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A Radio data files excluded from analysis
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file name(s) reason for exclusion

20070507_B_1Hz, 20070508_A_1Hz used a '1 Hz timed' trigger instead 

of the scintillator trigger

20070508_B_ST, 20070509_A, 20070510, 

20070511_A 

used a threshold-trigger instead 

of the scintillator trigger

20070509_B as above; additional data file 

corruption

20070511_B, 20070512_A, 20070512_B, 

20070512_D, 20070513_B, 20070518_test, 

20070518_test2

on-site testing in progress

20070522_B_scint digitized scintillator signals 

instead of radio signals

20070523_B_ijk_s1c1, 20070523_B_ijk_s1c2 calibration in progress

20070524_B, 20070807_B, 20070807_C, 

20070807_D

work in progress

20071115_B_noise2, 20071115_C_noise3 work in progress; noise 

measurement (undocumented)

Table A.1: For antenna 1 of the first-generation radio setup, 23 data files are 
excluded from data-analysis.
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file name(s) reason for exclusion

20070501_B_noAnt, 20070502_A_noAnt antenna was disconnected

20070507_B_1Hz, 20070508_A_1Hz used a '1 Hz timed' trigger instead 

of the scintillator trigger

20070508_B_ST, 20070509_A, 20070510, 

20070511_A 

used a threshold-trigger instead 

of the scintillator trigger

20070509_B as above; additional data file 

corruption

20070511_B, 20070512_A, 20070512_B, 

20070512_D, 20070513_B

on-site testing in progress

20070518_B, 20070519_A, 20070519_B, 

20070520_A, 20070520_B, 20070521_A, 

20070521_B

used a threshold-trigger instead 

of the scintillator trigger

20070522_B_scint digitized scintillator signals 

instead of radio signals

20070523_B_ijk_s2c1, 20070523_B_ijk_s2c2 calibration in progress

20070524_B work in progress

20070524_C, 20070525_A used a threshold-trigger instead 

of the scintillator trigger

20070807_B, 20070807_C, 20070807_D work in progress

Table A.2: For antenna 2 of the first-generation radio setup, 30 data files are 
excluded from data-analysis.
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file name(s) reason for exclusion

20070507_B_1Hz, 20070508_1Hz used a '1 Hz timed' trigger instead 

of the scintillator trigger

20070509_A, 20070510, 20070511_A used a threshold-trigger instead 

of the scintillator trigger

20070509_B as above; additional data file 

corruption

20070511_B, 20070512_A, 20070512_B, 

20070513_B

on-site testing in progress

20070522_B_scint digitized scintillator signals 

instead of radio signals

20070523_B_ijk_s3c1, 20070523_B_ijk_s3c2 calibration in progress

20070524_B, 20070807_B, 20070807_C, 

20070807_D

work in progress

20071115_B_noise work in progress; noise 

measurement (undocumented)

Table A.3: For antenna 3 of the first-generation radio setup, 18 data files are 
excluded from data-analysis.





B Estimating the acceptance

In  an  experiment  in  which  n  out  of  N  events  pass  a  certain  selection 

criterion, the (relative) acceptance   of the selection criterion is often estimated 

as  n /N . This is correct in cases where both n  and N  are large, however it is 

incorrect when either n  or N  is not large.

Consider  an  experiment  with  a  true  but  unknown  acceptance   .  If  the 

experiment  is  performed  only  once,  the  probability  for  success  is   .  If  the 

experiment is repeated N  times, the probability of having exactly n  successes 

is given by the binomial distribution:

P n=Nn 
n
1−N− n

 with Nn =
N !

n!N−n! (3)

When it is observed that the experiment has  n=nobs  successes,  what is the 

probability that a certain value of   has caused the experimental result of nobs ? 

