mean distance of the antennas from

the shower axis, ǫ100 should be independent of the dis-

tance by construction. The fact that the outliers are
consistent in the measurements and end-to-end simula-

tions, indicates that they are not an artifact, but have

a physical explanation in the lateral distribution of the

radio signal.

One would expect that a normalization of the CC-

beam amplitude by the average exponential falloff of
the radio amplitude with axis distance would fix the

issue. Therefore we multiplied all CC-beam amplitudes

by exp(dmean/180m), where 180m corresponds to the

average lateral slope parameter η = 5.6 km−1 measured
with the LDF. This normalization improves the corre-

lation and changes the average ratio to 1.09± 0.11 for

the LOPES measurements, 1.06 ± 0.19 for the proton
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simulations, and 1.08 ± 0.11 for the iron simulations.

However, for some distant events this correction was in-

sufficient which is visible by the few remaining outliers

in the middle plot of Fig. 14). Multiplying the CC-beam

amplitude instead by the square of this normalization
factor, exp(dmean/180m)2, yielded a linear correlation

between the CC-beam amplitude and ǫ100 with a ratio

of 1.37±0.16 for the LOPES measurements, 1.34±0.15

for the proton simulations, and 1.36± 0.14 for the iron
simulations. Note that there is no reason to expect a ra-

tio of 1; since the amplitude ǫd depends on the reference

distance d to the shower axis, choosing a different refer-

ence distance will automatically lead to a different value

for the ratio. Nonetheless, the measurement of this ratio
is useful, e.g., for comparing earlier publications using

either the CC-beam or the lateral distribution. Regard-

ing the relative standard deviation, there is no major

difference between both normalizations, but there is re-
garding the outliers which are Grande events at larger

distances. Although the squared normalization is dif-

ficult to explain from simple principles, we point out

that we observe the improvement regarding the outliers

by this normalization consistently in the measurements
and simulations. This means that albeit empirical, the

choice of the normalization is not arbitrary. It is likely

related to the complex interplay of the physics of the

radio emission and the detector response, since both are
included in the end-to-end simulations. The consistent

effects of these normalizations in the measurements and

simulations also show that the CC-beam amplitude can

be well studied on an absolute level using the end-to-

end simulations.

4.3 Reconstruction of Shower Parameters

At LOPES we used the cross-correlation beam as well

as the pulse time and amplitude in individual anten-
nas to reconstruct the most important shower param-

eters, which are the arrival direction, the energy, and

the depth of the shower maximum (Xmax). Apart from

the improved calibration [44], the reconstruction proce-
dure used for the final results presented here had not

changed significantly compared to earlier publications.

However, for the CC beam the reconstruction proce-

dure evolved over time, since we meanwhile used the

more accurate hyperbolic wavefront for the beamform-
ing instead of the spherical wavefront used in the early

years of LOPES [48]. Moreover, due to the end-to-end

simulations, we were able to update the formula for

the reconstruction of the primary energy using the CC-
beam amplitude.

The arrival direction was reconstructed by maximiz-

ing the CC-beam amplitude (cf. Sec. 3.3). With the end-

to-end simulations, we checked the intrinsic accuracy

by comparing the true and reconstructed directions for

each event. In simulations without noise, the accuracy

is 0.05◦ and in simulations with noise the accuracy is

0.1◦ (Fig. 15). In contrast to particle detectors, Poisson
statistics do not limit the accuracy of arrival time mea-

surements of a radio array, which explains why radio de-

tection can easily provide for a high angular resolution.

This high accuracy also shows the importance of an
adequate wavefront model, since the deviation between

the plane wavefront and the used hyperbolic wavefront

is already an order of magnitude larger (the average

cone angle measured by LOPES is 1.2◦; see Fig. 13).

Thus, the use of an inadequate wavefront could other-
wise dominate the uncertainty of the arrival direction.

