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Goals for my presentation

* To give an overview of signal processing in electronics for the
readout of radiation detectors

* These slides are focused on Hybrid Pixel Detector Technology but
the same concepts are applicable to other detector technologies

* This talk will be complementary to those of W. Riegler, F.
Hartmann and M. Campbell



Part 1 (Today: The Electronics, sighal processing)

* The context of my work: Medipix Collaborations
* Definition of hybrid pixel detectors

* |Information that can be extracted from the beam
e Signal processing: building blocks

* Practical examples: Medipix3 and Timepix4

Part 2 (Tomorrow: Hybrid pixel detectors for X-ray detection)

* Classification of detector systems:
* X-ray conversion to electrical signal
* Signal processing
« Geometry

* The ideal detector system

* Limiting factors in real systems

 Review of ASICs



The context of my work



Requirements of the tracking detectors

1
i

* |ndividual processing of the signal deposited in the sensor for each particle
* Assignment of particles to the instant of the collision (25ns/40MH2z)
 Spatial resolution on the order of tens of micrometers

* Minimal mass

* Low power consumption

* Radiation hardness

Currently, only hybrid pixel detector technology meets these specifications.

Some of these requirements are shared by applications in other fields of science




Applications sharing the same requirements

N —— _— - | 1
/ High'Energy Physics = Security & Safety

Tracking Detectors MR Non-destructive Testing, Radiation Monitoring

Space Analytical Instru mentation
Cryo-EM, Mass Spectrometry Space Weather Observation, Radiation Monitoring , Ma@grlals Analysis, Neutron Imaging, Art Analysis




Semiconductor Hybrid Pixel Detectors

Incoming particle/

sensor chip (e.g. silicon) Semiconductor detector Voltage
A

high resistivity n-type silicon
/ aluminium layer
. p

p-type Qin ~ 4000e-

silicon layer

"""

flip chip
bonding with
solder bumps

Threshold threshold ~ 600e-
Amplifi .
MPIEr W MWWM noise ~ 60e" rms

output

Time
single pixel B e S i -

read-out cell o LT fra] ral g
Readout electronics

electronics chip

* A hybrid pixel detector is a 2-dimensional matrix of microscopic radiation-sensitive elements each of which is
connected to its own pulse processing electronics.

* The sensor element and the readout electronics are implemented in different substrates i.e. can be optimized
separately

* Sensor material can be changed (Si, GaAs, CdTe)
 Optimal SNR

* Anoise hit free system can be obtained provided the threshold in the comparator is above the CSA electroni7cs
noise



Micro-channel plate readout
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MCP-based systems can be used to detect visible light photons and soft X-rays (with photocathode) and
electrons, ions or neutrons (when e.g. B doped)

J. Vallerga et al. https://iopscience.iop.org/article/10.1088/1748-0221/9/05/C05055 g
M. Fiorini et al. https://iopscience.iop.org/article/10.1088/1748-0221/13/12/C12005/pdf



https://iopscience.iop.org/article/10.1088/1748-0221/9/05/C05055
https://iopscience.iop.org/article/10.1088/1748-0221/13/12/C12005/pdf

Timepix Cam: image intensifier

TPX3Cam
Image
Intensifier /
Lens \

80 Mpixel/sec throughput

Timepix: 600 e threshold, 1.56ns time bin

System time resolution 2.4ns rms

Pixel dead time (TOT+475ns)

Single photon sensitivity is provided by an external
optical intensifier

Applications: study of fast processes, measuring
Time-of-Flight and photon coincidences

A. Nomerotski et al 2023 JINST 18 C01023
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Raw ToTl and ToA for pairs of single photon hits in
Tpix3Cam



Motivation for Medipix/Timepix Developments

* The Medipix/Timepix chips were designed in the framework of the Medipix
collaborations to bring the technology to other applications
* The Medipix family aims primarily at spectroscopic X-ray imaging
* The Timepix family is better suited to detecting single particles

* Science-driven
* The chips are designed at CERN's microelectronics section

* Once chips are manufactured, collaboration members have some time
for their initial R&D and publication of scientific results

* When the ASICs are well characterized, commercialization licenses can
be granted (spin-off)

* The experience gathered has led to innovative solutions for the LHC
machine and experiments (spin-back) (e.g. VELOpix development)



Medipix2 collaboration

Albert-Ludwig Universitat Freiburg (Germany), CEA (France), CERN (Switzerland), Czech Academy of Sciences (Czech Republic), ESRF (France), IEAP,
Czech Technical University (Czech Republic), IFAE (Spain), Mid Sweden University (Sweden), MRC-LMB Cambridge (UK), NIKHEF (The Netherlands),

University of California (USA), Universitat Erlangen-Nurnberg (Germany), University of Glasgow (UK), University of Houston (USA), University and INFN
Section of Cagliari (Italy), University and INFN Section of Pisa (Italy), University and INFN Section of Napoli (Italy)



Medipix3 collaboration

Albert-Ludwig Universitat Freiburg (Germany), AMOLF (The Netherlands), Brazilian Light Source (Brazil), CEA (France), CERN (Switzerland), DESY-
Hamburg (Germany), Diamond Light Source (UK), ESRF (France), IEAP, Czech Technical University (Czech Republic), KIT/ANKA, Forschungszentrum
Karlsruhe (Germany), Mid Sweden University (Sweden), NIKHEF (The Netherlands), Universidad de los Andes (Colombia), University of Bonn
(Germany), University of California (USA), University of Canterbury (New Zealand), Universitat Erlangen-Nurnberg (Germany), University of Glasgow

(UK), University of Houston (USA), University of Leiden (The Netherlands), Technical University of Munich (Germany), VIT Information Technology
(Finland)



Medipix4 collaboration

CEA (France), CERN (Switzerland), DESY (Germany), Diamond Light Source (UK), Czech Academy of Sciences (Czech Republic), IEAP, Czech
Technical University (Czech Republic), IFAE (Spain), JINR (Russian Federation), NIKHEF (The Netherlands), University of California (USA), University
of Canterbury (New Zealand), University of Geneva (Switzerland), University of Glasgow (UK), University of Houston (USA), University of Maastricht
(The Netherlands), University of Oxford (UK), INFN (ltaly), LNLS (Brazil), CSNS (China), PNRI (Philippines), University of Tennessee (USA)



