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Abstract—The MIDNA application specific integrated circuit
(ASIC) is a skipper-CCD readout chip fabricated in a 65 nm
LP-CMOS process that is capable of working at cryogenic
temperatures. The chip integrates four front-end channels that
process the skipper-CCD signal and performs differential aver-
aging using a dual slope integration (DSI) circuit. Each readout
channel contains a pre-amplifier, a DC restorer, and a dual-slope
integrator with chopping capability. The integrator chopping is
a key system design element in order to mitigate the effect of
low-frequency noise produced by the integrator itself, and it is
not often required with standard CCDs. Each channel consumes
4.5 mW of power, occupies 0.156 mm’ area and has an input
referred noise of 2.7 pV_ .. It is demonstrated experimentally to
achieve sub-electron noise when coupled with a skipper-CCD by
means of averaging samples of each pixel. Sub-electron noise is
shown in three different acquisition approaches. The signal range
is 6000 electrons. The readout system achieves 0.2 e~ RMS by
averaging 1000 samples with MIDNA both at room temperature
and at 180 Kelvin.

Index Terms—correlated double sampling, low noise, cryogenic

I. INTRODUCTION

Skipper-Charge Coupled Devices (CCDs) are used for very
sensitive applications, especially in particle physics due to
their ultra-low noise performance. The non-destructive readout
capability of skipper-CCDs has enabled a record low noise
floor measurement of 0.068 ¢__by averaging over 4000 reads
[1]. A very good performance is routinely obtained when
combining skipper-CCDs with the Low-Threshold Acquisition
(LTA) controller [2]. For example, the Sub-Electron-Noise
Skipper-CCD Experimental Instrument (SENSEI) [3] has been
using skipper-CCDs with this readout system for searching for
dark matter. Importantly, increasing the amount of sensitive
mass by adding more skipper-CCDs can improve the detection
probability of the experiment. Experiments like the Dark
Matter in CCDs (DAMIC-M) [4], the Neutrino Interaction
Observation with a Low Energy Threshold Array (VIOLETA)
[5]. and the Observatory of Skipper-CCDs Unveiling Re-
coiling Atoms (OSCURA) [6], [7] all plan to use hundreds
or thousands of skipper-CCDs. In particular, the OSCURA
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experiment will use 24000 skipper-CCDs (28 Gpix) inside a
low-temperature vessel. The LTA controller is based on high-
speed discrete electronics, which would be prohibitively large
and high power if scaled to read out thousands of video
channels. The Multi-channel Integrating Dual-slope Noise-
Aware (MIDNA) ASIC solves the problem of scalability by
demonstrating sub-electron skipper-CCD readout at the chip
level with cryogenic capability and unique system design.

This paper presents the MIDNA ASIC. MIDNA includes
four signal processing channels, a digital controller, and
several standalone blocks for testing purposes. The paper is
organized as follows. Section II gives a detailed description
of the MIDNA architecture and circuit implementation. A
particular emphases is made on the noise performance and
flexibility, showing the standard readout scheme and two
interesting variations. Then, section IIT shows the experiments
that were carried out using the MIDNA chip and demonstrates
the noise reduction when applying the skipper technique along
with the different readout schemes. Finally, section IV gives
the conclusions of the work.

II. DESIGN ARCHITECTURE

A popular signal processing channel used for reading out
traditional scientific CCDs is based on dual slope integration
(DSI) [2]. [9]. sometimes called differential averaging. DSI is
one of many techniques to perform correlated double sampling
(CDS) [10], [11], [12), [13]. With DSI the subtraction is
computed in the analog domain with the advantage of optimal
filtering of white noise versus measurement time and a full
rejection of reset noise [14], [15]. The frequency response of
a simple DSI system has been previously derived in [16]
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where A is the integration gain ratio and Ts is the integration
time of both the signal and the baseline levels. The total
integration time is Tr = 2 x Ts. The gain ratio is given by
A = Ts/RC, where R is the input resistor to the integrator
and C is the feedback resistor for the integrator.

At frequencies lower than 1/2nTr , the magnitude can be
approximated utilizing the small angle approximation for sin.

