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Abstract: The dynamic development of multiple types of sensors of physical quantities requires
the development of new electronic systems adapted to them. High-density multichannel ionizing
radiation sensors are used in industrial and medical imaging as well as in high-energy physics
experiments. Likewise, multichannel sensor systems are used to record biomedical signals. In
both cases, when reading sensors, specialized ASIC integrated circuits are used, which allow the
construction of detection systems with good measurement parameters while maintaining low
power consumption. The following article presents selected examples of integrated readout cir-
cuits designed in the microelectronic group of the Department of Measurement and Electronics
at AGH UST in Krakow.

Keywords: integrated circuits, sensor matrices, ionizing radiation imaging, recording of neurobi-
ological signals

SPECJALIZOWANE UKLADY SCALONE
NA POTRZEBY OBRAZOWANIA PROMIENIOWANIA X

Streszczenie: Dynamiczny rozwéj wielorakiego rodzaju sensorow wielkosci fizycznych wymaga
opracowywania coraz nowszych systemow elektronicznych do nich dostosowanych. Wielokana-
fowe sensory promieniowania jonizujacego o duzej gestoSci upakowania znajduja zastosowanie
w obrazowaniu przemystowym i medycznym oraz eksperymentach fizyki wysokich energii. Po-
dobnie wielokanatlowe systemy sensoréw sa uzywane do rejestracji sygnaléw biomedycznych.
W obu przypadkach przy odczycie sensoréw niezastapiona role odgrywaja specjalizowane ukta-
dy scalone ASIC, ktére pozwalaja na budowanie systeméw detekcyjnych o dobrych parametrach
pomiarowych przy zachowaniu niskiego poboru mocy. Artykul prezentuje wybrane przyktady
scalonych uktadéw odczytowych zaprojektowanych w grupie mikroelektronicznej Katedry Me-
trologii i Elektroniki AGH w Krakowie.

Stowa kluczowe: ukiady scalone, matryce sensoréw, obrazowanie promieniowania jonizujacego,
rejestracja sygnalow neurobiologicznych
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1. Introduction

Experimental techniques in physics, material science, biology, and medicine want
to profit from the advantages of VLSI technology by using a new generation of elec-
tronic measurement systems based on parallel signal processing from multi-element
sensors. In most cases, key problems for building such a system are multichannel
mixed-mode application specific integrated circuits (ASIC), which are capable to pro-
cess small-amplitude signals from a multi-element sensor. This paper presents exam-
ples of ASICs that were designed and tested in the Department of Measurement and
Electronics, AGH University of Science and Technology, Krakéw. These ASICs, given
the original solutions implemented and due to their universal properties, are used in
different applications (X-ray imaging, neurobiology, etc.) and are significant mile-
stones in experimental techniques.

2. ASIC:s for hybrid pixel detectors

Hybrid Pixel Detectors (HPDs) are becoming more and more important in many
different industrial and scientific fields (Rossi et al. 2006). HPD usually consists of
a pixelated sensor and readout front-end electronics of the pixel architecture connect-
ed by the bump-bonding technique (see Fig. 1a). HPD allows for the use of different
sensor materials depending on X-ray energies used in applications, while readout IC
can be the same. Depending on the application requirements, the readout IC can be
designed and fabricated using the advanced technology offered by the microelectronic
industry.

The general idea of HPD operation is as follows. When an X-ray photon hits the
detector, it is converted into a short current pulse carrying a charge proportional to
the photon energy (e.g. an 8 keV X-ray photon generates a charge of 2200 e™ in a sili-
con detector). This current pulse flows into the readout front-end electronics input
and is processed according to the required functionality. Taking into account the input
signals processing scheme applied in readout front-end electronics, HPD can be divid-
ed into two main groups: detectors based on input charges integration (summation)
and working in the Single Photon Counting (SPC) mode. In charge integration-type
detectors, the input charges (generated by consecutive impinging photons) are
summed up in each pixel during a given exposure time. In SPC type detectors, each
impinging photon is processed independently in each channel of the readout front-end
electronics channel in photon-by-photon order (Rossi et al. 2006, Ballabriga et al.
2006, Dinapoli et al. 2013, Maj et al. 2013, Grybos et al. 2016, Zhang et al. 2017,
Nakaye et al. 2021)
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Fig. 1. Hybrid pixel detector: sensor and readout chip are connected using
the bump-bonding technique (a); simplified architecture of a single readout channel
operating in a single-photon counting mode (b)

