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Abstract

—Precise measurements of the radio emission by cosmic rashawers require an adequate treatment of noise. Unlikeualus

experiments in particle physics, where noise always adttsetsignal, radio noise can in principle decrease or inerézes signal

if it interferes by chance destructively or constructiveyonsequently, noise cannot simply be subtracted fromitveak and

its influence on amplitude and time measurement of radioegutsust be studied with care. First, noise has to be detedmine

consistently with the definition of the radio signal whiclpigally is the maximum field strength of the radio pulse. Sefo

the average impact of noise on radio pulse measurementdigidmal antennas is studied for LOPES. It is shown that aexbr

treatment of noise is especially important at low signahtdse ratios: noise can be the dominant source of uncértiminpulse

- height and time measurements, and it can systematicallgrflttie slope of lateral distributions. The presented ntetiam also be
transfered to other experiments in radio and acoustic tleteaf cosmic rays and neutrinos.
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1. Consistent definition of signal and noise of the radio pulse height, which is the maximum of the field
strength, in the case of LOPES [2].

Independently of the specific signal and noise definitidms, t
following consistency criterion is demanded:

arXiv

Noise definitions applied so far in the field of cosmic ray ra-
dio detection are originating from communication engiiregr
There, a signal gsually h_a_s a power much Iarger tha}n the,noise . measured signal
and lasts for a time significantly longer than its oscillatjpe- for true signal=0 — ——————= 1)
riod. Both is not true for air shower induced radio pulsesisTh

has already been investigated in the frame of self-triggeeH The consistency criterion is supposed to hold only on aver-

opment|[L], where the signal-to-noise ratio plays the rdla o 29 because the noise level at the signal time can by chance b

threshold. For data analysis, the situation is more comipgex 1arger or smaller than the average noise level. In addigoen

cause noise has to be defined consistently with the definitiofP" @ POSitive true signal, the measured signal-to-noise can
in some cases be smaller than one, since noise can inteofere ¢

structively or destructively with the air shower radio esiis,
*Corresponding author and increase or decrease the measured signal compared to the
Email addressfrank.schroeder@kit.edu (F.G. Schroder) true signal.
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Figure 1: Typical noise measured with a LOPES antenna (&)l a test pulse from a pulse generator (right): sampleal mizibts, the up-sampled trace and a
Hilbert envelope of the trace are shown in both cases. Theerevel is calculated as the weighted average of the locaihmaeof the envelope. This corresponds
to the average level of the plotted step function with a siegy in the middle between two local maxima.

12000 7 noise ratio of these intervals is compatible with 1, as nesqlii
._g mean 1.002 (fl [2)
5 standard deviation 0.425 g‘_ ) o . . .
210000 [ With other definitions of noise, like the RMS of the field
£ strength or its square (power), the mean of the absolute field
& S0 strength or an unweighted mean of the local maxima of the en-
6000 velope, the consistency criterion is not fulfilled. Howeuee
ratio between the noise levels determined jedent methods
4000 |- is constant within a few percent. Thus, results obtained wit
different noise definition could be scaled to a consistent defini-
20001— tion when accepting a small systematic error.
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measured signal-to-noise ratio 2. Influence of noise on pulse height measurements
Figure 2: Signal-to-noise ratios of pure noise for a sedectf LOPES events The w_npz_;u;t of noise on measurements ,Of the pulse amp_ll-
without signal. tude at individual antennas has been studied for LOPES with

test pulses (fid.]1, right) of ffierent width, and noise from real
measurements. Therefore, the test pulses have been sdtided w

For LOPES, a consistent definition of signal and noise hashe LOPES analysis software to a certain amplitdgge and
been found for measurements at individual antennas, e/@;t added to the noise intervals presented in the previousosecti
construct the lateral distribution![3]. The signal is defirls  Afterwards, the measured signal heigieascan be obtained
the amplitude (field strength) of the radio pulse which isedet for each pulse, yielding a relation between the averageatme
mined as the local maximum of an Hilbert envelope closest tlitude Ayrye and the measured amplitudeneas To simplify
the pulse time known from a preceding interferometric crossthe relation, all amplitudes have been normalized to theenoi
correlation beam analysis (c.t.| [4]). The noise level ismadi  |evel, i.e., the noise level correspondsfo= 1, andAmeasis
as average amplitude in a time window (i€) before the radio the measured signal-to-noise ratio.
pulse, and is calculated by the mean of all local maxima of the Because the real probability distribution @ e of air
envelope. Because lower local maxima are more likely to havehower induced radio pulses is unknown, scaling factorther
a smaller distance to neighboring maxima than higher maximaest pulse heights have been generated for a flat distribofio
it is necessary to weight each maximum with the distancesto itAy e As cross-check, also an exponentially decaying distribu-
neighbors when averaging (fig. 1, left). tion has been tried, but théfect on the results is negligible.