ASICs developed by the Medipix Collaborations

Collaboration

CMOS

Technology

Main Characteristics

Medipix4

Medipix2 (2002)

Timepix1 (2007)

Dosepix (2012)

Timepix2 (2016)

Medipix3 (2011)

Timepix3 (2013)

Timepix4 (2019)

Medipx4 (2023)

250nm

250nm

130nm

130nm

130nm

130nm

65nm

130nm

256x256 55pum photon counting readout chip

Based on Medipix2, adds modes for measuring particle arrival time and energy

16x16 220um pixels, with energy binning mode with ToT measurement and 16
per pixel energy bins

Improved time resolution, dynamic range and lower power consumption
compared to Timepix1

Up to 4 simultaneous energy measurement per pixel with charge sharing
compensation

Event-by-event data in both time-of-arrival and energy deposition modes
1.56 ns time binning, faster data readout

10x Particle flux Timepix3, 512x448 array, 4-side buttable and 200ps time
binning

320x320 75pm, Up to 8 simultaneous energy measurement per pixel with
charge sharing compensation and 4-side buttable



Medipix Collaborations Commercial R&D Partners

ADVACAM s.r.0.,CZ X X

Amsterdam Scientific Instruments, NL X X X X X X
Kromek, UK X X X X

Malvern-Panalytical, NL X X X

MARS Bio Imaging, New Zealand X

MAX IV, Sweden X

PITEC, Brazil X X X
Quantum Detectors, UK X X
Sequent Logic, USA X
Sydor Technologies, USA X
Thermo Fischer Scientific, CZ X
X-ray Imaging Europe, Germany X X

X-spectrum, Germany X X

X =commercial licensee X =R&D licensee



Information that can be extracted from
the beam
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A (very) basic introduction to signal processing

When a particle passes through a detector, it generates a very fast current signal.
In semiconductor detectors (without intrinsic gain), the pulse charge is proportional

to the deposited energy.

Readout electronics must integrate and amplify this pulse to extract the relevant

information.

5 Discrete Photon Arrivals
. T

, Pulse delivered by sensor
B 2

— — 3
; 15 E2 E3 —
2 .l E
&' E ‘>
\
0.5 | 1
0 | | 1 | |
0.8 1 1.2 1.4 1.6 1.8
/ T TTime (s) f 10
ToA, ToA, ToA, ToA,

. ﬂ |

1+

N

0.8 1 1.2 1.4 116
Analog front-end output

The detection of a particle in a detection channel
(pixel)

The number of particles deposited during a given
exposure time (camera) (rates ~ Mcps/mm? up to
Gcps/mm?)

The energy deposited by an individual particle
(typically energy resolution of a few percent) (E)

The time of the interaction (down to tens of ~ps time
resolution) (ToA)

R. Ballabriga, D. Gascon
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Relevant information: Particle identification

CLOUD CHAMBER (WILSON
CHAMBER)

“Different particles show
different signatures in their
interactions with the
detector material”.

HYBRID PIXEL DETECTOR

ATy,
|
o om a - | | L -—7_‘ | Iﬁ
- ~2mm };_ 58.5 17 175.5 _m
D E—
< ~1.3mm ———>

~270um
R. Ballabriga, D. Gascén18



Space Application of Timepix Radiation Monitor (SATRAM)

a SATRAM payload (TPX 300 um silicon) onboard ESA Proba-V satellite

Energetic charged A f PRI
. . / i & g ?/A P lzso e
particles (light and i i [; L3
heavy) - F* N - lo '\ .,_S;. 1150 %
¢ o . &
(200ms frame) i e, .o LB
; . Al 50§
s: r :

Heavy charged particles
of moderate energy
(200ms frame)

Position [pixel]
Energy per pixel [keV/px]

Highly energetic high-Zion

P Nl -
osition [pixel] 2 (o)
Energy per pixel [keV/px]

o
o

Timepix operated in Time over Threshold mode

C. Granja et al."The SATRAM Timepix spacecraft payload in open space on board the Proba-V satellite for wide range radiation

monitoring in LEO orbit", Planetary and Space Science 125 (2016) 114-129. R. Ballabriga, D. Gascén1 9



Relevant information: Angle of incidence

* The angle of incidence of the incoming charged particle based on the difference of time of arrival of
the drifting charge in the different pixels

. %
: i(t)=qv-E,
- (dEHZa ray) Energy (keV)
%00 o0 o ’® o [ ]
.... > ..... o o .......0.00 ™
q 30
%
DV = [.lEd 2
60 deg < N
p+in n Si sensor, Timepix3 10003*\\\ i
500um thick 800 )\\\ P "
VbiaS = 130V 600 R \_\ ol a — < 10
Colour (and diameter) indicate charge x _(um) % S e
) ” 200 ~ = Ly 0 g
Measured z resolution ~50pum P TR B
400
y. ., (um)

Measurement B. Bergmann, S. Pospisil, IEAP, CTU, Prague R. Ballabriga, D. Gascén?20



Signal processing: building blocks



Pulse processing electronics: “detection of a particle”

Threshold(s)

Front-end

amplifier (and
Sensor shaper) Comparators
T T T T
I |
I |
I |
[ |

|

: ! A(s)
: .
: | n
: : Comparator(s)f-<—e
: :
I |
I |
[ |
I |
I |

_________




Pulse processing electronics: “detection of a particle” (the sensor)

lp

N
v

* Sihas excellent properties (fast, precise,
good energy resolution, low mass,
homogeneous, cheap, benefits from
advances in the microelectronics industry).

