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Time Calibration of the Radio Air Shower Array LOPES
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Abstract. LOPES is a digitally read out antenna detected in a subsequent analysis of the radio events
array consisting of 30 calibrated dipole antennas. Itis as a change of the phase at these frequencies. Finally,
located at the site of the KASCADE-Grande experi- the dispersion of the analog electronics has been
ment at Forschungszentrum Karlsruhe and measures measured to account for the frequency dependence
the radio emission of cosmic ray air showers in of the delay.
the frequency band from 40 to 80 MHz. LOPES Keywords: LOPES timing calibration
is triggered by KASCADE and uses the KASCADE
reconstruction of the shower axis as an input for the
analysis of the radio pulses. Thereby LOPES works
as an interferometer when the signal of all antennas The main part of LOPES (LOfar ProtoypE Station)
is digitally merged to form a beam into the shower consists of 30 digitally read out, absolutely calibrated,
direction. To be sensitive to the coherence of the radio inverted V-shape dipole antennas [1], [2], [3]. The an-
signal, a precise time calibration with an accuracy tennas are co-located with the KASCADE array with a
in the order of 1 ns is required. baseline of abou200m and are triggered about twice
Thus, it is necessary to know the delay of each per minute by the KASCADE-Grande experiment [4],
antenna which is time and frequency dependent. [5]. Only a few events per day contain a cosmic ray
Several calibration measurements are performed to air shower radio pulse which is clearly distinguishable
correct for this delay in the analysis: The group delay from the noise, as the noise floor is quite high inside
of every antenna is measured regularly (roughly the KASCADE array. Due to a precise time calibration
once per year) by recording a test pulse which is of LOPES the digitally measured radio data can be
emitted at a known time. Furthermore, the delay used to form a beam into the shower arrival direction.
is monitored continuously by the so called phase Furthermore the cross-correlation of the antennas can be
calibration method: A beacon (a dipole antenna) calculated to be sensitive to the coherence of the radio
emits continuously two sine waves at 63.5 MHz and signal [6]. This way LOPES is a phased array which can
68.1 MHz. By that a variation of the delay can be be used as a digital interferometer.

I. INTRODUCTION
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Fig. 1: Right: LOPES hardware and timing setup. Left: exiemsised for delay measurements; a pulse generator
which is connected to a emitting calibration antenna iggergd by the same sync signal as the LOPES DAQ and
emits a short calibration pulse. Thus this calibration ussrecorded with a certain delay within a normal event.
Due to the setup, the delay of the pulse contains a certagetpfivhich is the same for every measurement and
therefore can be ignored when determining relative delapaden antennas.

Whenever LOPES is triggered a trace ¥f samples variations of the delay with time.
with a sampling rate oB0MHz is read out at each 1
antenna with the trigger time roughly in the middle of th
trace. LOPES is operating in the second Nyquist domai
Thus the full information of the radio signal betweer? . ! L
40 MHz and80 MHz is contained in the data and can bémaller th"’?” the period of thg filter r|ng|.ngz(17ns),.

retrieved by up-sampling (i.e. the correct interpolatio _hen forming a cross-correlation beam into the arrival

between the samples) with the zero-padding meth H’ection of the cosmic ray air shower. Thus the delay
[7]. With reasonable computing time, data can be u 1as to be known and measured with a precision of about

sampled to a sample spacing beldwl ns, so that ln:t, ttohgebseenirswlgi\;]e tomfhféghgeée?ﬁs Cg;ge rr;(;lg St')'ggil'
the sample spacing does not contribute significantly tr%eas red %h so?ar flare events. but n)c/) e have
uncertainties in the timing. u Wi v » Ou W oW N

] o developed a new method which does not depend on any
To obtain a stable timing of the antenna array the ADGstronomical sources: Simultaneously with the LOPES

clock is centrally genera_ted and _distributed via. cablggiia acquisition we trigger a pulse generator which is
to all DAQ computers (fig. 1). With the exception ofcgnnected to a calibration antenna at a defined angle
jumps by full clock cycles (see section IV), the jittelyng gistance to each LOPES antenna. The calibration
of the clock is negligible. Thus the time calibration of,htenna emits a pulse with a known delay after the
LOPES is basically reduced to measure the delay @fyger. Therefore after repeating the calibration for
each antenna an_d the subseguent electronics, i.e. the tEU@ry antenna the pulse should appear in the data of each
between the arrival of a radio pulse at the antenna agflienna at exactly the same time, if the delay of each

its measurement with the DAQ. This delay is differenf opgs antenna (and the connected analog electronics)
for each antenna (mainly due to different cable lengthS),5u1d be the same.