For the LOPES measurements, we can only give

an upper limit for the achieved direction accuracy by

comparing the directions reconstructed with LOPES
and with KASCADE-(Grande). Doing so, the average

accuracy of LOPES was estimated to be better than

0.5◦. This value includes the uncertainty of KASCADE-

(Grande), which is not known accurately enough to
make a reliable estimation of the stand-alone accuracy

of LOPES. It is plausible that the direction accuracy of

LOPES was worse than in the simulations because the

simulations did not include uncertainties in the relative

timing between the antennas and in the core position
taken from the KASCADE(-Grande) reconstruction. In

any case, the resulting upper limit for the accuracy

of 0.5◦ is better than needed for most applications in

cosmic-ray physics. This demonstrates that even with a
limited size and number of detectors, a radio array can

provide for an excellent angular resolution.

For the reconstruction of the energy of the primary

particle, we had already shown that in addition to the
amplitude of the lateral distribution at a specific dis-

tance [17] also the CC-beam amplitude provides an en-

ergy estimator [6]. Our new results confirm that the CC-

beam method features a measurement accuracy approx-

imately equal to the lateral-distribution method. With
the end-to-end simulations, we determined an indepen-

dent absolute calibration for the energy reconstructed

using the CC beam. Furthermore, we updated the way

how we normalize to the angle between the geomagnetic
field and the shower axis and to the mean axis distance

of the antennas contributing to the CC-beam - result-

ing in the following formula for the reconstruction of

the energy E of the primary particle:

E = κ ·
CC · exp (dmean/180m)

|~v × ~B|EW

(4)
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with CC the amplitude of the cross-correlation beam,
dmean the mean axis distance of the antennas contribut-

ing to the measurement of the event, and ~v × ~B the

unit vector of the geomagnetic Lorentz force, i.e., we

normalized the CC-beam amplitude by the size of its

east-west component, and κ a proportionality factor de-
termined by the average of the proton and iron simula-

tions [31]: for the 258 KASCADE events the used pro-

portionality factor is κ = 41.9PeV/(µV/m/MHz) and

for the 122 Grande events κ = 36.7PeV/(µV/m/MHz).
In both cases the values were determined as mean of the

proton and iron simulations because showers initiated

by heavy primaries have a slightly lower radio ampli-

tude on ground than those initiated by light particles

(cf. Fig. 11). By this choice of the mean value, the maxi-

mum energy bias for an individual event is ±6% which

is small compared to the total energy uncertainty. In
contrast to the observation in Fig. 14, the normaliza-

tion by exp(dmean/180m)2 instead of exp(dmean/180m)

deteriorated the correlation of the CC-beam amplitude

with the energy instead of improving it (this again is an

empirical observation which is consistent in the LOPES
measurements and the CoREAS end-to-end simulations).

We have investigated possible reasons for the need of

two different proportionality factors κ for the KASCADE

and Grande events: A possible explanation is that KASCADE

events are mostly contained in the array, while the core
of Grande events generally is outside the LOPES ar-

ray. Moreover, there might be a selection bias, since

only a small fraction of the triggered Grande events

is detected by LOPES. However, neither simple up-

ward fluctuations nor systematic measurement uncer-
tainties are possible causes of the effect because the

factors κ have been derived from the end-to-end simu-

lations. Nonetheless, also the LOPES measurement of

the energy is systematically higher for Grande events
than for KASCADE events when using an equal pro-

portionality factor as a cross-check. The effect seems to

be even stronger in the measurements, probably due to

systematic uncertainties or selection biases not present

in the simulations, such as upward fluctuations of the
CC beam increasing the detection probability. However,

a solid quantitative investigation is not possible because

most LOPES events do not fulfill the minimum quality

criteria for the KASCADE and Grande energy mea-
surements simultaneously. Consequently, while a firm

conclusion is difficult due to the limitations of the ex-

perimental setup, it appears that simulations and mea-
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surements are at least qualitatively consistent regarding
the need of different proportionality factors.

We checked the accuracy of the energy reconstruc-

tion by Eq. 4 by comparing the true and reconstructed

values for the end-to-end simulations with noise, and

by comparing the LOPES and KASCADE-Grande re-
construction for the measured events (Fig. 16). Accord-

ing to the simulations, the energy precision could be as

good as 13% to 14%, with an additional bias of the

order of ±6% if the mass of the primary particle is un-
known. This would result in a total average accuracy

of about 15% for the case of a mixed, unknown mass

composition.