* The material depends on the application
\ (imaging high energy photons requires high
Z materials)

p* (N,~10"cm3)

e Semiconductor detector works as a reverse
biased p-n junction

% /
A A A AR ——

|
L B P . -\
im0

* External voltage is used to deplete the
material

N-We

| vV
p-substrate —. Q out

Drawing not to scale (example: p+ implants on n substrate, hole “collection”) (Additional: F. Hartmann’s presentation)




Pulse processing electronics: “detection of a particle” (the sensor)

A
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Drawing not to scale
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Radiation interacting with the sensor
material creates free charges in the
detector volume (W. Riegler’s
presentation)

The movement of the free charges
induces signalin the sensing electrodes
(F. Hartmann’s presentation)

Different kinds of particles have different
signatures in their interaction with the
detector material



Pulse processing electronics: “detection of a particle” (the sensor)

lp

Drawing not to scale

Signal (Q,, o(t)): represents the currents
induced in the sensing electrodes by the
charge carriers moving in the detector
volume.

It is usually modelled as a §(t), which is
convenient because it allows to study the
front-end electronics impulse response
The model is adequate if the impulse
response of the electronics is long
compared to the signal delivered by the
sensor

The polarity of the source has to be
accounted for

Leakage (l,) accounts for e-/h+ pairs
thermally generated in the depletion region
and swept by the electric field

The discrete nature of carriers crossing a
junction intrinsically implies some
fluctuations in their number (shot noise)



Pulse processing electronics: “detection of a particle” (the sensor)

lp

4+ + Capacitance: The depleted junction
volume is free of mobile carriers and thus
forms a capacitor that determines the
system performance

* Monolithic Active Pixel Sensors (~1fF)

* Hybrid Pixel Detectors (10s of fF)

e Strips Detectors (~pF)

* PMT(10s of pF)

 SiPMs (pF-nF)

* Interconnect parasitics and accurate
models for the sensor signal are required
especially for precise timing
measurements

R. Ballabriga et al. “The Timepix4 Analog Front-end Design: Lessons
learnt on Fundamental Limits to Noise and Time Resolution in Highly
Segmented Hybrid Pixel Detectors”
https://doi.org/10.1016/j.nima.2022.167489

Drawing not to scale


https://doi.org/10.1016/j.nima.2022.167489

Importance of the accurate modelling in high performance

designs

Example: TDCpix time resolution was measured 71ps rms (laser at the center of the pixel generating
2.4fC signal at surface). Test beam with MIPs showed a time resolution of 115ps rms

Variations in the induced current
pl p2

+l- + .

I T -

Charge straggling

i [uA]

0.8

0.6 2

0.4 %

0.2

|

—— pixel center
pixel edge

Sensor current pulses

The induced signal shape depends on
the physical position of the radiation
interaction. This, convoluted with the
preamplifier response, leads to a
contribution to the jitter that can’t be
corrected for

Fluctuations in the number of
electron/hole pairs created along the
path of the particle introduce
fluctuations on the shape of the
induced signal

Plots: M. Noy (CERN), VERTEX 2016



Pulse processing electronics: “detection of a particle”

Front-end
amplifier (and
Sensor shaper) Comparators

Comparator(s)}-~<—e

Threshold(s)

—
n




Thoughts about the transfer function of the readout electronics

Induced current— Shockley-Ramo

Take home: All signals in particle detectors are due to induction by moving charges.
Once the charges have arrived at the electrodes the signals are ‘over’.
The drift is recorded - the height of the signhal is linear proportional to the velocity of the charge

—

1. 1_
ig(t) = CIPV_OEW ' v(x(t),y(t),z(t)) = CIPVOEW -u-E

(F. Hartmann’s presentation)

* We saw that signals in particle detectors are due to induction from moving charges
* Signals are generated by electrons and holes (which have different mobilities)
* The induced current depends on E,, (geometry dependent)

* This means that there is a geometrical dependence of the induced current signal shape

* Atthe same time, the total induced charge in the electrodes is equal to the number of electron-hole
pairs generated (in absence of charge trapping)

* The charge is proportional to the photon energy in case of X-rays



Thoughts about the transfer function of the readout electronics

In most applications, we are not interested in an
exact copy of the input signal (that would require a
large bandwidth leading to large noise and power
consumption)

Charge measurement requires long integration
times to capture the full signal and prevent
ballistic deficit

Extended integration time also mitigates
variations in signal shape caused by the specific
depth or location of the charge deposition.

Conclusion: Charge measurement typically relies
on Charge Sensitive Amplifiers to effectively
integrate the induced signal.

Induced current at
l pixel electrodes

Integrator. Amplitude
proportional to charge '

(energy)

O 2N W Hh O~
_—



Thoughts about the transfer function of the readout electronics

* Accurate time stamping requires fast 5 B Induced curtent at
amplifiers that preserve the shape of the 4 l pixel electrodes
signal and produce sharp edges 3 l & |

W;

» Fast edges are essential to minimize timing 1;#]‘\*1‘”{1,".; |

errors such as time walk and jitter O Pt —
0 5 10 15 20
t (ns)
* Example: A Transimpedance Amplifier allows ! 1 ”
. . . 6 Timing, fast amplifier
for the rapid, precise comparison of the .
signal's leading edge against a discriminator 4
threshold 3
B
1! Threshold
0 5 10 15 20
The processing depends on the application t (ns)

W. Riegler



Thoughts about the transfer function of the readout electronics

lp

B - —

Drawing not to scale

* The front-end amplifier

» Senses the analog detector signal,
amplifies it and shapes the signal
(optimizing the signal to noise ratio and the
ability to deal with flux)

* Ensures an efficient signal transfer from
the sensor to the readout channelin
presence of parasitic elements between
adjacent channels (ensuring low cross
talk).