As for interferometry only the differences of the arrival However, e.g. due to different cable lengths, this is not
time of the radio signal between the antennas mattefge case, and indeed the calibration pulses are detected
the absolute delay is of minor importance. In this papgj gifferent times for each antenna. The relative delay
the term delay is therefore meant in a relative sense. petween different LOPES antennas can then be obtained
The following section explains how the delay isy measuring the time differences of the detection times
measured at LOPES. To achieve the necessary precisafrthe calibration pulses.
we also take into account second order effects, like The pulse detection time can be determined by dif-
the frequency dependence of the delay (dispersion) afedlent methods: On the one hand a Hilbert envelope is

. DELAY MEASUREMENTS

&OPES as a digital interferometer requires the timing
recision of the radio pulse in each antenna to be much
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Fig. 2: A short test pulse (FWHM: 10 ns) emitted by a function generator and recorded by the LOBES.
The crosses indicate the measurement points sampled byDfe Fhe lines show the up-sampled signal and the
Hilbert envelope of the pulse. In the raw data (a) it can ben gbat a part of the pulse is delayed by more than
100 ns due to the dispersion of the filter. After the correctiortre dispersion (b), the pulse is more symmetrical,
the position of the pulse envelope has moved by aBos, its height (field strength) has increased by aliogt

and its FWHM (field strength) decreased by abd0£6. The effects on height and width are reduced to a few
percent, when using the sub-band fra®iMHz to 74 MHz.

calculated and the pulse position is taken as either tbespersion of the cable can be considered negligible and
position of the maximum or the crossing of half heighthe largest contribution to the overall dispersion comes
Thereby the position of the maximum shows slightly lessom the filter.
jitter (RMS about0.4 ns) when looking at several events Unfortunately, the dispersion of the LOPES V-shape
recorded within a few minutes and the delays obtainethtenna is unknown, because it is not easily measurable.
from the half height crossing and the maximum arBut the dispersion of the filter has been measured with
consistent within errors. On the other hand the positianetwork analyzer and can be corrected in the analysis.
can be defined as the minimum or the maximum dfhis is especially important as the first 10 LOPES
the up-sampled trace and the jitter for both of them fantennas are connected to a slightly different filter than
subsequent events is less than the used sampling spatiglater 20 antennas. The successfull correction of the
of 0.1ns (after up-sampling). The delays calculated bgispersion in the analysis software has been proven by
the maximum and the minimum agree well with eachecording test pulses which are emitted by a function
other. Thus in principle the delay can be determinegenerator connected to the RML (fig. 1).
with a precision of better thaf.5 ns. As expected, the filter creates a response only to
Although the delays determined by the two methodbe leading and falling edge of pulses. Thus a delta
(pulse position by the trace itself or its envelope) arpulse with FWHM < < filter width —! (= 25 ns) should
inconsistent by a few nanosecond, this inconsistency che seen as a pulse with a width of 25ns (FWHM
be explained at least partially with the dispersion aff the power). This pulse is linearly distorted by the
the analog electronics. This difference is reduced to aispersion such that it is partially delayed by more than
average of aboutns when correcting for this dispersion.100 ns (fig. 2). When correcting for the dispersion this
The remaining inconsistency could not be explained slistortion can be significantly reduced and the FWHM
far, and is under investigation. Nevertheless, since tloé the pulse power is in the order 8fns. In addition
calculation of the cross-correlation beam is done wittihe pulse is shifted by a few ns and the pulse width and
the (up-sampled) trace and not with the envelope, weight (field strength) change by roughl9%. Thus the
currently use the delays deferred directly from the traamrrection of the dispersion is necessary for precise time
for the analysis of cosmic ray events. and amplitude measurements of radio pulses, and future
radio experiments should aim to correct the dispersion

[1l. CORRECTION FOR THE DISPERSION of every system in the signal chain.
The frequency dependence of the group delay of a

system is called dispersion. For LOPES the dis- IV. PHASE CALIBRATION
persion has been measured for the antenna, the anadldg delay of each antenna and the read out electronics
electronics (filter) and the connecting cable [8]. Thean be assumed to be roughly constant. However, there



4 F. SCHRODER FOR LOPES - TIME CALIBRATION OF LOPES

‘ Referenée (Antenné 4)

variation in the effective delay of abouit5ns over the
150 , Anienna easme « 1 year and can be clearly distinguished from the jitter of
the phase differences. The jump in the middle is caused
by a change of the effective delay &% ns during one
50 - 1 day. The outlier at the beginning is one of the few noisy
events, for which the phase calibration method would
fail.