For the LOPES measurements, the mean deviation

to the KASCADE(-Grande) reconstruction is 23%. This
includes the KASCADE(-Grande) uncertainty of the

energy, which can explain most of the difference to

the accuracy expected from the end-to-end simulations.

Additionally, the larger mean deviation indicates that
the measurements include additional uncertainties not

considered in the end-to-end simulations, such as the

deficiencies in the antenna model. On the one hand,

these deficiencies contribute significantly to the system-

atic energy uncertainty of individual events, and will
increase the spread of the distribution. On the other

hand, the effect of the antenna model on average values

over a larger data set is expected to be small compared

to the 16% scale uncertainty of the amplitude calibra-
tion, which is the largest systematic uncertainty.

We emphasize, that in contrast to earlier analyses,

we did not tune the energy formula to the KASCADE(-

Grande) measurements, but instead to the CoREAS
simulations. Therefore, the fact that the mean offset

between the LOPES and KASCADE(-Grande) energy

measurements is smaller than the 16% scale uncer-

tainty of the absolute amplitude calibration confirms

again that the CoREAS simulations are compatible with
the LOPES measurements. In addition, all simulations

depend on the hadronic interaction models in use. This

might affect the reconstruction of KASCADE-Grande

measurements more than the reconstruction of LOPES
measurements since the radio emission is sensitive to

the well understood electromagnetic shower component,

only. For both, the simulations and measurements, the

accuracies achieved by the CC beam for the energy are

similar to that achieved by using the amplitude at a
specific lateral distance [17]. Consequently, for other

experiments it might be worthwhile to investigate both

methods.

As experimentally demonstrated by LOPES, radio
measurements on ground are sensitive to the longitu-

dinal shower development [51], and therefore can be

used for the reconstruction of the position of the shower

maximum. The two methods used by LOPES are based

on the slope of the lateral distribution [17] and on the
opening angle of the asymptotic cone of the hyperbolic

wavefront [48]. The more distant the shower maximum

from the array, the flatter is the lateral distribution

and the flatter is the wavefront. With the end-to-end
simulations we confirm our earlier results that both pa-

rameters are statistically correlated with the distance

to the shower maximum (Fig. 17). In earlier publica-
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tions [34], we had used these dependencies to determine
the mean atmospheric depth of the shower maximum,

Xmax, though with limited precision. As at the time of

the original publications, we are unable to quantify the

additional systematic uncertainties, e.g., the wavefront

reconstruction seems to be sensitive to the uncertainty
of the core position. The wavefrontmethod might there-

fore be useful primarily for dense arrays with a good

resolution of the shower core, such as LOFAR or the

SKA.

As noted earlier [48,34], there is a difference in the

absolute scale of Xmax resulting from the wavefront and

the lateral slope methods. While both methods show a
sensitivity toXmax, i.e,. are suitable to measureXmax of

an individual event with a certain precision, there seems

to be an additional uncertainty on the absolute scale

depending on the method. Understanding and quan-
tifying these scale uncertainties will be crucial for an

accurate interpretation of Xmax in terms of mass com-

position. For this purpose, we suggest that also other

experiments could compare their Xmax reconstructions

of an amplitude-based (e.g., lateral slope) and a timing-
based (e.g., wavefront) method. This will be most im-

portant for those experiments using radio as only tech-

nique for Xmax, but will only be a minor issue for hy-

brid arrays also featuring optical detectors available for
cross-calibration of the scale [15,19]. Moreover, better

methods for the estimation of the efficiency and aper-

ture are needed to avoid a bias caused by the partial

efficiency of a radio array close to its threshold [67].

5 Conclusion

LOPES was a successful pathfinder for the radio detec-

tion of air showers in the digital era. It was a driver

and initiator of the meanwhile matured detection tech-
nique for ultra-high-energy cosmic rays, and provided

essential contributions to the understanding of the radio

emission and the potential of the detection technique.