The single readout front-end channel usually consists of a Charge Sensitive Am-
plifier (CSA), a pulse shaping amplifier (shaper), a discriminator, and a counter (see
Fig. 1b). The input pulse current flows into the CSA input generating a voltage step at
its output, which is then amplified and filtered by the shaper stage. Depending on the
shaper output pulse amplitude, the pixel counter value is incremented by one if this
amplitude is higher than a set threshold (see Fig. 2). The main advantages of the SPC
detectors over the integrating type detectors are very high dynamic range, noiseless
imaging (by properly setting the discriminator threshold only valid counts coming from
photons are registered), and the possibility of counting photons within a given energy
window (in systems where two or more discriminators and thresholds are used).
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Fig. 2. Pulse processing in a single-photon counting system:
a) photons of different energies hit in a given pixel; b) shaper output voltage pulses;
¢) discriminator output pulses corresponding to the set threshold
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Fig. 3. UFCX32k IC: a) simplified block diagram of the readout IC; b) IC photo;
c) simplified block diagram of a single pixel; d) layout of a single pixel with marked
functional blocks: 1 — CSA core amplifier, 2 — Krummenacher structure, 3 — shaper,
4 — in-pixel biasing circuit, 5 - TH_SET, TRIM_DAC, DISCR, 6 — counters and registers

For practical applications, large-area ICs with thousands of channels play a crucial
role, especially if they allow the building of large-area HPDs. An example of such a solution
was developed recently at the AGH UST IC called UFXC32k (Ultra Fast X-ray Chip
with 32k channels) (see Fig. 3) (Grybos et al. 2013). The UFXC32k IC, manufactured
using CMOS 130 nm technology, has dimensions of 9.64 mm X 20.15 mm and contains
approximately 50 million transistors. The core of the IC is a matrix of 128 X 256 square
pixels with 75 um pixel pitch. Each pixel operates in SPC mode with two thresholds
that work independently. A single pixel contains a CSA with a Krummenacher feed-
back discharge circuit (Feed_Krum), a shaper with a peaking time of 40 ns, threshold-



Application-specific integrated circuits for X-ray imaging and neurobiology 55

-setting blocks (TH_SET), and two discriminators (DISCR) and two 14-bit ripple
counters (COUNTER). Each discriminator is equipped with a trimming DAC
(TRIM_DAC) used for dc offset correction. The analog front-end electronics allow for
the processing of sensor signals of both polarities (holes or electrons), which allows
for testing with different detector materials (Si, GaAs, CdTe, etc.). During the IC data
readout phase, the counters in each column form a shift register. The data from the
shift registers are loaded bit by bit into the peripheral fast 128-bit register and shifted
out of the UFX32k IC via 8§ LVDS parallel lines.

The measured equivalent noise charge for the standard settings is equal to 123 ¢ rms
(for a peaking time of 40 ns), and each pixel dissipates 26 uW. Thanks to the use of
trimming DACs working in each pixel independently, an effective offset spread calcu-
lated to the input is only 9 e rms with a gain spread of 2%. The readout front-end
electronics deadtime can be set as low as 85 ns. As a result of the IC analog part of the
IC and good noise performance, a satisfying image, like the one presented in Figure 4,
can be achieved without any software correction.
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Fig. 4. A daisy: a) photo; b) the first radiogram taken with the UFXC32k bump-bonded
to Si pixel detector

An experimental measurement system based on the UFXC32k IC allows the de-
tector to perform novel experiments at a synchrotron radiation source. Due to the very
high frame rate, coping with a high intensity flux of X-ray photons, and the possibility
of zero-dead-time readout mode, the prepared detector is a good candidate for time-
-resolved research studies. A dedicated system was built and used at the US APS at
Argonne National Laboratory. The application was high-speed and small-angle X-ray
correlation spectroscopy.

Thanks to the described system it was possible to examine the formation and
dissolution of gels composed of intermediate volume-fraction nanoparticles with
temperature-dependent short-range attractions using small-angle X-ray scattering,
photon correlation spectroscopy, and rheology to obtain nanoscale and macroscale
sensitivity to structure and dynamics (Zhang et al. 2017). A similar system based on the
UFXC32k IC was built for Synchrotron Soleil in France, where it was also used for
high-speed time-resolved experiments with synchrotron radiation (Nakaye et al. 2021).
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3. STS-XYTER IC for CBM experiment

Particle tracking in the physics experiment is an important research topic for many
researchers and IC designers worldwide. Facilities with a large research infrastructure
are funded by governments of many countries to study various areas of modern phys-
ics. This research can only be performed with specific measurement equipment. ASICs
are needed to obtain the best achievable radiation imaging, given the area and power
limitations.

The Compressed Baryonic Matter (CBM) experiment (Heuser 2013) is one of the
pillars of the new research facility established in Darmstadt, Germany, in the vicinity
of the renowned GSI (Helmholtzzentrum Fuer Schwerionenforschung) called FAIR
(Facility for Antiproton and Ion Research), where more than 55 institutions from 15
countries contribute to building it.