The accuracy of the phase calibration on short time
scales is thereby determined by the short-term jitter
(noise) of the phase measurement. This jitter is a func-
tion of the trace length and the amplitude of the beacon
signal. Therefore, for a fixed trace lengt{ samples at
LOPES) an emission power of the beacon can be chosen
Fig. 3: Example of the phase calibration: The phase di?-UCh that the phase calibration allows a sufficiently

ferences at the beacon frequencies between one ante %%urate correction of the timing. In the case of LOPES

and a chosen reference antenna are shown for the fl%zesrhg]{tot; :]r: Jgterrthfré?oereph%s? d|:f§r3e nccaer? éselgetgr?
10 events of every day for one year of data taking (O ~=Ns. U » N igu

May 2008 - 07 May 2009, excluding a few days of dowinat there is some additional error on longer time scales,
time and operational proialems) as changes in the phase differences are not completely

correlated between both frequencies. But still, the oVeral
accuracy is better than the required timing precision of

o ) aboutl ns.
are variations on the scale of a few ns over time. In

addition the LOPES clock distribution is not absolutely V. CONCLUSIONS

temperature stable, causing the effective delay of singtecould be shown that the delay of each LOPES antenna
antennas to increase or decrease from time to time apd the corresponding electronic chain can be calibrated
integer steps ofl2.5ns (one clock cycle). To correctwith a precision of better tham.5ns. Nevertheless,
for these steps, originally the phase of a TV transmittghere is a not fully understood difference between the
inside of the LOPES band was monitored. After the shuteasurement of the time of a radio pulse by either
down of this TV transmitter this method has been furthdvoking to the trace or its envelope. In addition, it is
developed by setting up a dedicated transmitter (beacqjssible to continously monitor the relative delay of
inside of the Forschungszentrum Karlsruhe. each antenna with a precision of belaws. Thus long

The beacon continously emits two sine waves @fhd short term variations of the delay in the order of
63.5 MHz and 68.1 MHz at —21 dBm each, which have a few nanoseconds can be corrected in the subsequent
a very narrow band width (FWHM< 100Hz). This data analysis on an event-by-event basis.
signal is clearly seen above the noise level by all LOPES Furthermore, the dispersion of the analog electronics
antennas and the phase can be measured at each ofhtkee been shown to slightly affect the time, the width
two beacon frequencies at each antenna. For each of #ma the height of measured radio pulses. Therefore this
two frequencies now the following is valid: As a LOPESs taken into account in the LOPES standard analysis
event contains data from every antenna coincidently,pépeline to produce more accurate results. Also future
stable delay should lead to a constant difference betwe®dio experiments should consider the dispersion of the
the phases at the same frequency measured by differatiole detection system.
antennas. Thus a variation in the relative delay betweenFinally, the different timing calibration methods of
two antennas can be detected as a variation in the ph&§¥ES show that radio air shower experiments can
difference at the same two antennas at one of the beacmiieve a relative timing accuracy of better than one
frequencies. Subsequently this variations can be takeanosecond and that this accuracy can be monitored and
into account in the analysis of radio events. maintained continuously over long periods.

In a few events the measurement of the phase is
disturbed by RFI noise. To avoid corrections for 'un-
real’ variations of the delay and to take into accoum{%} gf Ezlﬁlzeeitailﬁﬁiﬁ;itﬁgicj(.zl\;)g;)./f15389 (2008) 350
ambiguities of the phase if the difference is larger thans] T. Asch et al.,Proceedings of the 30th International Cosmic Ray
180° ,a consistency check is performed between the Conference, Merida, Mexico 5 (2008) 1081
phase differences at both frequencies. For most of th%} g.'T\ln;\?;rgt.;I'é:\.l;dﬁléllﬁtsr't?ggd’\./lniter;'rf/giéz(ggaﬁg7
events the results agree well, and this way the timings] A. Horneffer et al. Proceedings of the 30th International Cosmic
of the antennas can be monitored and significanth{ Ray Conference, Merida, Mexico 4 (2008) 83
improved on a event-by-event basis. 7] '(onég;:h FZKA report 7459, Forschungszentrum Karlsruhe

For the given example (fig. 3), the correlated drift[8] O. Kromer, FZKA report 7396, Forschungszentrum Karlsruhe
which can be seen in both frequencies corresponds to a (2008)
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