While today there is a general agreement in the commu-

nity on the principles of the radio emission, this was not
the case when LOPES started, and its measurements

helped to understand deficits in earlier models and sim-

ulation codes. Now CoREAS simulations and LOPES

measurements are compatible within uncertainties for
all tested parameters, which shows that the physical

processes of the radio emission are well understood.

Even so, the question remains why the wavefront and

lateral slope methods result in a slightly different Xmax

scale although both methods were calibrated using the
same CoREAS simulations. Further investigations at

other experiments will help to investigate whether this

is due limitations of our understanding of the LOPES

detector or due to the simulations.

Independent of the simulations, the comparison of

the LOPES and KASCADE-(Grande) measurements

provided the proof-of-principle that the radio technique

can be used for accurate measurements of the arrival di-

rection and energy of cosmic rays – even in a noisy envi-
ronment. Using the full potential of the radio technique,

including an accurate reconstruction of Xmax, however,

requires a location more radio-quiet than the LOPES

site. This has meanwhile been demonstrated by sev-
eral second-generation experiments following LOPES

[68,20,19].

LOPES also pioneered many methods regarding the

radio technique which have been used by other experi-

ments, such as LOFAR, AERA, and Tunka-Rex. Exam-
ples are the continuous monitoring of the atmospheric

electric field and the calibration methods used by LOPES,

in particular the monitoring of the relative timing with
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a beacon [69,70] and the end-to-end amplitude calibra-

tion using an absolutely calibrated external reference

source [71,72,73]. The latter also enabled the compari-

son of the absolute energy scales of different air-shower

arrays using radio measurements [74]. Finally, the pub-
lic availability of the data on the KCDC platform sus-

tains the LOPES measurements for future analyses.

So what questions remain? The most important one

is about the relevance of the technique for the progress
of the general field. Can the radio technique alone or in

combination with particle-detector arrays provide new

knowledge on cosmic-ray physics or the particle physics

of air-showers?

As stand-alone technique, radio antennas can be
used to instrument huge areas for a reasonable price,

as planned for the GRAND array aiming at ultra-high-

energy cosmic rays and neutrinos [75]. For the solution

of many of the open questions in high-energy astropar-
ticle physics, a major increase in measurement accuracy

for the properties of the primary particle is required, in

particular for its mass [76,77]. The radio technique now

seems to deliver a measurement accuracy mostly equal

to the established techniques, but can it also enhance
the total accuracy over the state-of-the-art?

The results of LOPES and other experiments al-

ready provided hints that antenna arrays can improve

the energy and direction accuracy, and possibly also
the accuracy of Xmax providing access to the elemen-

tal composition of cosmic rays. These gradual improve-

ments of the state-of-the-art are important. Yet, there

are two ideas under investigation that go beyond and

may provide for major breakthroughs with the next
generation of antenna arrays:

– Can a significant increase in antenna density in-

crease the overall accuracy for air showers and possi-

bly reveal substructures in the shower development?
This remains to be shown by LOFAR or the SKA

[66].

– An alternative idea is to combine radio and muon

detectors in hybrid arrays because the radio and

muon signals contain complementary information
on the shower development [6]. As supported by a

recent simulation study [78], the combination of ra-

dio and muon detectors can indeed provide for an

increase of the accuracy for the mass composition
of cosmic rays. This idea still needs deeper inves-

tigation and experimental demonstration at appro-

priate air-showers arrays, such as the planned en-

hancement of IceTop [79,80] and the AugerPrime

upgrade of the Pierre Auger Observatory [81,82].

In summary, the LOPES results, experiences, and

lessons learned remain a valuable resource for the cur-

rent and next generation of digital antenna arrays for

air-shower detection. These are now dedicated to all

kinds of cosmic messengers – high-energy cosmic rays,

photons, neutrinos – and it becomes likely that radio

arrays will play a major role in high-energy astroparti-

cle physics during the coming decades.
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Appendix - Lessons Learned

LOPES being among the first digital radio arrays for

air showers, we also used it as a test facility for various

new technologies and ideas related to radio detection of

cosmic rays. Not all of them were published in refereed

journals and not all of them were successful. Nonethe-
less, there are lessons learned form these approaches

and the design and data analysis of future experiments

may profit from the experience made. For these rea-

sons, we give a summary of these approaches and their
results and other lessons learned.