The probability density function for the acceptance   can be written as:

P  =
Pnobs 

∫
0

1

Pnobs d 
(4)

The expected value of   is then:

E ==∫
0

1

 P d =
∫
0

1

 Pnobs d 

∫
0

1

Pnobs d 

=

∫
0

1


n1
1−N−nd 

∫
0

1


n
1−N−nd 

(5)

Using:

∫
0

1

xn
1− x mdx=

n!m!
nm1!

(6)
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We obtain:

=
n1
N2

(7)

Similarly:

E 2
= 

2
=∫

0

1


2 P d =

∫
0

1


n2
1−N−n d 

∫
0

1


n
1−N−nd 

=
n2n1
N3N2

(8)

And for the standard deviation:

=  2−
2 = n1

N2  n2
N3

−
n1
N2 = n1N−n1

N3N22
(9)

In  Table B.1 a comparison of    and  n /N  respectively is made for  several 

values of n  and N . The difference between   and n /N  is largest when n  or 

N−n   is small.

This section was adopted from [124].
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n = 0 n = 1 n = 2 n = 3 n = 9

N = 1 0.33; 0 0.66; 1

N = 2 0.25; 0 0.5; 0.5 0.75; 1

N = 3 0.2; 0 0.4; 0.33 0.6; 0.66 0.8; 1

N = 20 0.045; 0 0.091; 0.05 0.136; 0.1 0.182; 0.15 0.455; 0.45

Table B.1: Comparison of   and n /N  respectively for several values of n  and 
N .



C Alternative methods for pulse detection

This appendix discusses three alternative methods for pulse detection. These 

methods serve as alternatives to the method that was described in Section 7.4. 

This last method will in this appendix be referred to as the “mean-power based 

method”.  The alternative methods are:

■ a pulse-height based method;

■ a pulse-envelope based method;

■ an upsampling and interpolation based method.

C.1 Pulse detection based on pulse height

The first  alternative  method is  a  simple  algorithm that  compares  the trace 

amplitude within a certain time window with a threshold level. The time window 

is chosen around the location in the trace where a pulse could be expected, and 

the  threshold  level  is  determined  by  a  certain  factor  x  times  the  standard 

deviation of the noise.

This pulse-height based method consists of several steps, just like the mean-

power based method. In fact, some of these steps are identical (1, 2, 3, and 6). 

For each of the two channels, i.e. north-south and east-west, these are the steps 

that the algorithm performs:

1. Perform a 4096-point fast Fourier transformation (FFT) on the traces. 

The 4000-point traces are padded with 96 additional points (4001 to 

4096), which are identical to the last points of the original traces (4000 

down to 3905). The mirroring step ensures continuity of the trace.

2. Remove all  frequency  components  below 10 MHz and above 90 MHz. 

This step is mainly intended to remove some low-frequency noise that is 

present in the traces that were measured with the SBP-60 filters between 

May 16 and July 20, 2007 (Table 5.1 on p. 56). For all other traces this 
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step  has  little  effect  since  the  amount  of  power  outside  the  pass-

frequencies of the filters is low.

3. Perform an inverse FFT; this returns the data to the time domain. The 96 

padded  data  points  are  removed,  thus  traces  have  a  length  of  4000 

points again.

4. Calculate the mean voltage V  and standard deviation σ  of the first 512 

data points of the trace. Do the same for the last 512 data points. Select 

the σ  that has the smallest value, and the mean that belongs to this σ .

5. Define maximum and minimum threshold level at V±x⋅σ  where x  is a 

variable given to the algorithm.

6. Define a time window of 400 ns around the moment at which a pulse is 

expected. This moment was calculated by Fraenkel [112], based on the 

timing information of the digitizers,  time delays of cables and trigger 

components, and the parameters of CDAS' reconstruction of the event 

based on the SD data.

7. Consider all  points of  the trace within the time window. If  the signal 

exceeds  the  maximum/minimum threshold  level  at  any  point,  return 

true, else return false.

