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Abstract: The electromagnetic part of an extensive air shower developing in the atmosphere contains significant
information complementary to that obtained by water-Cherenkov detectors which are predominantly sensitive
to the muonic content of an air shower at ground. The emission of radio signals caused by the time-changing
electromagnetic part can be observed in the frequency band between 10 - 100 MHz. However, this frequency range
can be significantly contaminated by narrow-band RFI and other human-made distortions. The Auger Engineering
Radio Array uses two methods to suppress narrow-band RFI. These methods are based on multiple time-to-
frequency domain conversions using an FFT procedure or on implemented IIR notch filters which block specific
frequencies. An alternative approach developed recently is an adaptive FIR filter based on a linear prediction
(LP). The coefficients for the linear predictor are dynamically refreshed and calculated by the embedded NIOS R©.
processor.
The paper presents the analysis of the efficiencies, speed, and signal distortions of the filters: 1) based on the
filtering of peaks in the frequency domain and using the FFT procedures, 2) based on the adaptive FIR filter with
the linear prediction, 3) based on the IIR notch filters removing selected frequencies from the radio spectrum.
The LP filter is being developed for the next generation of ground-based cosmic-ray detector.
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1 Introduction
Results from several ground-based cosmic-ray experiments
(e.g. from the Pierre Auger Observatory) recommend a very
large aperture detection systems for ultra-high energy cos-
mic rays (UHECR). The radio technique is particularly ap-
propriate for detection of UHECRs in large-scale arrays
due to its nearly 100 % duty cycle, its high angular resolu-
tion and its sensitivity to the longitudinal air-shower evolu-
tion. The present challenges are to understand the emission
mechanisms, the features of the radio signal and to devel-
op an adequate measuring system. Electron-positron pairs
generated in the shower development emit radiation due to
deflection induced by the Earth’s magnetic field [1]. During
the shower development, charged particles are concentrated
in a shower disk of a few meters thick. This corresponds
to coherent radio emission up to about 100 MHz as given
by the theoretical model such as REAS [2] and MGRM
[3]. Short, but coherent, radio pulses of 10 ns up to a few
100 ns duration are generated with an electric field strength
increasing approximately linearly with the energy of the
primary cosmic particle inducing the air showers.

The energy threshold for radio detection of cosmic rays is
limited by radio background. Radio-frequency interferences
(RFI) in the MHz radio band are strongly suppressed by
a band-pass filter. In the remaining bandwidth of 30 to
80 MHz the noise at the site of the Pierre Auger Observatory
is dominated by the frequency dependent galactic noise [4]
with noise temperatures of 5000 K at 60 MHz.

In addition to this galactic noise, there is still a human
made contribution consisting of mostly continuous periodic

background (i.e. from radio and TV stations) and transients
generated by other human sources. Efficient background
reduction is crucial to the development of a successful self-
trigger.

2 FFT approach
The radio data are digitized in a fast ADC and processed
in real time by a powerful FPGA chip. The narrow peaks
in the frequency domain due to RFI have to be suppressed
before building a trigger based on the digitized time traces.

The RFI can be suppressed in the frequency domain
by a filter which removes narrow peaks but leaves the
actual signal almost unaffected. This feature is fulfilled by
a median filter. The filter works in the frequency domain
using the Fast Fourier Transform (FFT) routine provided by
Altera R©.

The median FPGA filter eliminates mono-frequent carri-
ers, but broadband radio pulses from cosmic showers are
not affected. The data are converted back to the time do-
main using a second inverse FFT. This chain of the digi-
tal processing enhances the signal to noise ratio, and thus
improves the radio-pulse detection sensitivity (Fig. 1) [5],
although the signal-to-noise ratio is overestimated [6].

Fig. 2 shows a suppression of four narrow peaks in the
frequency domain by the median filter for 255 real AER-
A [7] events, simulated in the Quartus R© for the streaming
FFT architecture and 14-bit bus width. The serial chain
of the FFT and iFFT gives theoretically an identical trans-
formation. However, limited bus width of the FPGA pro-
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Fig. 1: A diagram showing a (FFT + Median filter + iFFT) chain cleaning the filterd data from the RFI contamination.
The 1st graph shows an input data block of 1024 ADC samples, the 2nd - the absolute values of FFT components in the
frequency domain, the 3rd - FFT components cleaned by the median filter and 4th - signal converted back to the time
domain.

Fig. 2: Spectrograms of 255 AERA events: direct from
ADC (upper graph) and after the median filter (lower graph).

cessing introduces approximation errors [5]. The variable
streaming gives discrepancies on the least significant bit,
but this architecture requires much more resources and is
too slow [5]. Discrepancies dramatically increase for an
inserted non-linear median filter (the upper panel of Fig. 3).
Nevertheless, the most important factor is a reconstruction
of the real signal after filtering. We introduced the estimator
- distortion factor (DF) calculated for 16 samples around the
peaks (expected radio signals) denoted by the index: kmax
for xADC.