@

The result is a first-order high pass filter created by the CDS
action. At frequencies higher than 1/2nrTr, an approximation
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for the peaks of the magnitude is derived by setting the sin
term to 1. 2A

nTsf
The result is a first-order low pass filter derived from the
integrator. The frequency response of both approximations is
based on the integration time. To reduce the noise bandwidth
while keeping the gain constant, the integration time must be
increased and integrator passives adjusted accordingly. The
result will be the lowering of the center frequency. Eventually,
the center frequency will reach the 1/f noise corner and
the noise will no longer be reduced with longer integration
times. Thus the lowest noise that has been achieved using this
technique was approximately 2 e” RMS [9]. [17].

By using a skipper-CCD it is possible to overcome this
issue. In a skipper-CCD, a given charge packet can be moved
back and forth under the floating gate without destroying it
and without losing charge. This means that several samples
of the baseline and signal level can be taken and averaged,
and each sample can be readout using a simple DSI circuit.
The method—explained in detail in [16]—relies on averaging
N equivalent samples, each one taken during a short period
of time. The value of the center frequency of the readout
noise bandwidth is maintained, avoiding the contribution of
the 1/f noise. It has been demonstrated in [16] that by using
this skippelbrgdout technique, the RMS noise can be reduced
a factor 1/ N ., with the theoretical reduction only limited by
some practical aspects like losses in charge transfer and dark
current noise.

|[Her(f)] = €)

A. Large Signal Channel Concept

Fig. 1 shows a simplified schematic view of one MIDNA
signal processing channel. The channel is based on implement-
ing and supporting DSI. The main blocks of each channel are
the preamplifier, DC restorer, buffer, and dual-slope integrator.
Fig. 2 shows a transient simulation of a MIDNA channel
working through the operational phases. First the integrator is
held in reset by Sreset, as named in Fig. 1, and the DC restorer
switch, S1, is closed until the baseline voltage from the CCD
is settled at the output of the preamplifier. Next, the negative
integration begins. Sreset and S1 open. S3 and S5 close to
connect the output of the buffer to the inverting input of the
integrator and the reference voltage to the non-inverting input
of the integrator. After the negative integration is complete,
the charge collected by the CCD pixel is moved under the
floating gate, and the output of the CCD settles to the signal
voltage level. Then, the positive integration takes place. S3 and
S5 open. S2 and S4 close connecting the output of the buffer
to the non-inverting input of the integrator and the reference
voltage to the inverting input of the integrator. Together, the
two integration periods perform correlated double sampling
(CDS) [9]. Finally, during the sampling period, only S5 closes
making the last stage a voltage follower with a capacitor in
the feedback loop, thus the output is the reference voltage plus
the voltage across the capacitor.
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Fig. 1: Simplified schematic view of one of the four channels
included in MIDNA. The channel includes a low-noise pream-
plifier, DC restore with buffer, and a dual-slope integrator.
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Fig. 2: Transient simulation showing the clocking and resulting
signals in a MIDNA channel.

The specifications for the MIDNA channel are shown in
Table I. The noise specifications are one-third of the expected
output noise of the CCD including load resistor. The first
large signal consideration is the baseline value of the CCD
output. The process of DSI will cancel the DC value, but the
large variation from pixel to pixel can lead to the integration
signal going to the limits of the voltage range during the
first integration slope. Even more, since the CCD signal is
AC coupled, a voltage drift due to the CCD clocking may
move the baseline voltage away from the reference voltage.
Therefore, for all these reasons, a DC restorer block is required
to ensure the baseline signal is close to the reference voltage
at the integrator. Second, the integrator requires DC current
to operate which cannot be provided through the DC restore
capacitor. A buffer is necessary between the DC restorer and
integrator to provide that current. Third, a DC restore capacitor
of adequate size cannot be driven in sufficient time by the CCD
output. A preamplifier is needed to provide the current to the
DC restore. Additionally, chip area is saved by placing the
most strict noise specifications on the preamplifier as opposed
to the integrator.

