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a b s t r a c t

Precise measurements of the radio emission by cosmic ray air showers require an adequate treatment of
noise. Unlike to usual experiments in particle physics, where noise always adds to the signal, radio noise
can in principle decrease or increase the signal if it interferes by chance destructively or constructively.
Consequently, noise cannot simply be subtracted from the signal, and its influence on amplitude and time
measurement of radio pulses must be studied with care. First, noise has to be determined consistently
with the definition of the radio signal which typically is the maximum field strength of the radio pulse.
Second, the average impact of noise on radio pulse measurements at individual antennas is studied for
LOPES. It is shown that a correct treatment of noise is especially important at low signal-to-noise ratios:
noise can be the dominant source of uncertainty for pulse height and time measurements, and it can
systematically flatten the slope of lateral distributions. The presented method can also be transferred to
other experiments in radio and acoustic detection of cosmic rays and neutrinos.

& 2010 Elsevier B.V. All rights reserved.

1. Consistent definition of signal and noise

Noise definitions applied so far in the field of cosmic ray radio
detection are originating from communication engineering. There,
a signal usually has a powermuch larger than the noise and lasts for
a time significantly longer than its oscillation period. Both are not
true for air shower induced radio pulses. This has already been

investigated in the frameof self-trigger development [1],where the
signal-to-noise ratio plays the role of a threshold. For data analysis,
the situation is more complex because noise has to be defined
consistently with the definition of the radio pulse height, which is
the maximum of the field strength, in the case of LOPES [2].

Independent of the specific signal and noise definitions, the
following consistency criterion is demanded:

for true signal! 0"!
measured signal

noise
!! 1 #1$

The consistency criterion is supposed to hold only on average,
because the noise level at the signal time can by chance be larger or
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smaller than the average noise level. In addition, even for a positive
true signal, themeasured signal-to-noise ratio can in some cases be
smaller than 1, since noise can interfere constructively or destruc-
tively with the air shower radio emission, and increase or decrease
the measured signal compared to the true signal.

For LOPES, a consistent definition of signal and noise has been
found for measurements at individual antennas, e.g., to reconstruct
the lateraldistribution [3]. The signal isdefinedas theamplitude (field
strength) of the radio pulse which is determined as the local
maximum of a Hilbert envelope closest to the pulse time known
from a preceding interferometric cross-correlation beam analysis
(c.f. Ref. [4]). The noise level is defined as average amplitude in a time
window #10 ms$ before the radio pulse, and is calculated by themean
of all local maxima of the envelope. Because lower local maxima are
more likely to have a smaller distance to neighboring maxima than
the highermaxima, it is necessary toweight eachmaximumwith the
distance to its neighbors when averaging (Fig. 1, left).

It has been tested that these definitions of signal and noise do
indeed fulfill the consistency criterion. With a selection of 200
LOPES events without radio pulse, a large sample of 120,000 noise
intervals of 10 ms width, each, has been obtained: the intervals are
non-overlapping, cover different days and times of the day, as well

as different antennas. The average signal-to-noise ratio of these
intervals is compatible with 1, as required (Fig. 2).

With other definitions of noise, like the RMS of the field strength
or its square (power), the mean of the absolute field strength or an
unweighted mean of the local maxima of the envelope, the
consistency criterion is not fulfilled. However, the ratio between
thenoise levels determinedbydifferentmethods is constantwithin
a few percent. Thus, results obtained with a different noise
definition could be scaled to a consistent definitionwhen accepting
a small systematic error.

2. Influence of noise on pulse height measurements

The impact of noise on measurements of the pulse amplitude at
individual antennas has been studied for LOPES with test
pulses (Fig. 1, right) of different widths and noise from real measure-
ments. Therefore, the test pulses have been scaled with the LOPES
analysis software to a certain amplitude Atrue, and added to the noise
intervals presented in the previous section. Afterwards, themeasured
signal height Ameas can be obtained for each pulse, yielding a relation
between the average true amplitude Atrue and the measured ampli-
tude Ameas. To simplify the relation, all amplitudes have been
normalized to the noise level, i.e., the noise level corresponds to
A!1, and Ameas is the measured signal-to-noise ratio.