R. Ballabriga et al. “The Timepix4 Analog Front-end Design: Lessons
learnt on Fundamental Limits to Noise and Time Resolution in Highly
Segmented Hybrid Pixel Detectors”
https://doi.org/10.1016/j.nima.2022.167489



https://doi.org/10.1016/j.nima.2022.167489

Preamplifier topologies

CHARGE SENSITIVE AMPLIFIER

TRANSIMPEDANCE AMPLIFIER

Cr
1l Re
11 [ ]
Vout Vour Vour = —Rrisensor
, ) Qv
ISENSOR Vour = — -]. isgnsordt = _C_F “ isensoR
vV \/
CURRENT BUFFER VOLTAGE AMPLIFIER
iour lour = Ailsensor
Vour v = —Ri A
A(S) ouT SENSORAy

IsENsOR

IsEnsOR R




Charge Sensitive Amplifier (CSA)

* Capacitive feedback around the amplifier
* Requiresreset and leakage current compensation network (Not shown)

o

4 | * The circuit has very low input impedance

* To ensure signal transfer from detector to readout
* To minimize crosstalk

* To keep the sensor bias constant

* -A(s) Vour

i * The amplifier gain reduces the sensitivity of the output signal to C;
SENSOR

* Longtailinthe signal atv,, (t.=C¢R) might limit the count rate for the
application

1 0 * Excellent noise performance
. IN
Vour = ~ isEnsorAL = T
F F

* |deal to readout sensors with no (or little) amplification

* T >1 time constant of the signal delivered by the sensor)

sensor (

R. Ballabriga et al. “The Timepix4 Analog Front-end Design: Lessons learnt on Fundamental Limits to Noise and Time Resolution in Highly Segmented Hybrid Pixel Detectors”
https://doi.org/10.1016/j.nima.2022.167489



https://doi.org/10.1016/j.nima.2022.167489

Charge Sensitive Amplifier (CSA)

(ToT)

—(D)—e— M2 S %lzlmm

CF Ibi { |

| | ® CMOsS —|m - Vﬁuljwnb M1aL:||——

| implementation . | Cr

(piXGlS) I | . IN IK\ ouT
> N out e
-A(s) Vour B S e ] |
TC @l lkrum
- T
lSENSOR
1 . _ QIN
2 Vour . : % Amplitude = — [V]
Vour = ~ ¢ IsEnsoRAt = ~C. Crg
F F
Ay IrgEDBACK
i} |Slope| = || = — [V/s]
= Ax Ay  Amplitude
£ Sl = = V
: Stopel = || = ——— [V/s]
> Q <«— ToT encodes energy
< Time Over Threshold > Uime ToT = IN information

IFEEDBACK



Transimpedance Amplifier (TIA)

Resistive feedback around the amplifier

Rr
* |t preserves the shape of the signal delivered by the sensor
V ° . . . . . . op e
A(S) ouT A capacitor (Cp) in parallel with the resistor is required for stability
* Shorter tail in the signal at v, (1,=C¢ Rr) makes this more adequate for
ISENSOR high count rate applications
* T < Tensor (tiMe constant of the signal delivered by the sensor)
Vour (t) = —Rrpisgnsor(t)

* TIAs will offer lower input impedance and consequently lower crosstalk
signals than CSAs.

“In practice, TIAs are used for fast front end electronics in which the shaping is done in the feedback of the input
Sstage and integrators following the input stage are tuned to high frequencies. For such applications, TIAs will offer
lower input impedance and consequently lower crosstalk signals than CSAs.” Jan Kaplon

J. Kaplon and W. Dabrowski "Fast CMOS Binary Front End for Silicon Strip Detectors at LHC Experiments" IEEE TNS, VOL. 52, NO. 6, 2005
L. Consiglio “The cryogenic electronics for Dark Side-20k SiPM readout” 2020 JINST 15 C05063



Preamplifier configurations: Examples

Hybrid Pixel Detector: Strip Detector:

2/3 linput

'Sensor VCas
| O—__—{ ZVT1
Vin C1

! <

1 =]

1 e Q)

3 3 Vieed ©
Vour ! =

J. Kaplon and W. Dabrowski "Fast CMOS Binary Front End for Silicon Strip Detectors at LHC

L ””””””””””””””””””””””””””””””””””” Experiments" IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 52, NO. 6, DECEMBER 2005
R. Ballabriga et.ali “The Timepix4 Arlalog Front-.end.Des.ign: Lessons learnt 0r.1 .
o e oy Y Scgmented Fyorid P! TIA configuration (ABCD ASIC for Si Strip detectors for
. _ . . . ATLAS Semiconductor Tracker, 0.25um CMOS)

CSA configuration (Timepix4 chip, 65nm CMQOS) C=190fF, Re~120kQ (1-~22ns)
Cp~31F, Rp~80MA (tunable) (t~240ns) Amplifier: Aj=14000 (83dB), f,=42.8kHz, GBWP=600MHz
Amplifier: A;=1000 (60dB), GBWP=1GHz Ceensor=20pF (Nominal)
Csensor=25fF (Nominal) 1.=22ns

(R is simplified in this schematic)



https://doi.org/10.1016/j.nima.2022.167489

Current buffer / Voltage buffer

CURRENT BUFFER VOLTAGE AMPLIFIERA

Vour v = —Ri A
AV(S) ourt SENSOR*v
é Isensor R

lout lour = Ailsensor

IsENsOR

* Typically used for the readout of detectors with intrinsic amplification (e.g. SiPMs, PMTs, MCPs) for precise
timing

* |Inthese applications the CSA is not optimal due to bandwidth limitations.
* Frequency associated with rising time (where typically Cr < Cgensor):

fr = GBWP Cr
¢ Cr + Csensor

* The current buffer is more advantageous due to noise shaping effects and to the lower input impedanceB.

A. Voltage Buffers are also used for reading out extremely low capacitance sensors (CMOS sensors, MAPS)

B. F. Ciciriello, F. Corsi, F. Licciulli, C. Marzocca and G. Matarrese, "Time performance of voltage-mode vs current-mode readouts for SiPM's," 2015 6th International Workshop
on Advances in Sensors and Interfaces (IWASI), Gallipoli, Italy, 2015, pp. 249-253, doi: 10.1109/IWASI.2015.7184979.



