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Abstract: MAGIC is a system of two telescopes designed to observe shortand dim flashes of Cherenkov light
produced by gamma ray induced atmospheric showers. In the end of 2011, the readout of both telescopes has
been upgraded and is now based on the Domino Ring Sampler version 4 chip. We present signal pre-processing
and analysis techniques needed for such a readout. We also show studies of the signal extraction performance of
this system, such as the behavior of the baseline, the noise,the cross-talk, the linearity and the time resolution.
After the introduction of a series of corrections and onlinere-calibrations, this readout yields a stable and robust
performance, in many aspects superior to its version 2 predecessor.
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1 Introduction
MAGIC (Major Atmospheric Gamma Imaging Cherenkov)
is a system of two 17 m diameter Imaging Atmospheric
Cherenkov Telescopes (IACT). They are used for obser-
vations of dim and short light flashes produced in particle
showers initiated by very high energy (VHE,& 50GeV)
gamma rays. Between February 2007 and June 2011, the
MAGIC I readout was using optical multiplexer and off-
the-shelf FADCs [1]. The second MAGIC telescope (in
operation since 2009) was first equipped with the Domino
Ring Sampler version 2 chip (DRS2, [2]). In the end of
2011 the readout of both telescopes has been upgraded [3]
and is now based on the Domino Ring Sampler version 4
(DRS4) chip [4].

The DRS4 readout of each channel contains an array of
1024 capacitors. When running the system with a sampling
speed of 2 GSamples/s, the input signal is stored in an
analog form in the capacitors with a switching period of
500 ps. The sampling is stopped when an external trigger
occurs, and the voltages of the capacitors are then read out
by an ADC of 14bit precision at a speed of 32 MHz [5].

In this work we describe the advanced analysis proce-
dures used in the processing of DRS4 data, and evaluate
the basic performance parameters of such a readout.

2 Baseline
In Fig. 1 we show the mean cell offset (baseline) and its
RMS, as a function of the absolute position of the capac-
itor in the domino ring for a typical DRS4 channel. Each
capacitor of each DRS4 channel has its own offset value.
The differences in the mean offsets are much larger than
the RMS of the baseline of the individual cells. Also due to
the internal construction of the DRS4, there is a relatively
large step in the baseline in the middle of the readout ring.

DRS4 capacitor
200 400 600 800 1000

B
as

el
in

e 
m

ea
n 

an
d 

R
M

S
 [c

ou
nt

s]

2500

2550

2600

2650

2700

2750

2800

2850

2900

2950

Figure 1: Cell offsets (and its RMS as error bar) of 1024
individual capacitors of one channel of the DRS4 chip.

The offset of the individual capacitors has to be calibrated
in order to assure low electronic noise of the readout.

Note, however than even after applying such a calibra-
tion, the baseline of a DRS4 channel is not stable for ran-
domly arriving triggers. DRS4 chips exhibit a dependence
of the baseline on the time lapse to the last reading of a
given capacitor. Since for each event the DRS4 stops at
a different part of the ring and only a limited number of
capacitors are read out, some of the capacitors of the cur-
rent readout region may have been read out more recently
than the others. If not corrected, such an effect would pro-
duce steps (up to∼ 200 readout counts) in the baseline. Ty-
pically the time between two consecutive readings of the
same capacitor is of the order of 10ms, but if two events
trigger very fast one after another, and happen to occur in
the same part of the ring, it may go down to few tens of
microseconds. This time lapse dependence of the baseline
is very similar (within a few %) for all the DRS4 channels
and chips and can be fitted with a simple power-law func-
tion (see Fig. 2). After applying this correction, the stepsin
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Figure 2: The dependence of the offset of individual ca-
pacitors on the time lapse to the previous reading of this
capacitor for a typical DRS4 channel [4]. The thick solid
line shows the power-law function used for the correction.

the baseline of the DRS4 channels disappear and the base-
line remains stable within 1-2 counts at the time scale of
an hour.

3 Signal extraction
In signal extraction we reduce the total waveform in one
pixel to two pieces of information: the total signal (charge)
and its arrival time. The signal is converted from the inte-
grated readout counts (i.e. summed up ADC counts from 6
consecutive time samples, 3ns) to photoelectrons (phe) ac-
cording to the excess noise factor method (see e.g. [6, 7]).
For such integration window, the conversion factor is typi-
cally ∼ 90 readout counts per phe. The position of the in-
tegration window is adjusted for each pulse (the so-called
“sliding window” method) such that it maximizes the ob-
tained signal over the whole readout window (which was
40ns in the data used for this work). The sliding window
provides also the arrival time of the pulses, computed as
the mean time sample weighted with the signals in individ-
ual time samples [8].