It has been tested that these definitions of signal and noise d To correct measured pulse amplitudes for the noise inflyence
indeed fulfill the consistency criterion. With a selectidri2600  the functionAtrye(Ameag is required, which has been obtained
LOPES events without radio pulse, a large sample of@@0 by the following procedure. The test pulse data, which con-
noise intervals of 1Qs width, each, has been obtained: the in-sist of 120000 samples with knowhsrye and corresponding
tervals are non-overlapping, coveiffdrent days and times of Ameas have been sorted into bins. Thereby, each bin cov-
the day, as well as flerent antennas. The average signal-to-ers a certain interval oAmeas The mearAye of each bin
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Figure 3: Relation between the true signal heidfjtye and the measured Figure 4: Relative uncertainty of the true pulse heighye/Atrue X), in

signal-to-noise raticdmeas The error bars correspond to the standard devi- each bin of the measured signal-to-noise rétineas This is compared with

ations of the binned data, i.AA¢rye, and not the the uncertainty of the plotted the error one would make, if the measured pulse amplitudddamat be cor-

mean. rected for the noise influenceAfye— Ameas/Atrue +), and with the calibra-
tion uncertainty due to environmentafects (horizontal lines).

is then the average true amplitude corresponding to the mea- E 0.24EeV xz/r}gf 74.58/16
. . . -0
sured amplitudémeasof the bin. At the same time, the stan- ‘g ggzg . EOO_OM ;;75; ;—fg;g;‘m
dard deviatiomA¢rye Of each bin can be taken as error estima- 22/ ndf 283/16
&o-NEW 14.61 + 1.87

tion of the true amplitude (fig] 3). Other methods to deteemin
Atrue(Ameag failed. The inverse function oAmeadAtrue).
which would be available directly, is not defined ffeas< 1.
Using confidence intervals instead of mean and standard dev
ation yields meaningless results fAmeasclose to 0. More
details about the method will be availablelin [5].

The validity of the relatiomyrye(Ameag has been checked
for various systematicfiects, and no significant dependencies ©old: 1o noise corection
could be found. In detail, the followingtects have been stud- o new: with noise correction
ied: the (up-)sampling rate, the shape of the test pulserihe L TR e o TR L TR TR T T s o
tenna type and polarization used for noise measurement: Sum distance R [m]
marizing, any possiblefiects are negligible against the size of
the errorAAgrye and against the calibration uncertainty due toFigure 5: Example lateral distribution from a typical sélee with and without
environmental fiects ¢ 5%, c.f. [6]). correction of the noise influence.

The following parametrization has been found £,

Ry-new 1694 +31.99m

field stren_gth A [pV/m/MHz]
>

The noise dependent, statistical errot®gfieaswhich is de-

Atrue= +A%eas- 1 for Ameas> 2 (2) termined as standard deviatidvhrye like explained above,
clearly exceeds the calibration uncertainty for signahtise
and for low signal-to-noise ratios: ratios< 10 (fig.[4). Like for the amplitude itself, also the error
AAmeasis parametrized dierently for low and high signal-to-
Atrye=a+b-Ampeas for Ameass 2 (3)  noise ratios:
with a = 0.4628+0.0066,b = 0.2491+0.0092, anct = 2.349+ AAgrye=d+e-exp(+Ameas for Ameass 1.68  (4)

0.048, determined by a fit, with a forced connection to the first
formula atAmeas= 2.