The authors carried out research targeting radiation imaging techniques in two
detector layers of the CBM experiment, i.e. tracking detectors called STS (Silicon
Tracking System) and MuCH (Muon Chamber). Both systems required a low-noise,
self-triggered, multichannel IC capable of measuring both arrival time and amplitude
of the short charge pulses.

In the first stage, the research identified the optimum charge pulse amplification
and digitization technique. Several techniques were investigated:

— Time-over-Threshold method, offering low-power analog-to-digital conversion by
Wilkinson-type processing (Kasinski et al. 2011).

— CSA with two paths supplied with different shapers in each channel independen-
tly. One of them (fast shaper) was optimized for time measurement and was
followed by a leading-edge discriminator and a timestamp counter. Another (slow
shaper) was optimized for amplitude measurement and was followed by a continu-
ous-time FLASH analog-to-digital converter with a digital peak detector. Extensi-
ve studies of noise contributions and the selection of optimal shaping amplifiers
were carried out (Kasinski et al. 2014).

It became clear that the power budget and noise requirements allowed one to use
the latter solution, with the channel architecture shown in Figure 5. Enhanced by
multiple features allowing flexibility across different operating conditions (e. g. config-
urable shaping time, CSA gain, trimming options of the discriminator offsets and gain,
optimized ESD protection structure, CSA reset capability) has been verified during testing
of the prototypes (Kasinski et al. 2018) (see Figs. 6-8), and the tests of ‘Mini-STS’,
which is a demonstrator of the entire detector chain. This has shown that the architec-
ture developed is ready for volume production.
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Fig. 5. The architecture of a single channel of the STS-XYTER chip (a);
exemplary waveforms (b)
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Fig. 6. Exemplary waveforms measured at the output of the fast shaper of the prototype chip
for the input charge Q;,, = 1-12 fC (hole collection). The fast shaper peaking time
is equal to 30 ns, and the CSA gain is set to a nominal value for STS. No sensor is attached (a).
Exemplary waveforms at the slow shaper output for the input charge Q,, = 1-12 fC (b)
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Fig. 7. Exemplary slow shaper waveforms for different settings of shaping time.
The typical input charge Q;, = 4 fC (holes collection) is applied. No sensor is attached (a).
Gain characteristics of the fast and slow shapers for a nominal STS detector gain setting,
measured in the test channels with buffered analog outputs (b)
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Fig. 8. Photo of the STS-XYTER ASIC with the main building blocks marked

The STS-XYTER family (Kasinski and Zubrzycka 2020) evolved during a series
of three full-size chip prototypes, with a similar layout (see Fig. 8). Each of them is
a 128-channel amplitude and time digitization solution with a digital back-end and a fast
digital interface. The latest version, SMX2.2 (Schmidt et al. 2020), was approved for
series production and will be used to assemble detector readout systems consisting of
tens of thousands of these ASICs.

4. ASIC for neurobiology applications

Existing technologies allow building systems made up of sensors combined with
electronics. Whenever such systems need to be very small, have rich functionality,
low power consumption, batteryless supply, and architecture allowing multisite signal
processing (see Fig. 9), modern technologies are the only way to satisfy these require-
ments. These may be micro-electron-mechanical systems (MEMS) and very-large-
-scale integration (VLSI) technologies for sensors and electronics production, respec-
tively. Many different biomedical experiments involve the use of advanced electronics
to record biomedical signals (Narayan 2018, Saltzman 2015, Fischer et al. 2015, Shin et
al. 2021). These are mainly run to extract valuable information regarding the human
nervous system or to support people in their daily lives. The common attribute of the
above-mentioned applications is the fact that they need to be very small; otherwise,
these could not allow for increasing spatial resolution of the recordings, and could they
be implanted into the body for experiment purposes.
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Fig. 9. Conceptual view of the implantable multichannel integrated system
for biomedical experiments (a); block idea of the proposed recording channel (b)

4.1. Recording channel architecture

The main task of the recording channels is to perform amplification and filtration
of weak biomedical signals that are transmitted to the amplifiers’ input by the record-
ing electrodes. Here, recording electrodes are used as an ionic to electrons transducer
and, more importantly, are potentially a source of large DC voltage offsets that need to
be separated from the amplifier input not to lead to its saturation and to avoid any
current flow at the electrode-electronics interface. Having looked at the different spe-
cies of biomedical signals (see Tab. 1), it can be seen that the front-end amplifier
should have low input-referred noise and the ability to change both its frequency band-
width and voltage gain. Furthermore, the analog recording part should provide condi-
tioned biomedical signals to the consecutive blocks in a way (like analog to digital con-
verters) that efficiently uses their conversion range or speed. Therefore, we decided to
compose the analog recording part with a few blocks as shown in Figure 9b.

