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4 A first-generation radio setup

4.1 Overview

In April and May 2007, a radio-detection setup was installed at the site of the 

Pierre  Auger  Observatory  in  Argentina.  The  location  for  the  radio  setup  was 

chosen at the Balloon Launching Station (BLS) of the Auger observatory, where 

electricity  and access  to the computer  network  are  available.  Additionally  the 

building of the BLS, a container, protects the electronics and computers of the 

data-acquisition system from environmental  influences such as rain, wind and 

dust. The presence of a nearby road makes the location relatively easy to access, 

which has proven to be very useful during the construction and maintenance of 

the detector.  The location of the BLS is indicated in  Figure 3.1 on p.  30, and 

Figure 4.1 below is a photograph of the BLS.
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Figure 4.1: The Balloon Launching Station (BLS) can be reached by car.
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To facilitate the testing of various detector concepts for radio detection near 

the BLS, six metal poles have been installed. Three of these poles (numbered 1, 2 

and 3) form an equilateral triangle with a side-length of 100 meters; these poles 

are  equipped  with  a  double  RG-213  coaxial  cable  to  the  BLS.  Two  separate 

signals  can  therefore  be  transmitted  to  the  BLS,  where  signal  processing  is 

performed by the data-acquisition system. The length of these RG-213 coaxial 

cables is about 140 meter; this is regardless of the actual distance of a pole to 

the BLS. The time which is needed for a signal to propagate through this cable 

was measured to be 835 ns.

The other three poles (numbered 4, 5 and 6) are not connected by cable, and 

have  been  used  for  testing  wireless  detector  concepts.  An  overview  of  the 

situation is given in Figure 4.2.

For the first-generation radio setup, we used poles nr. 1, 2 and 3, i.e. the ones 

with a cable connection. Poles nr. 4, 5 and 6 were used for a different setup 
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Figure 4.2: Map of the setup near the BLS, showing the location of the BLS and the 
six metal poles. The nearest SD station, named “Olaia”, is also indicated. X- and 
y-coordinates are shown; the origin of the coordinate system is located at the 

centre of the Pierre Auger Observatory.
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which will not be discussed in this thesis. For the second-generation radio setup, 

MAXIMA,  yet  a  different  set  of poles  was  used;  these  are  described  in 

Section 8.2.1.

An overview of the data-acquisition (DAQ) system is given in Figure 4.3. The 

components  of  this  setup will  be discussed in some detail  in the subsequent 

sections of this chapter.

4.2 Antennas and low-noise amplifiers

On each  of  poles  No.  1  and  2,  an  aluminium log-periodic  dipole  antenna 

(LPDA)  was  installed.  Pole  No.  3  initially  featured  a  wire-LPDA,  which  was 

replaced by a LOFAR [90] low-band antenna (LBA, [91]) on 24 May 2007. Figure
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Figure 4.3: Schematic representation of the data-acquisition (DAQ) system. The 
antenna measures the electric field in the north-south (NS) and east-west (EW) 

directions. The figure shows the readout system of a single antenna. Since signals 
were measured at poles 1, 2 and 3, three identical readout systems were used. 
These three readout systems shared a common coincidence-trigger system.
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4.4 contains  photographs  of  both an aluminium LPDA (left)  and a wire-LPDA 

(right). Since an LPDA consists of two sets of arms perpendicular to each other, 

the electric field can be measured in two independent directions, which we often 

refer to as “polarisations”. The two polarisations measured are north-south for 

channel 1, and east-west for channel 2.

When considering one of the LPDA polarisations,  the antenna consists  of a 

series  of  arms  (i.e.  dipoles).  The  distance  between  these  arms  increases 

“logarithmically”. Since the resonance frequency of a dipole is a function of the 

dipole length, the antenna is effectively resonant at a range of frequencies. The 

sensitivity  of  the  aluminium  LPDA  begins  at  a  frequency  of  40 MHz;  this 

corresponds with the longest arms. The response of the antenna as a function of 

frequency is shown in Figure 4.5, as reported by Krömer [92].