In step 4 of the algorithm, two values for  σ  are calculated, and the smaller 

value is selected. This is done to better handle the case where a short burst of 

noise (transient) is present in the start of the trace. This is very similar to step 4 

of the mean-power based method, where the smallest value of two powers was 

selected.

The  result  of  using  this  pulse-height  based  algorithm  on  the  set  of  482 

triggered  events  is  shown in  Figure C.1.  For  each of  the three antennas,  the 

algorithm  was  applied,  using  different  values  of  the  threshold  level  x .  The 

results  show  the  fraction  of  events  that  pass  when  a  threshold  crossing  is 

required in north-south, in east-west, or in at least one of these two.

When comparing the pulse-height based method with the mean-power based 

method, a few points can be noted:

■ The fraction of events that pass the method is a rather smooth function in 

the case of  the  mean-power based method (Figure 7.10 (d)  on p. 107), 
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while for the pulse-height based method it is not (Figure C.1 (d)). In the 

latter method the difference between the three antennas is also larger.

■ An event can pass the  pulse-height based algorithm based on a single 

point in the trace. However, on each measured data point there is a certain 

amount of error involved. Part of this error is a measurement uncertainty 

of the digitizer, but a more important part is the influence of the noise. A 

measurement error  in the value of  a single data point  may lead to the 

event being passed or rejected. On the other hand, in the mean-power 

based algorithm, the power is calculated over a series of points, reducing 

the uncertainty in its value.

■ In the case of a sharp peak, the digitizer could record a sample at exactly 

the moment of this peak. However,  it is also possible that samples are 

taken slightly before and after the peak. This effect may cause events to 
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(a) (b)

(c) (d)

Figure C.1: Fraction of events that pass the pulse-height based algorithm, for 
each of the three antennas and as a function of the threshold level. A pulse can be 
required in the north-south data, in the east-west data, or in at least one of these 

two.



 C   Alternative methods for pulse detection

be accepted or rejected, thus leading to a certain amount of arbitrariness. 

The two alternative methods that are discussed in the next two sections 

attempt to overcome this issue.

C.2 Pulse detection based on pulse envelope

This  second  alternative  method  is  a  modified  version  of  the  pulse-height 

based algorithm. Instead of comparing a threshold level with the trace itself, the 

threshold  level  is  compared  with  an  envelope  of  the  trace.  Steps 1-6 of  this 

method are the same as in the pulse-height based method. After these steps the 

envelope is calculated, which may be done in several ways, e.g. using a Hilbert 

transform.

We however have chosen to calculate the envelope by means of squaring the 

input signal and low-pass filtering. When the signal is squared, it is effectively 

demodulated, using itself as the carrier wave. This means that half of the power 

of the signal is pushed towards the higher frequencies, while the other half is 

pushed towards DC. The envelope can then be calculated by keeping all the low-

frequency  components  while  removing  the  higher  frequencies;  i.e.  low-pass 

filtering.  As a final  step,  the signal  is  multiplied by 2 to compensate  for  the 

removal  of  half  of  its  power,  after  which  the  square  root  of  the  signal  is 

calculated. This is the envelope, and it is compared with the maximum threshold 
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Figure C.2: Illustration of envelope detection. As an example, a radio trace of one 
of the coincident events is shown on the left. This trace has already been 

frequency filtered (10-90 MHz; steps 1-3). A cosmic-ray-induced radio pulse can 
clearly be seen. On the right, the calculated envelope is compared with the 

absolute value of the trace.
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value that was defined in step 5 of the algorithm. Since the envelope is always 

positive, it is not necessary to consider the minimum threshold value.

For the coincident events, a cutoff frequency of 42 MHz was used during the 

low-pass filtering step. This value was chosen since the frequency spectrum of 

the squared traces has a minimum around 42 MHz. In fact, there is little power 

between 25 and 95 MHz, thus the value of 42 MHz is not very critical.

An example of one of the envelopes that were calculated is shown in  Figure

C.2.  It  is  compared  with  the  absolute  value  of  the  trace  from  which  it  was 

calculated.