The preamplifier is based on an operational amplifier that works with capaci-
tive feedback (Harrison 2008, Rodriguez-Pérez et al. 2014). Due to its architecture,
a proposed amplifier has an inherent AC coupling at the input. The voltage gain of
this stage is established by the ratio of Cy/C;, while the lower cut-off frequency is
proportional to 1/(2nRyroC1). To obtain lower cut-off frequencies much below 1 Hz
(see Tab. 1), the RyroC; time constant should be very high. Therefore, Rgygro is based
on a PMOS transistor that works in a subthreshold region (its channel dimensions
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are W/L = 0.4 um/50 um) while C; is built on a MIM capacitor (metal insulator
metal). The upper cut-off frequency is proportional to the ratio (G, is the transcon-
ductance of the amplifier, while Cy is the loading capacitance). To record different
biomedical signals and compensate for circuitry mismatches, we decided to indepen-
dently control the lower and upper cut-off frequency and voltage gain in each record-
ing channel. This is realized by in-channel digital-to-analog converters in channel or
transistor-based switches.

Table 1
Typical biomedical signal parameters

Biomedical signals Amplitudes Frequency band [Hz]
Local Field Potential (LFP) 10 pV-5mV 10 - 500
Action Potentials (AP) 10 pV =500 uv 300 — 7000
EEG 1uv-10puv <1 -100
ECG 1mV-10 mV 5-500
EMG 100 uV - 10 mV 20 - 1000

Also, it can be seen that, whenever there is a need to record neurobiological sig-
nals with one circuitry, it is required to set different front-end parameters. Therefore,
a conventional single-path recording channel is not an efficient solution. If, for exam-
ple, LFP and AP signals are considered to be recorded simultaneously (see Tab. 1), one
needs to set the proper sampling frequency to avoid aliasing, and this results in an
unnecessarily high sampling frequency for LFP signals. Additionally, as the LFP sig-
nals are a few times higher in their amplitudes compared to the AP signals, one needs
to set the correct voltage gain setting not to exceed the amplifier’s linear region. As
a consequence, the voltage gain may be too small for AP signals, resulting in a higher
ADC resolution requirement to properly reconstruct small AP signals. Having all of
these in mind, the particular recording channel was divided into two individual condi-
tioning paths, that is, one for slow signal processing and the other for fast signal pro-
cessing, as shown in Figure 9b.

4.2, Multichannel recording system

On the basis of the designed ICs, we developed different versions of multichannel
systems for biomedical experiments. An example is shown in Figure 10 which is con-
structed of 16 channel electrodes and was successfully used for in vivo and in vitro
experiments carried out in cooperation with neurobiologists from Jagiellonian Univer-
sity and Lodz University (Zoladz et al. 2014) (see Fig. 11).
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Fig. 10. Miniaturized conditioning module equipped with Integrated Circuit
and 16 channel NeuroNexus provided electrodes

EN 5

Fig. 11. Photos of neurobiological experiments: a) in vivo experiment showing
the electrode inserted into the brain of rats; b) detailed view of the electrodes used
in the presented experiment; c) in vitro experiment where fork-shaped electrodes
are used to record signals from the hippocampus

The designed ICs were also used in the neurobiological experiments performed in
collaboration with Qwane Biosciences SA, Lausanne, Switzerland. The idea of this ex-
periment was to perform a first feasibility study of the propagation speed of the mea-
sure of neuronal signals along isolated axons (see Fig. 12). The motivation of this ex-
periment was to find a way that allows the study of the propagation characteristics of
neuronal signals along the axons, as impairment of axonal propagation is often a conse-
quence of neurodegenerative diseases. This approach could lead to a platform for drug
screening applications in which neuronal protection or recovery could be monitored
by the speed of propagation along the axons. Therefore, to perform this experiment,
the 256 channel in vitro recording platform (Zoladz 2013) was adapted to a specially
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developed Micro-Electrode Array (MEA) device. Exemplary recording results may be
seen in Figure 13.

Fig. 12. Detailed photos of the multichannel electrodes used for in vitro
experiments with the hippocampus laid over the recording electrodes
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Fig. 13. Typical neurobiological signals were recorded by the designed chip.
The magnified bottom-placed picture shows several signals that differ
in amplitudes and shapes from different axons

5. Summary

The following article shows selected examples of integrated readout circuits de-
signed in the Department of Measurement and Electronics at AGH UST in Krakow.
These ICs are used worldwide in different measurements during X-ray imaging, parti-
cle physics, and neurobiology experiments and are significant milestones in these ex-
perimental techniques.
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