Pulse processing electronics: “detection of a particle”

Front-end
amplifier (and
Sensor shaper) Comparators

Comparator(s)}-~<—e

Threshold(s)

—
n




______________________________

|
' differentiator n integrators
r

ViN Zre(S)
’ ’

e

A ————

IsensoR Csensor oo
Zg(s)
F

* The shaperis a band pass filter circuit

* Functionality:
* It limits the duration of the signal minimizing the impact of pile up (pulse shaping)
* Adds additional gain
* Itrestricts the bandwidth to exclude electronic noise while preserving energy information

* CR-RCn filters offer a good compromise between performance, power consumption and simplicity



Shaper (time domain response)

Semi-Gaussian Shaper Output (7 = 1e-06 s)
04r

* Inthe time domain the response to a step function is:

0.35

3 3 3 3 3>
nw uw nonon
a B WN -

0.3 [

T

Voue (t) = 0 ris the time constant

S 025
o

1 (t)" ( t) n is the shaper order
ex
P T

0.2

0.15 A

Amplitude (v

* The peaking time is at:

0.1

0.05

t=nrt

Time (s) %1078
* And the amplitude of the signal is:

Normalized Semi-Gaussian Shaper Output

pcak)
[=]
oo

Vout max = —; €
- n!

fv

<
~
T

out
o
=]
T

o
o

0.3

Mormalized Amplitude (v
=
-

For the same peaking time, in a higher order shaper, the output returns
faster to the baseline, providing a more symmetric response (this helps
dealing with pile up at the price of increased power consumption)

0.2r

01

0 05 1 15 2 25 3 35 4
MNormalized Time (t/t )
peak



A (very short) introduction to noise

60.0 ;
F Gain: 50mV/fC

ENC: 0.044fC (275 e-r.m.s.)
40.0 — :

V (mV)

-10.0

0.0 25 e .75 1.0
time (us)

Preamplifier output waveforms (same input signal is
repetitively injected), CR-RC shaper, 50mV/fC gain, 50ns
shaping time

Noise refers to the (intrinsic) electronic
disturbances generated within the sensor and
the front-end amplifier

Noise is intrinsic to the conduction of current in
devices

Physically has its roots in the fact that the
mobile carriers in electronic devices are finite in
numbers and move at finite speeds.

Fluctuations in carriers or in their speeds result
in variations of currents or voltages in the circuit

In front-ends, the noise is usually given in
Equivalent Noise Charge (ENC) (noise referred
to the preamplifier input). This allows
comparison between the noise floor and the
signal to be measured.

42

Image: CMOS Front-End Electronics for Radiation Sensors, 2015, A. Rivetti



A (very short) introduction to noise

* One way to incorporate noise in circuit analysis is with the power spectral
density (S,(f)) that shows how much power the signal carries at each frequency.

* S,(f) is the average power carried by x(t) in a THz bandwidth around frequency f

* If a signal (noise) with power spectral density S\ (f) is applied to a linear time-
invariant system with transfer function H(f), then the output spectrum S, {f) is

given by S, (f)[H(f)|?

X(t)
X(S) —

Sx(1)

h(t)
H(s)

y(t)=x(t)*h(t)
> Y(S)=X(S)H(S)

_ The signal (in the frequency
2
Sy(N=Sx(NOIH)] domain) is shaped by the filter
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A (very short) introduction to noise

Shot noise Occurs when there exist distinctive

Thermal noise in a resistor (resulting from transitions of charge carriers happening (for example
thermal motion of carriers) carriers crossing a potential barrier p-n junction)
i(t)
vy 2 I S:(f) Sh _ 21 [I?/Hz]
= — = [ - - = Z
2 S(f)=3F=4KTR [V2/HZ] (1 L SN =35=1a

MOS transistors exhibit thermal noise generated in the channel and 1/f noise (other noise sources are neglected
here)

Z_g Thermal noise from the channel and flicker noise
/ .\ expressions (referred to the gate terminal) :
G o——O—c e D
oo () v + YE _ akrny — y—ta
mvYgs La - L — ny
Af Af Af 9m C, WLf“
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* The shaper is afilter (frequency domain)

A (very short) introduction to noise

o Magnitude
10 il — °E
\:§\: SN
....... N S

10°
lo—lO

n=1

n=2

n=3

n=4
10 3 F HFW-4 ""5 6 -"7 By

10 10 10 10 10 10

o (rad/s)

10°

* Unipolar semi gaussian shaper (CR-RC") consists of one
differentiation of the signal followed by n integrations

* The shaper filters the noise “coloured” by the transfer
function of the input stage



A (very short) introduction to noise

* Noise is generated by the transistors in the front-end amplifier, by the sensor leakage

current and by detector bias resistors.

* Noise sources in the front-end can be referred to the input and categorized into
series noise sources (voltage in series with the amplifier input) and parallel (current

source in parallel with the amplifier input)

Crs
| |
|
22 2 2
Ipd = Id + IIknetwork = 2q|o + Ireset Hshaper(s)
2
\ Ve + Vour
sl. -@—| I lpr
lo — Coper iy ——Ci
- - 1 K
\V4 V VE=VE Ve = AKTny —+ a

CZWLf*

m 0oXx

ENC” = (Cdet +Cimos + Crs

Series flicker

\

P| Yremaigs A 22| +T
g

Shaper parameters

Series thermal

Input transistor

capacitance \

/

Detector

capacitance Shaping time (t,)

46



Transfer of noise sources to the output of the CSA

The power spectral density at the outputis
“coloured”
2
U_SZ Yno Vo _ vé CSZENSOR lp 1
Af Af Af TAf €2 T AfCEaf)?
+ Vour
I ‘ Series component:
. j 2 v: 2 vZ 1 K
ISENSOR Csensor ' A—S = % + i 4KTny — + —aa
Af C, fAf Af gm  CoxWLf
¢ I I ¢ Parallel component:
R l”—”e“"+2 Y
o 8 e Ay TR
r.m.s. noise
Value for which the thermal noise from the resistor (R) is /2_
equalto the shot noise from the detector leakage current ENCoy = Unout _| leTnyM
" q L
1 4KT  50mV Cr
ZqILEAK = 4KT — RF = = . B
RF quLEAK ILEAK amp|.|tUde to 18
e.g. I | g, =1nA then R.>50MQ Equivalent Noise Charge (ENC) does not depend on g, i.e.
does not depend on power*

Full noise calculations can be found in A. Rivetti “CMOS Front-End Electronics for Radiation Sensors”
* X. Llopart et al 2019 JINST 14 C01024




Pulse processing electronics: “detection of a particle”

y(t)=15 forx,(t) > x (t)

(Comparator)
Comparator
Front-end
amplifier (and

Sensor shaper) Comparators — X,
|
| y
|
I
|
! —1 X
I -

n
Comparator(s) +:b

: Analog Digital
|
I
I
|
I
I
I
|

________________

y(t)=0p for x,(t) <x(t)