Because the real probability distribution of Atrue of air shower
induced radio pulses is unknown, scaling factors for the test pulse
heights have been generated for a flat distribution of Atrue. As cross-
check, also an exponentially decaying distribution has been tried,
but the effect on the results is negligible.

To correct measured pulse amplitudes for the noise influence,
the function Atrue(Ameas) is required, which has been obtained by
the following procedure. The test pulse data, which consist of
120,000 samples with known Atrue and corresponding Ameas, have
been sorted into bins. Thereby, each bin covers a certain interval of
Ameas. Themean Atrue of each bin is then the average true amplitude
corresponding to the measured amplitude Ameas of the bin. At the
same time, the standard deviationDAtrue of each bin can be taken as
error estimation of the true amplitude (Fig. 3). Other methods to
determine Atrue(Ameas) failed. The inverse function of Ameas(Atrue),
which would be available directly, is not defined for Ameaso1.
Using confidence intervals instead of mean and standard deviation
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Fig. 1. Typical noisemeasuredwith a LOPES antenna (left) and a test pulse from a pulse generator (right): sampled data points, the up-sampled trace and aHilbert envelope of
the trace are shown in both cases. The noise level is calculated as theweighted average of the localmaxima of the envelope. This corresponds to the average level of the plotted
step function with a step exactly in the middle between two local maxima.
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Fig. 2. Signal-to-noise ratios of pure noise for a selection of LOPES events without
signal.
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yields meaningless results for Ameas close to 0. More details about
the method will be available in Ref. [5].

The validity of the relation Atrue(Ameas) has been checked for
various systematic effects, and no significant dependencies could
be found. In detail, the following effects have been studied: the (up-)
sampling rate, the shape of the test pulse, the antenna type and
polarization used for noise measurement. Summarizing, any
possible effects are negligible against the size of the error DAtrue

and against the calibration uncertainty due to environmental
effects (% 5%, c.f. Ref. [6]).

The following parametrization has been found for Atrue:

Atrue !
!!!!!!!!!!!!!!!!!!
A2
meas"1

q
for Ameas\2 #2$

and for low signal-to-noise ratios:

Atrue ! a&b ' Ac
meas for Ameast2 #3$

with a!0.462870.0066, b!0.249170.0092, and c!2.34970.048,
determined by a fit, with a forced connection to the first formula at
Ameas!2.

This means that at high signal-to-noise ratios, the power of the
measured signal is in average the sumof the power of the noise and
the power of the radio pulse, i.e., noise generally is more likely to
increase the signal amplitude than to decrease it. However, at low
signal-to-noise ratios the behavior is not trivial. This demonstrates
that a detailed study of the noise influence, like performed here for
LOPES, is indeed necessary, especially because most LOPES events
contain at least some antennas with signal-to-noise ratios t2.

The noise dependent, statistical error of Ameas which is deter-
mined as standard deviation DAtrue, like explained above, clearly
exceeds the calibration uncertainty for signal-to-noise ratios t10
(Fig. 4). Like for the amplitude itself, also the error DAmeas is
parametrized differently for low and high signal-to-noise ratios:

DAtrue ! d&e ' exp#&Ameas$ for Ameast1:68 #4$

DAtrue ! f &g ' exp#"Ameas$ for Ameas\1:68 #5$

with d!0.310370.0096, e!0.064770.0029, f!0.616270.0010,
and g!0.21370.018, obtained from a fit.

3. Influence on lateral distributions

Since the amount by which noise in average increases or
decreases the amplitude of radio pulses depends on the signal-
to-noise ratio, it also has an impact on the slope of lateral
distributions of the air shower induced radio emission. For a typical
selection of LOPES events (e.g., the one used in Ref. [3]), noise
significantly flattens lateral distributions (Fig. 5), except for events
with very high signal-to-noise ratios at all antennas.