Outside the chip, the connection to the CCD output requires
a few PCB components for biasing and blocking of the high
DC voltage. The resistive load for the CCD is chosen based
on the CCD performance [12]. The AC coupling capacitor and
resistor to Vrer are the largest practical values for cryogenic



TABLE I: Specifications for MIDNA

SPECIFICATION V

Input Referred White Noise SnV/ Hz
Input Referred 1/f Noise 1 pV/ Hz at 1 Hz
Total Integration Time 2us - 20 us
Maximum Signal minus Baseline 1.8 mV

TABLE II: Input-referred Noise Spec. for MIDNA Blocks

BLOCK 1/F NOISE 4T 1Hz WHITE QNOLSE
Preamphfier 500 nV/ 3InV/ \FIZ_
Buffer 1500nV/ Hz 9nV/ \{HT
Integrator 1500 nV/ Hz onV/ Hz

operation, 100nF and 100kQ. The reference voltage is pro-
vided by #external voltage regulator, LT3045. The regulator
has 3nV/ Hz white noise and a corner frequency of 100 Hz
in this use case.

B. Noise Considerations

The MIDNA channel is designed for variable integration
times, which can place the pass-band of the transfer function
in either the white or 1/f noise region of the channel. As
such, both the 1/f and white noise of the channel must be
addressed. For the preamplifier and buffer, the noise transfer
functions are scaled versions of Equation 1. The preamplifier
function only scales by its gain, which is treated as constant
across frequency. The buffer gain is the same as Equation
1. The DC restorer is treated as unity gain for simplicity.
The noise specifications for the blocks are shown in Table
II. The specifications on the buffer are relaxed considering the
minimum preamplifier gain with some margin.

The input-referred noise from the integrator operational am-
plifier and resistor have a much different transfer function than
the preamplifier and buffer because the gain is independent of
the switch phases. The gain from the input of the operational
amplifier to the output of the channel is below.

A .
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Importantly, the low frequency noise of the infegrator is not
filtered out. For standard DSI, this does not present a problem
as the total contribution to the output is not dominant.

Multiplying the noise specifications for each block by the
corresponding transfer functions in Equations 1 and 4, utilizing
nominal gain settings, and integrating from 10 mHz to 10 MHz
gives 110 pVms of total noise at the output due to the channel.
This is equivalent to the response from a 1 electron signal
inside the CCD.

For the block designs, standard noise trade offs apply. These
blocks use input pairs with size much greater than minimum
to ensure the input referred noise of both types is low. The
resistive feedback around the preamplifier uses a 200 Q unit
for a total resistance of 4 kQ. Additionally, the resistor value
of the integrator is only 75kQ. For the DC restorer, kT/C
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Fig. 3: The noise spectral density at the output of the channel.
The noise around the frequencies of interest is greatly reduced
with more samples averaged.

noise is not a first-order consideration because the process of
DSI cancels it.

The noise characteristics of DSI specifically for non-
destructive readout require additional considerations, espe-
cially for the integrator. As shown earlier, the traditional DSI
band-pass filtering can be approximated into two pieces: the
first-order high-pass filtering provided by the CDS action [19]
and the first-order low-pass filtering of the integration function.
As shown in Equation 4, the low frequency noise from
the integrator is not filtered. Qualitatively, the CDS function
is applied before the noise contribution of the operational
amplifier and resistor inside the integrator.

In the DSI noise calculations so far, the contribution of the
1/f noise from the integrator was a negligible part of the total
noise. However., non-destructive DSI readout uses averaging
of samples of the output to combine all the reads. The DSI
transfer function including sample averaging is
N e‘QnTS
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where N is the number of consecutive samples used for the

average. The transfer function to the output from the input of
the integrator operational amplifier with averaging is

L N
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Averaging further lowers the bandwidth for the full chain

around the frequencies of interest as plotted in Fig. 3. How-

ever, even with 100 averages, 1/f noise from the op amp inside

the integrator remains as shown in Fig. 4. In the presence of

1/f noise from the integrator, the noise reduction from non-

destructive readout saturates much like traditional DSI, Fig.
5.
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Fig. 4: The noise spectral density at the output of the channel
after averaging 100 samples. The 1/f noise from the integrator
is not significantly reduced.