Pulse processing electronics: “Photon Counting” (Counter)

Counters

P o e o e e e e e

A(s)

\\3

Comparator(s) Counter(s) -~

Threshold(s)

—
n

________________

* With one threshold we typically refer to photon counting
* With multiple thresholds we refer to spectroscopic imaging



Spectroscopic X-ray imaging

] . S 0 . .
@ The X-ray Source Material Interaction & @ Energy-Resolving Detection
X-ray generation spectrum ” =t Sensor

/?1\ N s : :
: o § i ‘ ' - i
’ ‘\\ j ‘ ¢ Comparator(s)}-><—{ Counter(s) |-=-e

& \
3] &
Aea g ’ Chame¢ e E '
L | rasiation Bisios 2 b, .
2 / | A i \ \ Threshold(s)
2 74 K—"L . ' —r
X » n
5 — —

0 20 40 60 S0 100 2 - [ M EEartitiiieDe—t et siehl—=htenrd 1 | PReEEEEE

gh rgy (KEV)
J \_ )

o &
@@ Resulting Material Analys

( )

MBI MARS clinical trial image (1x12
Medipix3RX with CdZnTe detectors
(~24cm?))

200K pixels

Wrist with titanium screw and steel wire

y, X-ray image courtesy: MARS team




Spectroscopic X-ray imaging

Courtesy: J. Jakubek,
BBC Click on Fake Art - InsightART's X-ray colour imaging of art! https://youtu.be/1xUDOBUzgtQ Advacam INSIGHTART



https://youtu.be/1xUD0BUzgtQ

Pulse processing electronics: Energy measurement

P e o o e e e e e e e e M e e R M e e M e e e G e S e e ey

PDH ADC —“—e

_______________________________

Gianluigi De Geronimo, Paul O’Connor, Anand Kandasamy, “Analog CMOS peak detect and hold circuits. Part 1. Analysis of the classical configuration”,
NIMA Volume 484, Issues 1-3, 2002, Pages 533-543.



Pulse processing electronics: “Time of Arrival”

Time-to-digital converter

A(s)

Threshold

|
|
|
|
|
|
|
|
|
|
Comparator(s)f— TDC S~
|
|
|
|
|
|
|
|
|

The outputis a digital value that encodes the time of the leading edge of the pulse at the discriminator
output.

ATDC (Time to Digital Converter) digitizes the edges of the discriminator output.

The trailing edge can also be digitized to encode Time-over-Threshold (ToT) providing energy information
Energy information can be used to correct for time walk



Example 1: Medipix3



Example 1: Medipix3 (Signhal Processing Point Of View)

The essence of the Medipix family of chips is to achieve spectral resolution at high

spatial resolution while processing the largest possible incoming flux (which requires
on-pixel hardware algorithms).

To achieve that, we need to address the distortions in the energy spectrum caused by
charge sharing and fluorescence photons.




x 10

Charge Sharing

Si, 55pm square x 300 um, 10 keV

energy [keV]

14

e Simulated Data
* Si 300um, 55um pixel

¢ 10keV monochromatic
photon beam

e Charge diffusion produces “charge
sharing” tail

e|ts impact is higher the smaller the
pixel wrt the sensor thickness

eBut in some situations “Charge
Sharing is our friend” Stanislav Pospisil

Simulation: L. Tlustos



Charge Sharing

x10°° Si, 55pm square x 300 um, 10 keV

61 — single pixel 100e - .

— 2x2 summing 200e -

[au]

L L L r r
2 4 6 8 10 12 14
energy [keV]

Simulation: L. Tlustos
Acknowledgements for key simulations: D. Pennicard 2011 JINST 6 P06007

e Simulated Data
* Si 300um, 55um pixel
¢100e r.m.s. noise

* 10keV monochromatic photon
beam

e Distortion in the energy
spectrum is corrected by analog
summing and assigning the
contribution to the pixel with the
largest deposition



On-Pixel Charge Sharing Correction

1. THO is applied to the local signal

‘ 2. Arbitration circuitry identifies the pixel with largest
charge and supresses the pixels with lower signal

3. In parallel, the charge has been reconstructed in the
analog summing circuits

4. The pixel with highest charge checks the adjacent
summing circuits to see if at least one of them exceeds
Charge Summing Mode Threshold

* Advantage of having small pixels without disadvantage of charge sharing

* In Charge Summing Mode (CSM) the energy is reconstructed and each photon is counted once
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Medipix3 pixel

If (DiscOutLocal>DiscOutNeighbours)
Local charge to Then CounterO++

Dataln0 Dataln1

Cr adjacent pixels
A DiscOutNeighbours ToNeighbours
3 1ocal 81t' 8 1
charge
DiscOutLocal 1
Arbitration logic
TH[O] g Counter0
Crest ==
o
N 1} g
TestBit
®
TestPulse Reconstructed 1
- /i’
Charge from charge \ 4 \ 4
adjacent ;
pixels 3 synchronization "
TH[1] Counter1
3%
If((DiscOutLocal>DiscOutNeighbours) . . A1 1
and (Reconstructed charge in one of DiscOutSumNeighbours v

the adjacent summing circuits > TH1))
Then Counterl++

DataQut0 DataOQOut1



IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 60, NO. 6, DECEMBER 2013 4713

Charge Summing in Spectroscopic X-Ray Detectors
With High-Z Sensors

Thomas Koenig, Elias Hamann, Simon Procz, Rafael Ballabriga, Angelica Cecilia, Marcus Zuber,
Xavier Llopart, Michael Campbell, Alex Fauler, Tilo Baumbach, and Michael Fiederle, Member, IEEE

1.0 —

60keV, 2mm CdTe, 110um pitch 4 W p————
— (CSM

~4.4KeV FWHM

Normalized Differential Counts

10 20 30 40 50 60 70

Energy [keV]

 Energy spectrum in Single Pixel Mode and in Charge Summing Mode
 Sum of all the pixels in the chip ~16k pixels
* Fluorescence photons are included in charge sum if their deposition takes place

within the volume of the pixels neighbouring the initial deposition
60



Conventional imagers MARS CT

Library images MARS '{f’
CT Wp | Calcium, £ ,\/
g V7 colour it white € /
e
7 ki
B