The  directional  sensitivity  of  the  LPDA  was  measured  using  a  1:3  scaled 

replica. For these measurements, only a single “antenna plane” was used; i.e. half 

of  the  antenna  as  seen  in  Figure  4.4 (left).  The  directional  sensitivity  was 

measured  in  the  E-plane  (the  plane  of  the  antenna)  and  the  H-plane 

(perpendicular to the plane of the antenna). The results are shown in Figure 4.6.

The directional sensitivity of the antenna depends somewhat on the frequency. 

The  antenna  is  fully  sensitive  to  signals  that  come  from  above  (0 dB).  The 
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Figure 4.4: Log-periodic dipole antennas. Left: made from aluminium, reinforced 
with plastic bars. Right: experimental wood/wire construction.
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sensitivity to signals that come from below is reduced by ~10 dB or more. Signals 

from the horizon are greatly reduced in the E-plane (-20 dB or more), and are 

somewhat reduced in the H-plane (-6 dB).

More  details  of  the  aluminium  LPDA  are  available  in  the  PhD  thesis  of 

O. Krömer [92].
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Figure 4.6: Directional sensitivity of the LPDA, in dB, for several frequencies. Left: 
in the E-plane (the plane of the antenna). Right: in the H-plane (perpendicular to 

the plane of the antenna). Adapted from Krömer [92].

Figure 4.5: Left: measured reflection coefficient of the LPDA as a function of 
frequency. The reflection coefficient is the ratio between the powers of an 

inserted and a reflected pulse. The power that is not reflected is considered to be 
emitted; i.e. a small reflection coefficient means an antenna that is emitting 

efficiently. Furthermore, an antenna that emits efficiently is also an antenna that 
absorbs radiation efficiently. Right: the power-transfer factor has been calculated 
from the reflection coefficient. The antenna is fully sensitive at frequencies above 

40 MHz. Graphs adapted from Krömer [92].
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The aluminium LPDAs were designed by our collaborators from Forschungs-

zentrum Karlsruhe (FZK) and built by our collaborators from RWTH Aachen. The 

experimental prototype of a wire-LPDA (Figure 4.4, right) was designed and built 

by RWTH Aachen in an attempt to reduce weight and be more resilient against 

strong winds.  The north-south polarisation of  the wire-LPDA has roughly the 

same size and frequency range as the aluminium LPDA, while the sensitivity of 

the  antenna  in  the  east-west  plane  has  been  extended  towards  lower 

frequencies, resulting in a much larger mechanical structure. In the wire-LPDA, 

the wooden framework provides the mechanical structure, while the metal in the 

wires function as the electrical antenna.

The  purpose  of  the  wire-LPDA  was  mainly  to  explore  the  possibility  of 

constructing LPDAs from a solid frame that is strung with wires. Such an antenna 

could be lighter than the aluminium LPDAs, and also be more resilient to strong 

winds.  Constructing  LPDAs  from  a  frame  with  wires  proved  to  be  a  viable 

possibility,  and  the later  “Black  Spider”  LPDAs  that  are  used  for  MAXIMA are 

based on this principle. However, the original wire-LPDA was extremely large and 

not built with the intend of long-term usage. It was therefore removed from its 

pole and replaced by a LOFAR antenna.
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Figure 4.7: Left: LOFAR low-band antennas in the field at the site of Exloo, the 
Netherlands. The antenna arms are the thin wires in the shape of a “double 

inverted V”. The setup features a ground plane underneath each antenna. Right: a 
LOFAR antenna on a pole at the BLS site. Here, no ground plane is used.
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The LOFAR LBA should normally be mounted on the ground, as seen in Figure

4.7 (left). Because of the environmental conditions on the Argentinian Pampas, 

such as loose cattle, and because of the agreements with the local landowners, it 

was decided to position the LOFAR antenna on a pole instead. A photograph of a 

LOFAR antenna on a pole is shown in Figure 4.7 (right).

A small box directly below the LPDA houses the low-noise amplifier (LNA), a 

wide-band amplifier that performs the initial amplification of the signal. For the 

LOFAR antenna, the LNA is integrated inside the small disc on the top of the pole. 