A single photoelectron generates a signal with an ampli-
tude of∼ 30 readout counts. However, the individual pho-
toelectrons come at slightly different times (both due to
the time spread in the PMT and the intrinsic time spread
of the light flashes). By scaling down a∼ 100phe typical
light pulse we obtain an effective photoelectron which is
broader and has the amplitude of∼ 18 readout counts.

In Fig. 3 we show how the mean reconstructed number
of photoelectrons depends on the size of the extraction
window. Having a small integration window is desirable
as it maximizes the signal to noise ratio, but the size of
the window should be large enough to cover most of the
pulse, which depending on the channel has FWHM of
2.1−2.8ns. The difference in the reconstructed number of
photoelectrons is. 5% for the largest extraction window,
covering the entire pulse, compared to the currently used,
6 time samples wide extraction window.
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Figure 3: Number of photoelectrons reconstructed from
calibration pulses with different sizes of the extraction win-
dow [4]. Individual lines show different light intensities.

4 Pedestal RMS and bias
We study the bias and the RMS (defined as the second
central moment of the distribution) of the extractor for
different sizes of the integration window. For the calcula-
tion of the bias, we allow the extractor window to search
throughout the whole readout window of 40ns. We calcu-
late the RMS both with the sliding window extractor (bi-
ased) and the fixed window extractor (unbiased). In the
case of small (or lack of) signals the fluctuations of noise
determine the position of the extraction window. Therefore
the corresponding value of the pedestal RMS is dominated
by the “signal” positions found by the sliding window ex-
tractor. On the other hand if the signal is sufficiently larger
than the fluctuations of the noise, the extraction window is
determined by the pulse. We estimate the RMS by directly
computing the square root of variance of the estimated sig-
nal and not by fitting a Gaussian to the distribution of the
obtained signals. This way, we take into account also non-
Gaussian tails of the electronic noise, and the afterpulses
generated by LONS photons. The sigma of the pure Gaus-
sian part of the noise is∼ 20% lower than the RMS. The
results for both MAGIC cameras equipped with the DRS4
readout are shown in Fig. 4. Both the bias and the unbiased
RMS of the pedestal are similar for both telescopes. For the
total window of 40ns the bias is nearly constant at a value
of 2.1phe. On the other hand the RMS of the pedestal in-
creases with the size of the window as more noise is inte-
grated.

5 Arrival time
Due to small differences in the length of the optical fibers,
electronic paths and the transit times of the electrons inside
a PMT, the recorded position of a synchronous short light
pulse illuminating the camera can differ in individual chan-
nels by a few nanoseconds. Moreover, both the DRS2 and
DRS4 chips exhibit an additional delay of typically 1ns
(up to 4ns), depending on the absolute location of the sig-
nal pulse in the domino ring. Both effect can be calibrated
with the use of calibration pulses.

The computed mean arrival time of a pulse in a channel
is a rather complicated function of the time sample position
in the ring (see Fig. 5) and differs from one DRS chip to
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Figure 4: RMS and bias of the pedestal extraction as a
function of the size of the integration windows for the ob-
servations of a dark patch of a sky using DRS4 readout [4].
The square symbols and the solid line show the RMS for
a fixed window extraction, while the triangles and the dot-
ted lines show the RMS for a sliding window (in the total
readout window of 40ns). The bias for a sliding window
is shown with the circles and the dashed lines. Full sym-
bols: the previous MAGIC I camera, empty symbols: the
MAGIC II camera.
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Figure 5: Mean arrival time as the function of the position
in the DRS ring (data points) for 3 example channels to-
gether with their Fourier series expansion (lines) [4].

another. For each channel we expand this function into a
Fourier series to obtain the correction function.

In Fig. 6, we show the distribution of the arrival times of
the calibration pulses, before and after such a calibration.
The distribution of the uncalibrated arrival times shows
multiple peaks due to the discrete values that the pulse in-
tegration boundaries can take. Since the spread of the DRS
time delay is larger than one time sample, this structure is
not visible anymore after the time calibration.