Fat,

colour it yellow

Water,

colour it red and
semi-transparent red

Medipix3RX with CdTe / CZT

1x12 Medipix3RX with CdZnTe detectors (~24cm?)) ~200K pixels
110um pixel, CSM (5 thresholds)

120kVp

Images courtesy MARS team, NZ 61



Bone morphology

Pre-published data

: i ’
/ \ oy | _—

CT. 300 um voxels MARS: 90 um voxels

Improved spatial resolution, allows to see internal structure of the bone

Images courtesy MARS team, NZ 62



Example 2: Timepix3



Example 2: Timepix4 (Signal Processing Point Of View)

>« T <

SuperPixel
Group

<

Front-end Analog Front-end Digital SuperPixel

Leakage
Current
compensation

I
I

i

i

i

1

i

i

1

: Counters
i &
i

i

i

i

i

1

i

1

1

I

1

) O

Latches

Clk
local

Synchronizer
&
Clock gating

VQO Oscillation pattern

TestBit
I ~50mV/ke" | stage | Ph[3] | Ph[2] | Ph[1] | PhO] 8~
5-bit Local : (1J 1 i i clJ .
3.2fF Threshold_| | 2 1100 TDC phase sampling
1 4 0 0 0 0 i i
! O O NG A 195ps bin size
____________________________ _1|_______________ I 6 0 0 1 1 W
I 7 0 I 1 1 1v H I 1
. Control DataOut clock
TpA TpB Global threshold Time stamp  OP Mode voltage to0 EOC (40MHz)

Medipix and Timepix Symposium

xavier.llopart@cern.ch 64

23rd September 2025



[nput

Output

disc out
clk40
toa (16-bit)

VCO

TOA

TOT
FTOARise
FTOAFall
UFTOA Start

UFTOA Stop

-

Pixel Operation in TOA & TOT [DD]

(LSB=1.56ns@VCO=640MHz)

——FOA— TOT
’ \
N ) N+1 ) N+2 ) N+3 { N+4 X N+5 X
OFF { ON ) OFF X ON X OFF
% ToA[15:0]=N+1
4 Counting @40MHz { ToT[10:0]
Lounting @640MH] fToA_rise[4:0]
Countijig @EA0MHz fToA_fall[4:0]
{ ufTop\_start[3.0]
% ufToA_stop[3:0]
SPEC: Packet specifications ToA/ToT
Name Width MSB LSB Bits
Top 1 63 63 [63:63]
EoC 8 62 55 [62:55] Address: 18 bits
SP 6 54 49 [54:49]
Pixel 3 48 46 [48:46]
ToA 16 45 30 [45:30] . .
ufToA_start 4 29 26 [29:26] Time: 29 bits
ufToA_stop 4 25 22 [25:22] (LSB=195ps @VCO=640MHz)
Energy: 21 bltS fToA_rise 5 21 17 [21:17]
{ fToA_fall 5 16 12 [16:12]
ToT 11 11 1 [11:1]
Pileup 1 0 0 [0:0]

Medipix and Timepix Symposium
xavier.llopart@cern.ch
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3D rendering of traversing particle with delta electron

dE _ 3.39 MeVcm?

dx g

E (keV)
100
1995
50
- |
= 997 0
3 %%
45 deg 0 458 3
CdTe sensor - 2915 &
2mm thick 0 1072 2145 3
V.. =130V

Colour (and diameter) indicate charge

Vrel (M)

Slide courtesy of B. Bergmann, S. Pospisil, IEAP, CTU, Prague
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BARCELONA
TECHNO WEEK 2026

COURSE ON SEMICONDUCTOR RADIATION DETECTORS

Institute of Cosmos Sciences of the University of Barcelona (ICCUB)
13-17 July, 2026

Aimed at researchers, postdocs, PhD students, and industry professionals working in related fields

https://indico.icc.ub.edu/e/TW2026
Contact: technoweek@icc.ub.edu




Program
overview

Interaction of radiation with
matter

Signal formation in
semiconductor radiation
detectors

Introductory detector readout
and electronics concepts

Pulse processing electronics
Interconnection techniques
CMOS Image Sensors

Hybrid Pixel Detectors
Monolithic Active Pixel Sensors
Single Photon Avalanche Diodes
Silicon Photomultipliers

Fast Timing detectors and
electronics

Neutron detection

Quantum applications

Medical applications

Space applications
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Organizing
Committee
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Rafael Ballabriga (CERN), Co-Chair
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Additional slides: Part 1
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Feature ~ |Medipix3RX (2011 Medipix4 (2022

Technology

130 nm + 8 metals

130 nm + 9 metals

Pixel pitch (um)

Fine pitch mode: 55 um
Spectroscopic Mode: 110 um

Fine pitch mode: 75 um
Spectroscopic Mode: 150 um

Number of pixels

Fine pitch mode: 256x256
Spectroscopic Mode: 128x128

Fine pitch mode: 320x320
Spectroscopic Mode: 160x160

Matrix arrangement

3-side buttable (test vehicle for
TSVs)

4-side buttable

Sensitive area (cm?)

1.98

5.76

Sensitive area / Total active area
(%)

Without TSV: 88.7%
With TSVs: 94.6%

Without TSV: 93.5%
With TSVs: 99.4%

Acquisition mode

Energy Resolution (measurement,
preliminary)

Single Pixel Mode (SPM) / Charge
Summing Mode (CSM)

SPM: 1.4 keV FWHM (Cu Ka)
CSM: 2.0 keV FWHM (Cu Ka)

Single Pixel Mode (SPM) / Charge Summing
Mode (CSM)

SPM: 2.0 keV FWHM (Cu Ka)
CSM: 2.6 keV FWHM (Cu Ka)

Dynamic Range (keV, CdTe)

110

150

Count Rate (10% dead time loss)
(Mphotons/mm?2s)
Spectroscopic Mode with CSM

4.3

19

Number of thresholds in SM-CSM

4 SPMa + 4 CSM

1SPMa +7 CSM

Pixel counters in SRW, Fine Pitch
Mode (bit depth)

Pixel counters in SRW,
Spectroscopic Mode (bit depth)

Pixel counters in CRW, Fine Pitch
Mode (bit depth)

Pixel counters in CRW,
Spectroscopic Mode (bit depth)

2x [1, 2, 6, 12] or 1x [24]

8x[1, 2, 6, 12] or 4x [24]

1x [1, 2, 6, 12]

4x[1, 2, 6, 12]

SPM: Single Pixel Mode, CSM: Charge Summing Mode
SRW: Sequential Read Write, CRW: Continuous Read Write

2x[1, 2, 6, 12]

8x [1, 2, 6, 12]

2x [1, 12]

8x [1, 12]

Area increases
x1.86

DRincreases x1.36

CRincreases x4.3

3+ CSM thresholds
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Tech. node (nm) IBM 250
Year 2006
Pixel sixe (um) 655!