Output Noise Integrated from 10 mHz to 10 MHz

10

Integrated Noise [V ]

~— Preamplifier

~———— Buffer
Integrator

——— Total Channel

10

10° 10" 102 10°

Number of Averages

Fig. 5: The integrated noise at the output of the channel
from 10 mHz to 10 MHz. The 1/f noise from the integrator

dominates the total channel noise because the averaging does
not eliminate it.

In the MIDNA ASIC, the inclusion of chopping inside the
integrator’s operational amplifier greatly reduces the 1/f noise
from the integrator. Further discussion of this chopping is
provided in the next section.

C. Block Descriptions

The preamplifier, shown schematically in Fig. 6, is largely
responsible for the noise performance and settling the DC
restorer block, which is a 100 pF capacitive load, in under
50 ns to allow fast averaging with the skipping technique. It
is implemented as a folded cascode amplifier with large input
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Fig. 6: Schematic of the low-noise preamplifier. It is imple-
mented as a non-inverting amplifier with two gain selection
switches in the feedback loop and referenced to VREF, which
is the signal zero. The amplifier is a folded cascode amplifier
with a push-pull class AB output stage that can drive the
100 pF DC restorer capacitance.

devices and bias current. It takes 30% of the channel area and
76% of the power. To further enhance the settling, the output
is implemented as a push-pull class AB stage that can deliver
high currents. Finally, the block includes a resistive feedback
network that defines the gain to be either a factor 10 or a
factor 20, controlled by a single selection bit.

The DC restorer and the buffer are shown in Fig. 7. The
DC restore action is carried out by connecting node(A to the
reference voltage for a short period of time, turning on the
switch S1, and then leaving that node in a high impedance
state. The total series capacitance must be high enough to
avoid a significant voltage drop during the whole DSI cycle
due to leakage. Since the leakage depends on the signal
voltage, a voltage drop that is signal dependent would ruin
the DSI result. In MIDNA the series capacitor is implemented
with Metal-Insulator-Metal (MIM) capacitors in parallel with
Metal-Oxide-Metal (MOM) capacitors. The MOM capacitors
use the fringe capacitance of metal levels from one up to six.
whereas MIM capacitor are on top of MOMs, using metal
levels seven and eight. The total capacitance is divided in two
banks of 50 pF each that can be connected together for a total
capacitance of 100 pF. A small signal drop appears due to the
capacitor divider

The integrator’s operational amplifier can be chopped by
means of a dedicated input, POL. Fig. 8 shows how it is
implemented on chip. The chopping allows the integration
of the feedback amplifier’s internal offset and low frequency
noise in opposing directions during readout, greatly lowering
the magnitude of the transfer function to the output of the
channel. As a result, the output noise at low frequencies is
reduced by over an order of magnitude as shown in Fig. 9.

Finally, charge injection is mitigated by using a large
integration capacitance (20 pF), and its effect is also reduced
by averaging either in the analog domain or in the digital



Fig. 7: DC restorer and buffer schematics. The DC restore
includes Metal-Insulator-Metal (MIM) and Metal-Oxide-Metal
(MOM) capacitors in parallel, increasing the total capacitance
per unit of area. It is made in two separated banks of 50 pF
which can be connected together. The buffer is a folded
cascode amplifier similar to the preamplifier stage, but with
a class A output.

Fig. 8: Schematic of the integrator amplifier with chopping
circuity that is key to enabling sub-electron noise performance.
The chopping ensures that the low frequency noise of the
integrator feedback amplifier does not saturate out the noise
benefits of later low pass filtering.

domain, as it will be explained in the next section.

D. Channel Control

MIDNA implements a flexible DSI readout system. First,
the acquisition sequences and timings are not fixed. All timing
phases can be controlled externally. Second, with MIDNA not
only the standard differential averager signal processing can be
carried out, i.e. sampling the output of the DSI and averaging
the skipper samples in the digital domain, but MIDNA also
allows the implementation of the analog pile-up technique
demonstrated in [20], by which skipper samples are processed
and averaged in the analog domain, reducing the number of
analog to digital conversions and, therefore, the amount of data
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Fig. 9: Periodic noise simulation of the MIDNA chain with
only the integrator noise present. The use of chopping de-
creases the low frequency noise contribution by more than an
order of magnitude.

in a large scale dark matter experiment like OSCURA. Finally,
MIDNA flexibility enables the bypassing of the DSI circuit to
work in a byffer mode, in which the CCD output signal is
only amplified without any other processing. This mode has
been proven useful during the setting up and debug phase of
an experiment.