This means that at high signal-to-noise ratios, the power ofvith d = 0.3103+ 0.0096,e = 0.0647+ 0.0029,f = 0.6162+
the measured signal is in average the sum of the power of th@0010, andy = 0.213+ 0.018, obtained from a fit.
noise and the power of the radio pulse, i.e., noise geneslly
more likely to increase the signal amplitude than to decereas3_
it. However, at low signal-to-noise ratios the behavior é& n
trivial. This demonstrates that a detailed study of the eois Since the amount by which noise in average increases or de-
fluence, like performed here for LOPES, is indeed necessargreases the amplitude of radio pulses depends on the simnal-
especially because most LOPES events contain at least someise ratio, it also has an impact on the slope of laterafidist
antennas with signal-to-noise ratigs2. butions of the air shower induced radio emission. For a glpic

AArye= f +9-exp(-Amea3 for Ameasz 1.68 (5)

Influence on lateral distributions
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Figure 6: Average deviation between the measured time aéiielope maxi-
mum after adding noise, and the original time before addoige) and the time
calibration uncertainty as reference.

selection of LOPES events (e.g., the one used in [3]), ndgse s

nificantly flattens lateral distributions (figl 5), except &vents
with very high signal-to-noise ratios at all antennas.

If an exponential functio®\(R) = € - expR/Ry) is fitted to
each lateral distribution with a slope paramed®gr noise typi-
cally increase®, by 10— 20 %, which is not negligible com-
pared to other uncertainties. Thezt on the amplitude param-
eter is smaller and vanishes only for events with high sidoal
noise ratio at all antennas. Fortunately, it is now posdible

correct for the influence of noise in every single measurémen

at each individual antenna, by the parametrization forspte-
sented above, to obtain the 'true’ lateral distributions.

4. Influence on pulse arrival time measurements

easy accessible parameters like pulse height or width dwaild
found. For this reason, and since it is unknown which testeul
shape does best describe the real cosmic ray induced pihises,
following parametrization oft takes into account the average
behavior of all tested pulse shapes:

= Apdds 205ns  for Ameas> 1.8

(6)
wherebyAmeasis the measured signal-to-noise ratio, and all
parameters have been adjusted by hand to fit the data. The ar-
rival time uncertaintyAt does not become arbitrary large for low
signal amplitudes, because the time interval for signalctea
depends on the preceding cross-correlation beam-forrfioig.
high signal-to-noise ratios, the behavior is consistett axpe-
rience from beam-forming where the resolution improvefiwit
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 am-
plitudes. Nevertheless, it is important because eventedio
the detection threshold will always contain antennas wath |
signal-to-noise ratios. For instance, it has been showh tha
noise systematically flattens lateral distributions meagwith
LOPES.

Alternatively, only events at high signal-to-noise ratiosi|d
be studied, where the noise influence becomes negligible
against calibration uncertainties. Then, the signal cbeldle-
fined as the integrated power of the radio pulse, if the itegr
tion time is large against the pulse width. This is a tempting
approach, because this method could be realized direclyan
log electronics, and would allow cheaper and easier desifjns
radio detectors. However, this will be paid with a higher de-
tection threshold, and is no option for current experimékés
LOPES or AERA[[3].

The influence of noise on the measurement of pulse arrival Independently of the experimental design, attention mest b
times has been studied in a similar way like the influence opaid to define signal and noise consistently in any analyses.
pulse amplitudes, defining the pulse arrival time at an ar@en Consistent definitions have been presented for LOPES feepul
as the time when the pulse amplitude is measured. Noise rameasurements at individual antennas. A corresponding stud

domly shifts the true pulse arrival time of test pulses tdiear

the noise influence on beam-forming analyses is more complex

or later times, and no significant tendency to either one is oband might better be performed with simulated pulses. Nbeert

served.

less, the presented method and results for the noise imgaet a

The mean of the absolute shifts of the pulse time at a cerdividual antennas can probably be transfered to any expatim

tain signal-to-noise ratio is defined as the noise deperitheat
uncertaintyAt (fig.[6). For signal-to-noise ratios 10, it can
be much larger than the time calibration uncertainty, wlsch
about 2 ns for pulse arrival time measurements at individoal
tennasl|[l7]. For the interferometric cross-correlationnhema-

based on radio or acoustic arrays, where the signal consiats
short, bandwidth limited pulse, and noise can interfereathb
ways, destructively and constructively with the signal.
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