DF =
kmax+16

∑
k=kmax−16

(
(xreconstructed)k − (xADC)k

xmax

)2

(1)

The lower panel of Fig. 3 shows the dependence of
the DF vs. maximal signal in an investigated range of the
AERA data. Signals with a big distortion factor (Eq. 1) are
reconstructed poorly. However, a poor reconstruction relates
to relatively weak signals. Strong signals are reconstructed
pretty well (see the lower panel of Fig. 3).

Fig. 3: Histograms of differences between ADCk and
iFFT.Rek for the median filter (upper graph) and a depen-
dence of distortion factors vs. amplitude of peaks for the
median filter.

3 Notch filter
The notch filter implementation, described earlier in Ref.
[8], is briefly summarized here. The main purpose of
the filtering is to increase the signal-to-noise ratio before
triggering, given constraints in FPGA elements and power
consumption. We have implemented the notch filters as an
IIR on a rather small Cyclone R© III (EP3C40F484C6N).
The IIR filters operate on the time-domain and the output
of the filter (yi) is a linear combination of the input samples
(x j) and the delayed feedback output samples (y j):

yi = xi − (2cosωN · xi−1)+ xi−2 +

+ (2r cosωN · yi−1)− (r2 · yi−2) (2)

The value of r is to be between 0 and 1, where a value close
to 1 indicates a very narrow transmitter. A typical value
chosen is r = 0.99. ωN is the normalized filter frequency,
which is determined by the notch frequency fN and the
sampling frequency fS as ωN = (2π fN)/ fS. A complication
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Fig. 4: The threshold after notch filtering the variable narrow band interference. Note the variation of the threshold setting
as a function of siderial day [10]

in the implementation of the IIR filters in high-frequency
FPGAs arises from the fact that one cannot arbitrarily
pipeline the feedback computation. We have resolved this
by using the scattered look-ahead pipelining technique [9],
which increases the filter complexity but allows more time
for computation in the FPGA.
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Fig. 5: Spectrograms of 255 AERA events: direct from
ADC (upper graph) and after the notch filter (lower graph).

The coefficients of the x j and y j in Eq. 2 can be pre-
computed for the desired notch frequencies, converted to
a fixed-point representation and loaded into the FPGA at
run-time. The current design allows for four independent
tunable notch filters for each polarization direction and is
applied on a Cyclone R© III, IV and V FPGA. It has been

operating in the field for several years and successfully de-
creased and stabilized the threshold settings. Fig. 4 shows
an example of the variation of the threshold settings for a
period of four weeks.

The implementation in the readout is such that both the
unfiltered and the filtered data can be made available for
off-line and testing purposes. An example of real data in
the frequency domain can be seen in the upper panel of Fig.
5. The filtered data, that is used for triggering, is shown in
the lower panel of this figure. In this example four narrow
notch filters are implemented, each with an r-factor of 0.99.
The central frequencies of the notch-filter correspond to the
frequencies of the human-made interference lines.

4 Linear predictor
Linear prediction is a mathematical operation where future
values of a discrete-time signal are estimated as a linear
function of previous samples [11]. This method is widely
used in audio signal processing and speech processing
for representing the spectral envelope of a digital signal
of speech in compressed form, using the information of
a linear predictive model [12]. With the advent of faster
signal processing techniques in FPGAs it is now possible
to apply similar techniques to the real-time processing of
radio signals in the 10 - 100 MHz region [13].

In the LP method the covariances for 1024 ADC samples
are calculated in the FPGA fast logic block. The NIOS R©

processor solves the matrix of 32 or 64 linear equations and
provides coefficients needed for the FIR filter. The calculat-
ed coefficients are next transferred from the NIOS R© to the

Raw
Trace

Clean
Trace

Subtract

Update
Covariances

Predict

NIOS Logic Block

Calculate
Coefficients

Fig. 6: The data flow of the FIR filter based on the LP
method



RFI filters for the extension of AERA
33ND INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

Fig. 7: A spectrogram of the 255 AERA event cleaned by
the LP filter (upper graph) and a histogram of differences
between ADCk and LPk for the LP filter (lower graph).

fast logic block, updating appropriate registers. They are
used as the FIR coefficients in the ADC data filtering. Final-
ly, the predicted and delayed data (expected background)
are subtracted from the ADC data to clean the signal from
periodic contaminations (Fig. 6).

Comparison of lower panels of Fig. 2 and 5 as well as
the upper panel of Fig. 7 indicates that the LP approach
eliminates the RFI narrow frequency contaminations more
efficiently than notch and FFT filters. Differences between
the original and filtered signals are bigger than for the FFT
approach (compare the lower panel of Fig. 7 and the upper
panel of Fig. 3). The comparison of the lower panel of Fig.
3 and the upper panel of Fig. 8 shows that the LP approach
distorts the input signal less than the median filter. The
lower panel of Fig. 8 shows this explicitly.

5 Conclusions
Both FFT/Median and notch filters are already used in
several tens of radio stations of the AERA setup. The LP
filter is the adaptive one (the notch filter eliminates only
fixed narrow peaks in the frequency domain). It consumes
less power [14] and distorts signal less than the FFT/Median
filter. The LP filter could be the option for the final design.
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