If an exponential function A#R$ ! e0 ' exp#R=R0$ is fitted to each
lateral distribution with a slope parameter R0, noise typically
increases R0 by 10–20%, which is not negligible compared to other
uncertainties. The effect on the amplitude parameter is smaller and
vanishes only for events with high signal-to-noise ratio at all
antennas. Fortunately, it is nowpossible to correct for the influence
of noise in every single measurement, at each individual antenna,
by the parametrization formulas presented above, to obtain the
‘true’ lateral distributions.

4. Influence on pulse arrival time measurements

The influenceof noise on themeasurementof pulse arrival times
has been studied in a similar way like the influence on pulse
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Fig. 3. Relation between the true signal height Atrue and the measured signal-to-
noise ratio Ameas. The error bars correspond to the standard deviations of the binned
data, i.e. DAtrue, and not the uncertainty of the plotted mean.
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amplitudes, defining the pulse arrival time at an antenna as the
timewhen the pulse amplitude is measured. Noise randomly shifts
the true pulse arrival timeof test pulses to earlier or later times, and
no significant tendency to either one is observed.

The mean of the absolute shifts of the pulse time at a certain
signal-to-noise ratio is defined as the noise dependent time
uncertainty Dt (Fig. 6). For signal-to-noise ratios t10, it can be
much larger than the time calibration uncertainty, which is about
2 ns for pulse arrival time measurements at individual antennas
[7]. For the interferometric cross-correlation beam analysis used in
LOPES, the impact of noise will be smaller, because shifts at
different antennas will average out, but a quantitative study is
beyond the scope of this paper.

Several possible systematic effects have been examined. As
expected, Dt does neither depend on the antenna type nor its
polarization. It does depend on the sampling frequency, but the
effect becomes negligible against the time calibration uncertainty
of LOPES, if data are up-sampled to at least 640 MHz. Unfortu-
nately,Dt depends on the pulse shape, but no correlationwith easy
accessible parameters like pulse height or width could be found.
For this reason, and since it is unknownwhich test pulse shape does
best describe the real cosmic ray induced pulses, the following
parametrization ofDt takes into account the average behavior of all
tested pulse shapes:

Dt! A"1:03
meas ' 20:5 ns for Ameas\1:8 #6$

whereby Ameas is the measured signal-to-noise ratio, and all
parameters have been adjusted by hand to fit the data. The arrival
time uncertainty Dt does not become arbitrary large for low signal
amplitudes, because the time interval for signal search depends on
the preceding cross-correlation beam-forming. For high signal-
to-noise ratios, the behavior is consistent with experience from
beam-forming where the resolution improves with the signal-to-
noise ratio.

5. Conclusions

Treating noise correctly in measurements of radio pulses
emitted by air showers is especially tricky at low signal amplitudes.
Nevertheless, it is important because events close to the detection
threshold will always contain antennas with low signal-to-noise
ratios. For instance, it has been shown that noise systematically
flattens lateral distributions measured with LOPES.

Alternatively, only events at high signal-to-noise ratios could be
studied, where the noise influence becomes negligible against
calibration uncertainties. Then, the signal could be defined as the
integrated power of the radio pulse, if the integration time is large
against the pulse width. This is a tempting approach, because this
method could be realized directly in analog electronics, and would
allow cheaper and easier designs of radio detectors. However, this
will be paid with a higher detection threshold, and is no option for
current experiments like LOPES or AERA [8].

Independent of the experimental design, attentionmust be paid
to define signal and noise consistently in any analyses. Consistent
definitions have been presented for LOPES for pulsemeasurements
at individual antennas. A corresponding study of the noise influ-
ence on beam-forming analyses is more complex, andmight better
be performed with simulated pulses. Nevertheless, the presented
method and results for the noise impact at individual antennas can
probably be transferred to any experiment based on radio or
acoustic arrays, where the signal consists of a short, bandwidth
limited pulse, and noise can interfere in both ways, destructively
and constructively with the signal.
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