Now  that  the  envelope  has  been  calculated,  the  maximum  value  of  this 

envelope  is  compared  with  the  threshold  level,  which  is  still  based  on  the 

standard deviation of the noise. The ratio of coincident events that pass the test, 

as a function of the height of the threshold level, is shown in Figure C.3.
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(a) (b)

(c) (d)

Figure C.3: Fraction of events that pass the pulse-envelope based algorithm, for 
each of the three antennas and as a function of the threshold level.
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C.3 Pulse  detection  based  on  upsampling  and 
interpolation

The third and final alternative method for pulse detection we will discuss is a 

method based on upsampling and interpolation. Also this method is a modified 

version of the pulse-height based algorithm. In this method, not only are the 

data points of the trace compared with the threshold level, but also interpolated 

data points are compared.

At the end of Section C.1 it was argued that the sampling moment may make a 

difference in the case of a sharp peak in the signal. The signal could be sampled 

at exactly the moment of the peak, or it could be sampled slightly before and 

after the peak. If the values of the signal in between the measured data points 

could be known, then the height of a peak could be determined more precisely.

Fortunately, these values can be computed. The low-pass filters in the DAQ 

setup  (Section 4.3)  remove  the  higher  frequencies.  For  frequencies  above 

87.5 MHz the attenuation (suppression) of one low-pass filter is at least 20.2 dB. 

The actual attenuation is even larger because two low-pass filters were used in 

series.

Since  the  sampling  frequency  is  400 MHz,  the  corresponding  Nyquist 

frequency is 200 MHz. Since the amount of power in the signal at frequencies 

above  200 MHz is  negligible,  the Nyquist–Shannon sampling  theorem applies, 

which  states  that  the  signal  is  completely  determined  by  the  recorded  data 

points.

Thus  the  signal  at  the  input  of  the  digitizers  can  be  reconstructed. 

Mathematically this can be done in several ways; here it was chosen to use the 

Whittaker–Shannon  interpolation  formula.  This  formula  is  guaranteed  to 

reconstruct  the  signal  exactly  if  the  signal  is  Nyquist  sampled.  Although  the 

formula is ideal in that sense, it is computationally intensive and therefore not 

very practicable for everyday use.

In  between  each  two  original  data  points,  7  additional  data  points  were 

interpolated. Thus, the interpolated traces contain 8 times more data points. An 

example of part of an interpolated trace is given in Figure C.4.
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In the final step, the interpolated traces are compared with the minimum and 

maximum threshold values. Except for the use of interpolated traces instead of 

the original traces, this method is identical to the pulse-height based method. As 

can  be  seen  in  the  example  in  Figure  C.4 for  the  east-west  direction,  the 

maximum value of the interpolated trace can be a bit larger than the maximum 

value of the original trace.

The  result  of  using  the  upsampling  and  interpolation  based  method  with 

threshold levels of varying heights is shown in Figure C.5. When comparing this 

plot with the equivalent plots for the pulse-height based method (Figure C.1) and 

the pulse-envelope based method (Figure C.3), the results are very similar. All 

three alternative methods that were discussed thus give similar results.

The results of the mean-power based method (as shown in Figure 7.10 (d) on 

p. 107) show both smoother curves and smaller differences between the three 

antennas than the alternative methods. As was noted on Section C.1, the mean-

power based method is also less influenced by noise on single data points. For 

these reasons, the mean-power based method was chosen for the selection of 

the “events with pulse” in Sections 7.5 and 7.6.
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Figure C.4: Illustration of the interpolation of a trace. We use the same radio trace 
as the one that was used in Figure C.2. The solid line indicates the original trace 
with data points every 2.5 ns. The interpolated trace is indicated by the dashed 

line and has 8 times more data points.
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(a) (b)

(c) (d)

Figure C.5: Fraction of events that pass the upsampling and interpolation based 
algorithm, for each of the three antennas and as a function of the threshold level.