# pixels (x x y) 256 x 256
Sensitive area 1.98 cm?

Number of sides for tiling using WB 3(87.1% active area)

Number of sides for tiling using TSV No TSV ready
Gain (16mV/kh*)

positive (i (Volcano >0.8MeV/pixel)

negative (e-) Gain (16mV/ke’)

Minimum detectable charge ~750 e

Full Frame-based
(Sequential R/W)

TOT or TOA
<3keV (FWHM Si)
10ns (@100MHz)

Readout

Event Data
TOT energy resolution
TOA bin size

Tracking
(Event arrival time

§ and/or energy) TOA dynamic range 118.1ps (@100MHz)
§ Max Rate <1.x1 08 hits/cm?/s .
g (with 300ps readout dead time)
E Max Pix Rate 33 Hz/pixel
g Readout (Sequental AV
Imaging Counter depth 14-bits
(Event counting) Frame rate 100 fps @1x100Mbps

3.2 kfps @32x100Mbps

Max Count Rate ~35 x 10° hits/cm?/s
q . 3.2Gbps
Maximum Readout bandwidth (32x 100MH2)

Power consumption 330mW/cm? (nominal)

Out of production

https://www.scien irect.com/scien

ce/article/pii/S0168900207017020

TSMC 130

2018

55

256 x 256

1.98 cm?

3 (85.6% active area)
3 (85.6% active area)

High Gain (25mV/kh*)
Logarithmic Gain (19mV/kh*)

High Gain (25mV/ke’)

~600 e

Full Frame-based
(Sequential or Continuous R/W)

TOT and TOA; TOT or TOA
~0.75keV (FWHM Si)
10ns (@100MHz)
2.62ms (@100MHz)

<1x108 hits/cm?/s

33 Hz/pixel

Full Frame-based
(Sequential or Continuous R/W)

10-bit or 14-bit

4.9 kfps @10-bit 32x100Mbps
3.5 kfps @14-bit 32x100Mbps

~35 x 10° hits/cm?/s

3.2Gbps
(32x 100MHz)

450mW/cm? (nominal)
165mW/cm? (low power mode)

https://www.scien irect.com/science/arti

cle/pii/S1350448719305165

IBM 130

2013

55

256 x 256

1.98 cm?

3 (86.7% active area)

3(91.6% active area)

High Gain (45mV/kh*)
(Volcano >0.3MeV/pixel)

High Gain (45mV/ke")

~500 e

Data-driven
(48-bit packet per pixel hit)

TOT & TOA

~2KeV (FWHM Si)

1.56ns (On-pixel TDC @40MHz)
409.6ps (14b@40MHz)

43x10° hits/cm?/s

1.3 KHz/pixel

Zero-suppressed (with pixel addr)
(Sequential R/W)

Counting (10-bit) or iTOT (14-bit)
1.62 kfps @48-bit 8x640Mbps

~82 x 10° hits/cm?/s

<5.12Gbps
(8x SLVS@640 Mbps)

625mW/cm? (nominal)
108mW/cm? (low power)

https://iopscience.iop.org/article/10.10

88/1748-0221/9/05/C05013

TSMC 65

2019

55)

448 x 512

6.94 cm?

2 (93.7% active area)

4 (99.3% active area)

High Gain (35mV/kh*)
Low Gain (20mV/kh*)
Logarithmic Gain

High Gain (35mV/ke")
Low Gain (20mV/ke")

~500 e

Data-driven
(64-bit packet per pixel hit)

TOT & TOA

~1KeV (FWHM Si)

195ps (On-pixel TDC @40MHz)
1.63ms (16b@40MHz)

358x10° hits/cm?/s

10.8 KHz/pixel

Full Frame-based
(Continuous R/W)

8-bits or 16-bits

89.2 kfps @8-bit 16x163Gbps
44.8 kfps @16-bit 16x163Gbps

~800 x 10° hits/cm?/s

<163.84Gbps
(16x @10.24 Gbps)

700mW/cm?(nominal)
200mW/cm? (low power)

https://iopscience.iop.org/article/10
/1748-0221/17/01/C01044

e mimepie ] Timepx2 | Timepi3 | Timepixa | Picopix

TSMC 28
2026

50

384 x 256
2.45 cm?

2 (78.5% active area)

2 (78.5% active area)

High Gain (35mV/ke")
Low Gain (20mV/ke’)

~500 e

Data-driven
(72-bit packet per pixel hit)

| ToT & TOA & hitmap |
~1KeV (FWHM Si)

~35ps (On-pixel TDC @40MHz)
1075 (326@40MHz)

1.56x10° hits/cm?/s
(@ 24-bit mode)

39 KHz/pixel (24-bit Mode)

Zero-suppressed (with pixel addr)
(Sequential R/W)

12-bits
52 kfps @102.8Gbps

~800 x 10° hits/cm?/s

<102.8Gbps
(4x @25.6 Gbps)

1W/cm? (nominal)

On-pixel clustering
On-chip time calibration
On-chip packet sorting

X. Llopart


https://www.sciencedirect.com/science/article/pii/S0168900207017020
https://www.sciencedirect.com/science/article/pii/S1350448719305165
https://iopscience.iop.org/article/10.1088/1748-0221/9/05/C05013
https://iopscience.iop.org/article/10.1088/1748-0221/17/01/C01044