The flexibility of the control scheme allows for a variety of
acquisition sequences. For comparison, a simplified standard
DSI readout is depicted in Fig. 10a. At the end of the
sequence a conversion from analog to digital occurs, which
is represented in the figure as small dots over the MIDNA

OUTPUT trace, and the sampled digital value is stored. The
sequence is repeated for every skipper sample of the same
pixel and the digital samples are averaged at the end of the
acquisition on a post-processing step.

Fig. 10b shows an interesting variation of the standard
sequence where there is no need of chopping of the integrator’s
operational amplifier and in which the output is sampled twice
during the same skipper cycle. The first sample is the result
of integrating only the baseline level, so if the integrator were
ideal this sample would be at V,.r . However, since there are
offsets and charge injection from the switches, there is a slight
deviation from the ideal value. Then a reset pulse is applied
and another sample is taken after a second pair of integrations
equivalent to the standard sequence, which also includes offset
and 1/f noise from the integrator. Thus, there are two samples
per skipper cycle and both are stored by the controller. Finally,
during the postprocessing step the difference between these
samples is used as the skipper sample value, eliminating the
non-ideal contributions by a digital CDS. The advantage of this
residual cancellation sequence is that it eliminates the need of
the amplifier chopping, but at the expense of twice the number
of analog-to-digital acquisitions and a longer readout time.

The last sequence, depicted in Fig. 10c, is an implemen-
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(a) Standard sequence for reading out one sample. The sequence
includes one negative integration phase, one positive integration
phase, and one sampling phase.
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(b) Residual cancellation sequence. This sequence includes two
negative integration phases, two positive infegration phases, and
two sampling phase. It does not require chopping for sub-electron
noise performance but requires approximately double the time of the
standard sequence.
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(c) Analog pile-up sequence. The example shows three skipper
samples. This sequence can include many pairs of integration phases
requiring only one sampling phase. With the use of chopping, sub-
electron noise performance is attainable.

Fig. 10: A comparison of the three CCD video signal acqui-
sition sequences that have been used in this work.

tation of the analog pile-up skipper-CCD readout technique
described in [20]. The main differences with the standard
readout are that the integrator is not reset between skipper
samples and that only one analog to digital conversion is
carried out after piling up IV skipper samples. This means that
the output for one pixel is the addition of IV equal samples,
which is equivalent to computing the average scaled by a
fa.ctor]N . and therefore the output noise is reduced by a factor
of 1/ N . So, the main advantage of this technique is that
the averaging is done inside MIDNA by only adding skipper
samples in the analog domain, and therefore, only one analog
to digital conversion is needed. However, this comes at the
expense of a reduced signal range. For IV skipper samples
acquired, the signal range of the output gets reduced by a
factor IV, so while the theoretic signal range is 6000 e~ for
one sample, piling up 1000 skipper samples lowers the range
to 6e”.

MIDNA is fabricated in a 65 nm low power CMOS process.

Fig. 11: Photograph of MIDNA. It is 2 mm by 1 mm. It
includes four channels, a digital controller block and three
standalone blocks for testing purposes. It was fabricated in a
commercial 656 nm technology.

It was designed utilizing standard foundry models and models
for 84 K [21] to ensure good performance at both room
temperature and cryogenic temperatures. The availability of
models for the cold case, which are already silicon proven, was
the main reason for choosing this technology. All transistors
were implemented with thick-gate devices in order to reduce
leakage, which is further reduced by the low-temperature
operation. A photograph of the fabricated chip is shown in
Fig. 11. MIDNA includes four signal channels and is 2 mm
by 1 mm. It also includes a digital synthesized logic that can
generate the control signals for the analog part, and, for testing
purposes, three standalone blocks: a preamplifier, an integrator
and a buffer. The digital controller is separated from the analog
part and its use is optional.