Using calibration pulses we study the time resolution
for signals of different light intensities. The time resolu-
tion curve can be parametrized by 3 parameters (see [8] for

details):∆T =

√

(

T0/
√

Nphe
)2

+
(

T1/Nphe
)2

+T2
2 . TheT0

parameter includes contributions of all Poissonian pro-
cesses (e.g. the intrinsic time spread of the photons and dif-
ferent travel times of individual photo-electrons in PMT).
Note that the intrinsic time spread of the laser pulse
(FWHM = 1.1ns) is very similar to the intrinsic time
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Figure 6: Distribution of arrival times of the calibration
pulses in a single pixel before (dotted gray curves) and
after (black solid lines) the calibration of the DRS time
response.
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Figure 7: Time resolution for signals of different strength
in old MAGIC I camera (black squares, only inner pixels)
and in MAGIC II (red circles). Filled symbols (fitted with
a solid line) show the data, and empty symbols (fitted
with a dashed line) show the numbers obtained from MC
simulations.

spread of photons produced in a gamma-ray shower in a
single pixel (FWHM≈ 1ns). TheT1 parameter mostly de-
pends on the pulse shape and the signal reconstruction res-
olution. The constant component,T2, can be produced e.g.
by a jitter of the clock of the readout or instrinsic time jit-
ters of electronic components.

In this study to correct for a global jitter of a trigger for
each event, we first calculate the mean arrival time from all
channels. Afterwards we compute the standard deviation
of the distribution of the arrival time in a given pixel, minus
the previously calculated mean arrival time of all pixels.
The results are shown in Fig. 7. The time resolution for
large pulses (& 100phe) approachesT2 = 0.17± 0.01ns.
For signals of about 5phe it is still as good as 0.5−0.6ns.

6 Cross-talk
The cross-talk in the case of the previous, DRS2 based
readout required special correction in the data [4]. The
shapes of the cross-talk signals and the cross-talk matrix
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Figure 8: Top panel: shape of the cross-talk induced sig-
nals in DRS4 channels. The original signal is injected in
pixel 1031 (thick line, 6th panel, showing a factor 80 larger
scale than the other shown channels). Bottom panel: cross-
talk matrix, showing what percentage of the original signal
is induced in another channel due to cross-talk [4].

are shown in Fig. 8. The values of the cross-talk are com-
puted for the signal extraction with integration window of
8 time samples. Only a moderate cross-talk (∼ 1%) is vis-
ible in the neighbouring channels. Farther channels in the
same DRS4 chip have even much lower cross-talk (of the
order of∼ 0.3%).

7 Linearity

The DRS2 readout, used previously in the MAGIC II tele-
scope, was highly non-linear. In contrary to that, the DRS4
readout has an excellent linear behaviour up to its satura-
tion at the value of∼13000 readout counts above the base-
line (see Fig. 9). The apparent 3-5% deviation from the li-
nearity at the lowest charges are dominated by uncertainty
of the input voltage used for the measurement. The devia-
tions from linearity are typically. 1%.
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Figure 9: Deviation from linear behaviour, measured as a
difference with respect to a linear fit divided by the input
value, for 20 typical channels of the DRS4 readout [4].

8 Conclusions
The upgrade of the readout of the MAGIC telescopes from
DRS2 to DRS4 based has significantly improved the per-
formance of the system. An advanced pedestal subtraction
procedure in DRS4 data results in a stable baseline. For
typical observation conditions, the noise in both telescopes
is below 1phe. The calibration of the time response of the
DRS4 chip allows to obtain excellent time resolution down
to 0.2ns for signals larger than a few tens of phe and as
good as∼ 0.5ns for signals of a few phe. The upgrade also
decrease the dead time from 12% to a negligible fraction.
The linearity of DRS4 readout was proven to be very good
up to the saturation at∼ 13000 counts above the baseline.
Also the cross-talk was reduced to a value, which normally
does not influence the data.

The presented here low-level performance of DRS4
readout is sufficiently good for the application in IACTs.
Moreover the MAGIC telescopes have been successfully
using such a readout for the past 1.5 years. This makes
the DRS4 a viable candidate for the signal digitization of
the future CTA project. However, one should note that the
excellent performance has been achieved only after com-
plex software preprocessing of the raw data. In the case
of highly integrated cameras and electronics of telescopes
such preprocessing may become challenging.
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