Appendix A: Self-trigger

LOPES was successful due to its external trigger by
KASCADE(-Grande). While a self-trigger might be ben-

eficial for some science cases, it is not critical when radio

is added as additional technique to a hybrid array fea-

turing particle detectors for the purpose of increasing
the overall measurement accuracy for cosmic rays. How-

ever, for very inclined showers in addition to the radio

signal only muons arrive at ground, and the low parti-

cle density provides a challenge for particle detectors.

Thus, there are other experimental approaches such as
ANITA [39] and GRAND [75] which require stand-alone

radio detection with a self-trigger.

At LOPES we developed hardware and algorithms

for self-triggering at the LOPESSTAR setup [83], which

consisted of 10 additional logarithmic periodic dipole

antennas in the KASCADE-Grande array. These efforts
led to effective techniques for filtering RFI and reject-

ing background pulses. Although the algorithms were

successful to identify air-shower pulses in previously
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recorded test samples, we were not successful in self-

triggering events with the deployed hardware. One of

the problems was that also anthropogenic background

pulses often led to coincident signals in several anten-

nas. Nonetheless, several experiments have meanwhile
successfully demonstrated self-triggering at more radio

quiet sites [39,84,85,86,87,14].

Appendix B: Measurements at 50 − 500 kHz

Motivated by historic measurements, we also tried to

detect air showers at much lower frequencies in the

band of 50 − 500 kHz. Using the standard KASCADE

trigger provided for LOPES, we did not detect any air

shower in this band in 13 days of measurements al-
though more than 70 of the triggering showers had en-

ergies above 1017 eV. The sensitivity was likely limited

by the radio-loud environment of LOPES. Hence, we

derived an upper limit of 136+48
−47mVm−1 MHz−1 for

the field strength of the vertical component of the ra-

dio signal emitted by the air showers in this frequency

band [88].

Appendix C: Tripole Antennas

In the last stage of LOPES, called LOPES-3D, ten

’tripole’ antennas were deployed, each consisting of three

orthogonally aligned dipoles in east-west, north-south,

and vertical direction [55]. Due to the very high back-
ground level for the vertical polarization, only few events

with signal in all three polarization channels were de-

tected [36]. The measured polarization of these events

confirmed the prediction for geomagnetic emission.

One of the motivations of deploying a third po-

larization channel was that the signal would be over-
determined if the arrival direction was known. This

means that in theory the arrival direction of the radio

signal could be reconstructed from the measurement of

a single tripole antenna. Due to the specific polariza-
tion pattern of the radio emission on ground caused by

the interplay of the Askaryan and geomagnetic emission

mechanisms, a sufficiently accurate measurement of the

electric field vector at each antenna position can also be

utilized for many other purposes, such as refining the
position of the shower core or rejecting RFI [89]. An-

other motivation was to test whether the threshold for

very inclined events could be lowered by the vertical

channel, since by simple geometry considerations the
radio emission of inclined air showers features a signif-

icant vertical polarization component. At LOPES-3D

we were not able to demonstrate either of this, and it is

not clear whether the level of vertically polarized back-

ground would be low enough at other locations to suc-

cessfully apply one or both ideas. If measurements with

three polarization were repeated elsewhere, we suggest

considering to rotate the whole tripole setup by 45◦ to-
wards the horizontal plane as already done by others

[90,91]. This would avoid one explicit vertical polar-

ization channel, and make the antenna setup easier to

understand due to the rotational symmetry around the
pole where the antenna is mounted.

Appendix D: Interferometry of Air Showers

At LOPES we successfully applied cross-correlation beam-

forming as an interferometric method to lower the de-

tection threshold in a radio-loud environment. The rea-
soning behind CC beamforming is that the signal has

the same time structure in all antennas, while any back-

ground or noise have not. Hence, CC beamforming en-

hances the signal-to-noise ratio with increasing number

of antennas. This technique is widely used in radio as-
tronomy: a signal arriving as plane wave from distant

sources can be assumed to be the same in all antennas.