III. EXPERIMENTAL RESULTS

Fig. 12 shows the experimental setup used to measure the
ASIC at room temperature. It is comprised of a Low-Threshold
Acquisition (LTA) board [2]. a board contfaining the MIDNA
ASIC and auxiliary electronics, i.e. voltage regulators, and
a skipper-CCD inside the cold chamber. The skipper-CCD
is cooled down to 140 K. A similar setup was used to test
MIDNA cold, with the only difference that the MIDNA board
was inside the cold chamber. The CCD output biasing resistor
was 20 kQ. the AC coupling capacitor 100 pF, and the MIDNA
input bias resistor was 100 kQ. All acquisitions shown in this
work were made with the MIDNA gain set to minimum.

The LTA board generates the control signals for MIDNA
and the CCD, and it also includes the analog-to-digital con-
verters necessary to digitize the analog output of the ASIC.
The LTA board has four input channels and each one was
used to digitize the signal from one MIDNA channel. The
LTA includes a differential preamplifier with an input range
of # V and a 18-bit 15 Msps ADC. The acquired data were
formatted into a FITS image and transferred and stored in a
computer with lossless compression.

Fig. 13 contains the results of a standard-sequence mea-
surement of an AC-grounded channel with and without chop-
ping of the integrator. Without mitigation of the 1/f noise
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Fig. 12: Experimental setup for testing MIDNA at room
temperature. It includes a skipper-CCD, MIDNA ASIC, and
all the power supplies and control needed to operate them.
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Fig. 13: Equivalent noise charge versus number of averaged
samples Nsamp using the standard sequence. Chopping the
integrator enables the noise to continue to fall with more
averaged samples. The measurement is at at room temperature
with the channel input AC grounded.

contributed by the integrator feedback amplifier, the noise
magnitude saturates versus number of samples as predicted
in Fig. 5. The efficacy of chopping is evident. With the low
frequency noise mitigated, the noise continues to be reduced
by the number of averages, indicative of white noise.

In order to fully verify the performance of the readout ASIC,
a skipper-CCD is connected to the inputs of MIDNA, includ-
ing the AC coupling passives. The skipper-CCD is designed by
MicroSystem Labs of Lawrence Berkeley National Laboratory
(LBNL) [1]. [17]. It is a p-channel CCD fabricated on high-
resistivity float-zone refined n-type silicon. The substrate is
675 pm thick with a resistivity of approximately 20 kQ and,
thus, it reaches full depletion with a bias voltage of 70 V. The
sensor is divided in 12781058 square pixels with a pixel size
of 15 pm. The sensitivity of this skipper-CCD is 1.8 uV/e™ in
the setup conditions of the present work.

The gain of the whole acquisition system, from the CCD
through MIDNA to the ADC. was measured by adding a low
activity Iron-55 X-ray source in front of the CCD. Iron-55
decays via electron capture emitting 5.89 keV K. photons
with a probability of 16%, and 6.49 keV Kz photons with
a probability of 2.85% [22]. These photons interact with
the silicon of the CCD by photoelectric effect producing
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Fig. 14: Left: Example of acquired images showing the single
photon ionization events and three ionization tracks. The
overscan region is the result of reading out an imaginary
extension of the real array and it only contains the noise
generated by the CCD output stage. Right: Histogram of
extracted single photon hits.

on average 1570 electron-hole pairs and 1730 electron-hole
pairs, respectively. These numbers were calculated taking into
account 3.75 eV as the mean energy needed to generate an
electron-hole pair reported in [23] for an skipper-CCD of
similar characteristics working at 123 K.