The initial amplification that the LNA performs needs to be done very close to the 

antenna to prevent pick-up of noise and loss of the signal on the ~140 meter 

coaxial  cable  to  the  BLS.  A  second  function  of  the  LNA  is  to  convert  the 

impedance of the antenna to a real impedance of 50 Ω, to match the impedance 

of the coaxial cable. The LNA should therefore be seen as an integral part of the 

antenna.

The  LNAs  that  were  used  in  this  setup  were  designed  and  built  by  our 

collaborators from FZK. The amplification or forward gain of the LNA depends 

slightly on frequency, but is roughly 22 dB. The characteristics of the amplifier 

were measured at KVI with a spectrum analyser; the results of the forward gain 

measurement are shown in Figure 4.8.
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Figure 4.8: Measurement of the forward gain of the FZK low-noise amplifier 
(LNA).
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4.3 Filters

After passing through the LNA, the signal reaches the data-acquisition system 

in the BLS through the RG-213 coaxial cable. In the DAQ system, the signal is 

successively filtered, amplified, and digitized. The goal of the filtering step is to 

remove  unwanted  frequencies  from the  signal.  In  the  case  of  the  aluminium 

LPDA, the antenna is optimized for the pick-up of frequencies between 40 and 

80 MHz. Signals outside this band are picked up with reduced sensitivity, and if 

they are significant and not caused by air showers, we do need to suppress them.

An obvious source of noise are “FM” radio stations. In most countries, the FM 

broadcast band ranges from 87.5 to 108.0 MHz, and signals from broadcasting 

stations can cause large peaks in the frequency spectrum. To suppress  these 

frequencies,  we  chose  to  use  the  SLP-70  filter,  which  is  a  low-pass  filter 

commercially  available  from Mini-Circuits  [93].  The cutoff  frequency  f co ,  the 

frequency at which the output power of the filter is ½ of the input power (-3 dB), 

is 67 MHz for this filter. Between DC and 60 MHz, the attenuation of the filter is 

less than 1 dB. For frequencies larger than 67 MHz, the attenuation is large; for 

example 20.2 dB at 87.5 MHz, the start of the FM band. Other sources of noise 

with  frequencies  at  or  above  the  FM  band,  e.g.  TV  broadcastings  and  GSM 

communications, are attenuated by this filter as well.

There are also sources of noise at lower frequencies, for example atmospheric 

noise and AM broadcastings. To suppress these frequencies, we use the  SHP-25 

filter, a high-pass filter from Mini-Circuits [94]. The cutoff frequency f co  for this 

filter is 25 MHz, with at least 20 dB attenuation at frequencies below 19 MHz.

The characteristics of the SHP-25 and SLP-70 have been measured at KVI, the 

results are shown in Figure 4.9.

During the measurements in Argentina we used a combination of the filters 

mentioned above: the filter-chain was “SHP-25 + SHP-25 + SLP-70 + SLP-70”; 

from left  to right. The reason for using two instances of each filter is that at 

some point we were not quite satisfied with the level of attenuation. Very roughly 

speaking, placing a filter twice doubles the attenuation as compared with a single 

filter.
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Other combinations of filters have been used as well; often involving a band-

pass or a custom designed filter. These filters were used in order to test which 

configuration gives the best signal-to-noise ratio in the data. However, most of 

the data have been measured with the “SHP-25 + SHP-25 + SLP-70 + SLP-70” 

filter chain; this is also the data that will be discussed in this thesis. An overview 

of the changes made to the setup, including the filter configuration, is given in 

Table 5.1 on p. 56.

The decision to use commercial off-the-shelf filters was based on reducing 

the time which is needed for the assembly of the experimental setup. Making a 

custom design requires additional manpower and time, and is more costly for 

low  volumes  than  commercial  components.  The  disadvantage  of  commercial 

filters is that there is a limited number of different components available. In our 

case, it would have been advantageous to use a high-pass filter with a cutoff 

frequency at 35 or 40 MHz to better suit the antenna response; however no such 

filter was available.
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Figure 4.9: Measurement of the transfer function of high- and low-pass filters.
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4.4 Amplifiers

After the filters, the (main) amplifiers are the next step in the data-acquisition 

chain. Here, the signal is amplified further, in addition to the initial amplification 

by the LNA's. The motivation for placing the amplifiers after the filters, instead of 

before them, is that high-power noise signals can now be removed by the filters 

before amplification. If the amplifiers had been placed before the filters, then the 

amplifiers may have been overloaded by the noise signal, possibly leading to a 

deformation of the signal.