For air showers the radio signal changes significantly

from antenna to antenna, and it is a priori not clear that

cross-correlation beamforming is useful. Nevertheless,

cross-correlation beamforming turned out to be a key
asset of LOPES for identifying air-shower pulses against

the background. Probably because the measured pulse

shape was primarily determined by the filter response

and not by the original pulse shape emitted by the air
showers, the signal structure was similar enough in the

individual antennas, and the signal-to-noise ratio was

enhanced even though the signal was not equal in all

antennas.

Nonetheless, these complications make the absolute

value of the CC amplitude difficult to interpret and to
compare between experiments. For the same radio foot-

print at ground, a different antenna array might mea-

sure different CC-beam amplitudes. Consequently, the

application of CC beamforming or other interferomet-

ric methods needs to be re-investigated before applying
it to a different array configuration such as a different

antenna spacing or frequency band. For the comparison

of experiments, more universal quantities, such as the

electric field strength or the total radiation energy in a
given frequency band [92] should be used.

Appendix E: Imaging of Air Showers

LOPES provided the first successful radio images of air

showers (Fig.18, [6]). For a few 10 ns, the air shower is
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Fig. 18 Image of the radio emission of an air-shower detected
by LOPES (as originally published in [6]). The bright spot in
the center indicates the arrival direction of the air shower.

the brightest source in the sky. The image clearly marks

the arrival direction of the air showers. The brightness

is correlated to the size of the electromagnetic shower
component and, thus, to the energy of the primary par-

ticle. Moreover, the wavefront shape used to produce

the image via beamforming contains information on the

distance of the emission. However, the radio images of

showers were insufficient to reveal any of the substruc-
ture of the detected air showers.

Unlike images of extended sources in astronomy and

unlike the air-shower images produced by the incoher-

ent air-fluorescence technique, the radio images of the

air showers observed by LOPES were just bright points

with no sub-structure. Since the shower front and the
radio signal both propagate with approximately the

speed of light, the radio signal detected by LOPES is

time compressed to a single pulse containing the emis-

sion from the whole shower development. This is also
true for air-Cherenkov light emitted by air showers, but

since the optical wavelengths are small, at least lateral

substructure is visible in Cherenkov-light images of air

showers. The radio emission, however, originates mostly

from a region around the shower axis smaller than one
wavelength. Therefore, it is not surprising that no sub-

structures were visible in the radio images - at least at

the LOPES frequency band of 40−80MHz and at small

viewing angles corresponding to the small axis distances
where LOPES observed the showers (at larger viewing

angles corresponding to larger axis distances it might

be easier to resolve the structure of the shower, but

the signal is significantly weaker). On top of these in-

trinsic difficulties in radio imaging of air showers, there

are side lobes of the instrument and secondary maxima

of the cross-correlation beam which lead to apparent

structure in the image. These difficulties still need to
be resolved before radio imaging can be applied to the

open questions in air-shower and cosmic-ray physics.

Appendix F: Observation of Thunderstorms

LOPES featured a special mode for the observation of

thunderstorms making utilizing the long buffer time

of several ms in the transient buffer boards used for
data acquisition. In addition to the radio signals of

the air showers, that were altered by the atmospheric

electric fields of the thunderclouds [41], also the di-

rect radio emission of lightning was observed [21]. Due

to the limited statistics and small size of the LOPES
and KASCADE-Grande arrays, no conclusion could be

made whether air-showers initiate lightning. Nonethe-

less, the idea of studying thunderclouds by the radio

signals detected from air showers was developed fur-
ther and successfully applied with higher accuracy at

LOFAR [93]. Recently the enhancement of radio sig-

nals of air-showers during thunderstorm conditions was

also confirmed at lower frequencies of a few MHz [94].