Ten images were acquired and stored with the sensor
exposed to the X-ray source during a one minute interval
in-between readings. The standard sequence was used with
an integration time of 13.3 us for both positive and negative
slopes of the DSI, and the total pixel acquisition time was
120 ps. This pixel time includes the intervals needed by the
sensor to clear the spurious charge from the floating diffusion
and also to move the charge packet under it with its associated
long transients due to clock coupling. On a post-processing
step, the mean of the overscan region was subtracted from the
active part of the image and single photon ionization events
were extracted and analyzed, computing a histogram of charge
in analog-to-digital units (ADU). Fig. 14 shows an example
image and the histogram of extracted hits. The K. emission
peak was fit with a Gaussian function in order to obtain the
gain from its mean, and the readout RMS noise was calculated
from the standard deviation of the samples in the overscan
region. The gain result was 20.9 ADU /e™ with a single sample
readout noise of 3.4 €_ _

The highest contribution to the readout noise is the CCD.
In order to verify this, the input of MIDNA was disconnected
from the CCD and it was AC coupled to ground, close to the
ASIC ground. A new acquisition was carried out without any
other changes to the setup and the variance of the newly stored
samples was computed. The result accounted for 35% of the
total variance of the system, i.e. the (3.4e_ )2 leaving the
remaining 65% of the contribution coming from the sensor.
This is in good agreement with the calculations and simu-
lations performed during the ASIC design phase considering
that the channel was designed to generate up to 30% of the
CCD noise.



A. Noise reduction by averaging skipper samples

The most important feature for the OSCURA experiment is
to discriminate interactions that can generate charge packets
of a few electrons and, therefore, a subelectron readout noise
is necessary for the experiment. In order to reduce the readout
noise, specifically the CCD output stage contribution, and to
reach a subelectron noise, the averaging of skipper samples
is needed. In this measurement subsection a skipper-CCD
manufactured by another company was used, which is based
on the same LBNL sensor design. These sensors were still in
the development stage [6] during the time that this work was
carried out, so the readout noise and dark current were not
optimized. The skipper part of the sensor had a high charge
transfer efficiency and, hence, it was possible to use it for
the demonstration of noise reduction by averaging skipper
samples.

The following paragraphs describe experimental details and
results of three different acquisitions. The infegration time
was always set to 13.3 ps for both positive and negative
integrations. An analysis of the data was carried out using
custom python scripts to obtain the readout noise of the
system. After computing the pixel histograms, a pair of single
electron peaks was fitted with a function that is the addition of
two Gaussian curves with different mean value. The difference
in the mean represents the difference in the response to a
charge of one electron, so it is directly associated to the gain
of the whole system, expressed in ADU/e". Additionally, the
standard deviation obtained from the fit represents the readout
root-mean-square noise of the system, which has ADC units.
Then, the equivalent noise charge o, in electrons RMS, was
calculated by dividing the standard deviation by the gain.

1) Standard sequence and digital averaging: In the first
experiment the acquisition was carried out using the standard
sequence and with the integrator chopping enabled. One
thousand samples per pixel were read out and stored. Then,
on a post-processing step, the samples cormresponding to the
same pixel were averaged and histograms of pixel values
were computed. Fig. 15 shows histograms for a number of
averaged skipper samples of 200, 400, and 1000. Increasing
the number of averaged samples reduces the readout noise, and
so the charge discretization becomes evident. For the case of
1000 averaged samples, the resulting histogram shows a clear
discretization of charge, and a single electron charge resolution
is reached.

2) Low temperature testing. MIDNA was placed with the
skipper-CCD inside the cold chamber. An temperature sensor
located on the MIDNA board measured a temperature of
183 K. In this setup, the signal controlling chopping was
not available, so the low frequency noise of the integrator
was mifigated with the residual cancellation sequence instead.
There were two analog to digital conversions per skipper
sample and, therefore, twice the storage space and acquisition
time was used.

3) Analog pile-up technique: Using a variation of the
analog pile-up sequence. the skipper-CCD was readout with
chopping and up to one thousand skipper samples per pixel
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Fig. 15: Pixel histograms for an increasing number of averaged
samples (top to bottom). The standard acquisition sequence
was used with MIDNA at room temperature. Single electron
peaks were fitted with a function that is the addition of two
Gaussian curves and the gain, in ADU/e™, and readout noise
were extracted from the fit.

were added into the integrator’s capacitor. For this variation,
there was an analog to digital conversion after every sample,
storing all converted values. The advantage of storing every
added skipper sample is that it is possible to analyze the
noise reduction with an increasing number of skipper samples.
Storing all samples is not needed in a real use case: only
one analog to digital conversion is required at the end of the
pile up sequence. By using only the last sample, the result is
equivalent to the average of the skipper samples multiplied by
a factor one thousand, so the noise is already reduced. Fig. 16
shows the readout noise versus the number of skipper samples,
Nsamp, that were piled up.