Again it was decided to use an off-the-shelf component produced by Mini-

Circuits, in this case the wideband ZKL-2 amplifier [95]. The amplification of the 

ZKL-2 is 31 dB over a broad range of frequencies, as can be seen in Figure 4.10. 

This amplification was chosen to increase the average power of the signal to a 

level  suitable for  digitization.  In earlier  experimental  efforts,  the amplification 

had been insufficient.
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Figure 4.10: Measurement of the forward gain of the Mini-Circuits ZKL-2 
broadband amplifier. Data from Mini-Circuits [95].
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4.5 Digitizers

After passing the amplifiers, the signal is ready to be digitized. For this step, 

we used digitizers that were designed by Nikhef for the HiSPARC [96] project. As 

can be seen in Figure 4.3 on p. 43, each digitizer has two input channels. These 

two channels were used to digitize the signals from the north-south and east-

west arms of the antenna.

Figure 4.11 shows a photograph of the three digitizers that were used, one for 

each pole. The main feature of the digitizers is the flash ADC, which converts the 

input voltage into a digital number. This process is repeated every 2.5 ns, thus 

creating a string of numbers, called a trace, which represents the input voltage as 

a function of time. The digitizers were configured to produce traces with a length 

of  10 μs.  Whenever  a  trigger  signal  is  received  from the  trigger  system,  the 

digitizers  send two traces  to a  laptop;  one trace for  each input channel.  The 

laptop then saved these traces to disk.

51

Figure 4.11: Nikhef digitizers.
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Another  feature  of  the digitizers  is  the GPS timing.  A GPS antenna can be 

attached  to  the  digitizer,  which  can  then  use  the  GPS  signal  for  precise 

timekeeping.  This  allows  recorded  traces  to  be  accompanied  with  a  GPS 

timestamp, which describes with high accuracy at what moment a certain trace 

was  measured.  The  GPS-timing  feature  of  the  digitizers  is  provided  by  an 

integrated “Navman Jupiter Pico T” GPS receiver module [97]. More properties of 

the digitizers are discussed in Section  6.2, “Digitizers: features, calibration and

timing“.

4.6 Scintillator trigger system

As was mentioned before, the digitizers are triggered by a scintillator trigger 

system.  This  system  consists  of  two  scintillators  that  are  connected  to  a 

coincidence trigger unit; see also Figure 4.3 on p. 43.
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Figure 4.12: Left: Plastic scintillator and 2 PMTs in a wooden box, outside the BLS. 
Right: Coincidence trigger unit, trigger fan-out, and two HV power supplies.
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Outside the BLS,  two plastic  scintillators were placed about 5 m away from 

each other. Each of the scintillators was housed in a wooden box to protect it 

from the environment. A photograph of one of these boxes is shown in  Figure

4.12 (left). The figure shows the scintillator itself, wrapped in black plastic, and 

two photomultiplier tubes (PMTs) that are connected to the scintillator. The other 

scintillator, not shown in the figure, is read out with a single PMT. The horizontal 

area of each scintillator is roughly 1 m2 while the thickness is about 2 cm.

Figure  4.12 (right)  is  a  photograph  of  the  coincidence  trigger  unit.  The 

leftmost  part  of  this  unit  provides  the  coincidence  trigger  itself:  possible  air 

showers are identified when the signals from each scintillator are simultaneously 

above a certain threshold level. When this occurs, a TTL signal changes its logical 

value; this we call a “trigger”. The trigger signal is then split and supplied to the 

trigger-input  port  of  each  of  the digitizers.  In  Figure  4.12 (right)  the trigger 

fan-out component can perform this splitting of the trigger signal; however in 

the photograph it is not connected. The remaining two components in the right-

hand side of  Figure 4.12 are two high-voltage power supplies that power the 

PMTs.
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