Appendix G: Analysis Software

To our knowledge, LOPES was the first radio array

for air showers whose analysis software was made avail-
able with open access. Some components of the software

were shared between LOPES and LOFAR, which was

easy because both software resides in the same reposi-

tory. However, we do not know about any external users

of the LOPES software. There are at least two reasons
why our software was difficult to transfer to other ex-

periments. First, the LOPES analysis pipeline was de-

signed specifically for the needs of digital radio inter-

ferometry, and other antenna arrays mostly use non-
interferometric approaches. Second, and most impor-

tantly, the LOPES software was hard to maintain and

hard to compile on new systems. The software makes

use of several external libraries which were not well

maintained and did not compile easily on more modern
systems. The examples of the Offline software of the

Pierre Auger Collaboration [95] and of the newer Nu-

RadioReco software [96] show that a different software

design and strict coding rules greatly facilitate the use
of the software for other experiments - to the benefit

of the community. Consequently, we recommend that

new software developed for future experiments should
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follow a modular approach and restrict the use of ex-

ternal libraries to those widely used and likely to be

maintained for a long time.

Appendix H: Frequency Band

The frequency band of LOPES of 40 − 80MHz was

chosen for technical considerations and taking into ac-
count the limited knowledge of the radio emission of

air showers that was available when LOPES was de-

signed. It was not yet known that the coherence con-

ditions lead to strong emission up to a few GHz at the

Cherenkov angle [57] despite the radio emission not be-
ing Cherenkov light [97]. Since the Cherenkov ring has

a diameter of about 100−150m around the shower axis

for the zenith angle range until 45◦ and the altitude of

110m of LOPES, a higher frequency band would likely
have had improved the signal-to-noise ratio.

Meanwhile, the progress in high-fidelity simulations

of the radio emission enabled dedicated design stud-
ies for future experiments. Therefore, we have learned

that depending on the science case, the instrumented

area and the antenna spacing, other frequency bands

might be better. In particular, higher frequency bands
up to several 100MHz can improve the signal-to-noise

ratio and lower the detection threshold [98]. This is now

taken into account in the design of future radio arrays

[80,75].

Appendix I: Practical Advice

Last but not least, we learned several practical lessons

in operating the experiment, which we list here in the
hope that others may benefit from our experience:

– A graphical user interface helps to understand ex-
perimental issues quickly.

– A monitoring website providing a quick overview of

the experimental status is very helpful.

– It occasionally happened that during maintenance
or deployment the polarization channels of an an-

tenna were accidentally swapped. Therefore, after

each maintenance operation, this should be checked

by appropriate monitoring tools, e.g., by the relative

strengths of RFI or beacon lines in the frequency
spectra recorded by the antenna channels.

– Most difficult to detect were polarity flips of chan-

nels (corresponding to an accidental rotation of 180◦

of the antenna). Although an antenna looks sym-
metrical, polarity flips can degrade the performance

of the array, in particular when combining antennas

in an interferometric analysis.

– All cables should be deployed on or preferably un-

der ground, but not in the air. Otherwise, electrical

ground loops may impact the measurements.

– RFI emitted by other electronics or detectors is diffi-

cult to mitigate by shielding alone because Faraday
cages only help to a limited extent. For LOPES, it

was critical that the distance between the anten-

nas and the closest KASCADE particle detectors

was larger than one wavelength. This enabled us to
distinguish the radio signals emitted by air showers

and the RFI ’signals’ by the particle detectors by

timing.
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29. A. Bellétoile, et al. - CODALEMA Coll., “Evidence for
the charge-excess contribution in air shower radio emis-
sion observed by the CODALEMA experiment,” As-
tropart. Phys., vol. 69, pp. 50–60, 2015.

30. P. Schellart, et al. - LOFAR Coll., “Polarized radio emis-
sion from extensive air showers measured with LOFAR,”
JCAP, vol. 10, p. 014, 2014.

31. K. Link, “Improved analysis of air shower radio emission
with the LOPES experiment,” PhD Thesis, Karlsruhe
Inst. Tech., Germany, 2016. doi:10.5445/IR/1000062597.

32. K.Link for the LOPES Coll., “Revised absolute ampli-
tude calibration of the LOPES experiment,” Proceedings
of Science, vol. 236, p. 311, 2016. PoS(ICRC2015)311.
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