In plot of Fig. 16, the blue dot corresponds to a simple
calculation of the pixel standard deviation without averaging,
just using the first sample of each pixel, whereas the green
dots correspond to the standard deviation of the Gaussian fit.
The curve fitting routine provides an accurate result when the
single electron peaks are clearly defined in the pixel histogram,
and that happens when around 300 skipper samples or more
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Fig. 16: Experimental demonstration of noise reduction versus
the number of averaged samples (Nsamp). The plot shows the
case in which the analog pile-up technique, i.e. averaging in
the analog domain, was carried out.

TABLE III: Noise reduction by averaging. Experimental re-
sults.

Nsamp Nsamp
EXPERIMENT 1 1000 Ratio
1- Digital averaging 52e~ 0.1%e  0.037
2- MIDNA cooled down  6.0e” 0.206e”  0.034
3- Analog averaging 59e” 0.196e”  0.033

7/
bavs prsiteavsiecladiedereefish ! ¥ samp trend has also

Nsamp equal to 1, which
means reading out an image with a single sample. There is a
clear coincidence between the readout noise calculated from
the single electron peaks fit and the theoretical noise reduction
for the three tested sequences, meaning that averaging an
increasing number of skipper samples reduces the noise by a
factor 1/ Nsamp as predicted. The calculated readout noise
is 0.2e_ after averaging one thousand skipper samples and
is the same for the three acquisition sequences. Table III shows
a summary of the experimental results. Note that in all cases,
the CCD is the largest noise contributor, so the noise is not
reduced with cooling of MIDNA.

A comparison with other CCD readout ASICs has been
made on Table IV. The main difference is the inclusion of the
DSI circuit in MIDNA, which reduces the input referred read-
out noise voltage more than a factor ten with respect to others
and, therefore, allows an ultra-low noise acquisition with a low
sensitivity CCD. On the contrary, other ASICs make use of
different methods. For example, the MCRC ASIC [24] does
the CDS by amplifying the difference between pedestal and
signal leves, and the MNDOx ASIC series [25], [26] include a
customized delta-sigma modulator with a response similar to
the DSI. The advantage of MIDNA is that it is also capable
of the pile-up function, which is specifically intended for
non-destructive readout of skipper-CCDs. The ASIC has been
tested down to 180 K and the power consumption per channel
is only 4.2 mW, which is a key point for the OSCURA project
since it will be inside the cold vessel close to the sensors.
Regarding readout speed, in the tests that were carried out

the speed was always limited by the sensor. Although the
integration time was set to 13.3 ps, most of the time was spent
waiting for the CCD output voltage to settle, which greatly
reduces the readout speed, so the total time per sample was
120 ps. However, MIDNA is capable of 1 ps integration time
with negligible deadtime. and so it can run up to 500 kpixel's.

IV. CONCLUSIONS

MIDNA is a low-noise integrated circuit that implements a
skipper-CCD readout system based on a dual-slope integrator
architecture and that can operate under cryogenic temperatures
next to the sensor. It is intended to replace the current discrete
electronics used for reading out skipper-CCDs and enable
experiments that use these sensors on a large scale. For the
particular case of the OSCURA experiment, the low noise
performance in a scalable architecture will allow for the build
up of the 24000 skipper-CCDs (28 Gpix) dark matter detector.
The design of the MIDNA channel allows the implemen-
tation of different readout schemes only by programming the
control signals of the switches. Three acquisition sequences
have been presented here: the standard DSI sequence; the
residual cancellation, which allows the reduction of noise by a
digital CDS of the analog integration; and the implementation
of the analog pile-up technique that allows the reduction of
the amount of analog to digital conversions by averaging in

the analog domain, at the expense of a reduced signal range.
e three readout sequences proved useful to reduce the

noise as an increasingly large number of skipper samples is
averaged. It has been shown that the noise reduction follows
the 1/‘ N scaling up to N equal to 1000 skipper samples,
reaching the single electron charge resolution with a readout

noise of 0.2e_..
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