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Part 1 (Yesterday: The Electronics, signal processing)

ÅMedipixCollaborations
ÅDefinition of hybrid pixel detectors 

ÅInformation that can be extracted from the beam
ÅThe detection of a particle in a detection channel (pixel)
ÅThe number of particles deposited during a given exposure time
ÅThe energy 
ÅThe time of the interaction 
ÅType of particles
ÅAngle of incidence

ÅSignal processing: building blocks
ÅSensor
ÅFront-end amplifier: CSA vs TIA
ÅShaper
ÅNoise

ÅPractical examples: Medipix3 and Timepix4



Part 2 (Today: Hybrid Pixel Detectors for X-ray detection)

ÅClassification of detector systems: 
ÅX-ray conversion to electrical signal
ÅSignal processing
ÅGeometry

ÅThe ideal detector system

ÅLimiting factors in real systems

ÅReview of ASICs

ÅChallenges and directions

ÅSummary and conclusions

Å(Additional) Examples of digitization



Classification of detector systems: 
X-ray conversion to electrical signal
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Indirect conversion Direct Conversion

Å Visible light as an intermediate step
Å 100-1000 e- generated in the diode
Å Fill factor ~65% (0.5mm pixels) to ~80% (1mm pixels)
Å Degraded energy and spatial resolution
Å Cheaper

Å 4000-25000 e- induced (Medical radiography range) 
(reproducible)

Å 100% Fill factor

X-ray imaging technologies classification: conversion of X-rays

ὲ
Ὁ
‐

In an LYSO crystal the light 
yield is ~28k photons/MeV i.e. 
a 60keV X-ray photon 
generates ~1680 scintillating 
photons (s=sqrt(1680)~41)

In CdTe, a 60keV photon leads 
to ~13.6 ke-/h+ pairs. The Fano 
Factor is ~0.11 i.e. s~38 e-/h+ 
pairs.

Focus of this talk. But indirect conversion is being revisited for some 
applications thanks to SiPMs



Classification of detector systems: 
signal processing
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Signal processingin the readoutelectronics

ÅEnergy integration 
ÅThe signal deposited in the sensor is integrated (together with the noise)
ÅThe weight of each photon in the image is proportional to its energy
ÅThe system does not suffer from pile up 
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ÅSingle Quantum Processing
ÅSignal from each individual photon is treated on an event-by-event basis
ÅSignal attributed to a particle only when it exceeds a threshold (suppression of random 

electronics noise)
ÅPossible measurements: Count, Energy (Amplitude/ToT), Time of Arrival
ÅWith one threshold level: The weight of each photon in the image is one (photon counting) 
ÅWith multiple thresholds: Spectral imaging (energy resolved information), energy 

weighting possible
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Signal processingin the readoutelectronics



9

23-50 keV14-23 keV9-14 keV

Courtesy: S. Procz et al. FMF
Photons in different energy bins give complementary information

The importance of X-ray Photon Classification



Classification of detector direct-conversion 
Photon Counting systems: 

geometry
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X-ray imaging direct conversion detectors for CT
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Connection of the 
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material pixels to the ASIC 
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(Face-on)

Edge-on 
configuration on 
micro strips
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X-ray imaging direct conversion detectors for CT: Hybrid Pixel 
Detectors

Hybrid pixel detector (very 
fine interconnection 
<350mm)
(Face-on) 

Semiconductor 
sensor

Charged particle

20 um

55 um

Sensor

ASIC

Flip chip bonding

Picture: VTT

ÅThe sensor and the readout electronics are connected using 
fine pitch flip chip technology 

ÅFlip chip process consist of (1.) sensor and readout ASIC 
wafer bumping, (2.) dicing of wafers and (3.) flip chip bonding 
of good known dies.

ÅTin-lead or lead-free solders are commonly used 
ÅFor high-Z materials (CdTe/CZT) Indium (In) or Indium-Tin (In-

Sn) solder bumps are used



Courtesy: R. Steadman, Proc. 6th Workshop of Medical Applications of Spectroscopic X-Ray Detectors, Geneva, 2022

AMS OSRAM solution for Photon Counting: AS5920M

https://ams -osram.com/products/sensor-solutions/x-ray-sensors/ams-as5920m-photon-counting-module

Å 72x24 pixel module, 4 side buttable System-In-Package (BSIP) integrates three ICs and passive components
Å 5 thresholds/channel
Å 0.64 mW/pixel in non-paralyzablemode, 0.58 mW/pixel in paralyzablemode
Å 15 bit counter, minimum integration time ~100 ms.
Å Paralyzablemode: Maximum output count rate 15 Mcps/pixel (120 Mcps/mm2 for 25keV photons)
Å Non-paralyzablemode: Maximum output count rate 40 Mcps/pixel (320 Mcps/mm2 for 25keV photons)

Top view Bottom view

X-ray imaging direct conversion detectors for CT: connection 
through interposer
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Å 0.4x0.5mm detector element size
Å 1 detector module has 50 Si strips (edge-on-

geometry)
Å 1 strip is divided into 16 segments

Å 800 channels per module (8 thresholds/channel)
Å 1500 modules in a full system

Å Segmentation in the direction of the X -rays 
increases the maximum flux the system can deal 
with

Å Longer segments (~4.8mm) together with 
complicated wiring increase the input capacitance 
of the readout channel (~3pF)

ASIC: M. Gustavssonet al. "A high-rate Resolving Photon Counting ASIC for Spectral Computed Tomography" , IEEE Trans Nucl. Sci, Vol. 59, No. 1, Feb 2012.
Module description and characterization: C. Xu et al. "Energy resolution of a segmented silicon strip detector for photon-counting spectral CT" NIMA 715 (2013) 11ш17

30mm 
depth
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The ideal detector system
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The ideal X-ray detector

ÅDirect detection
ÅIncreased and reproducible signal, improved spatial resolution

ÅSingle quantum processing
ÅPhotons are detected and classified in a plurality of energy bins
ÅThat leads to possibility to energy weighting (optimal SNR), noise rejection, 

perfect linear behaviour

ÅZero dead time (t)
ÅLimitation of single quantum processing
ÅFor a given application t<<1/r (tis the dead time, r is the count rate and 1/r is 

the mean time between consecutive photons)
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Limiting factors in real systems
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1. Absorption efficiency
2. Fluctuations in the number 
of generated carriers
3. Charge diffusion

4. Fluorescence 5. Compton 
scattering

6. Charge 
trapping

7. 
Polarization
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Channel i

Pile-up
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8. Ballistic deficit

9. Offset mismatch, 
Gain mismatch, 
random noise and 
instabilities

10. Pulse pile-up

11. Cross-talk
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1. Absorption efficiency



Absorption efficiency (X-rays)
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ÅAbsorption efficiency is the probability that the X-ray photon will be removed from the beam in an 
absorber of a given thickness.
ÅSilicon (Z=14) ideal for charged particle detection in many applications (properties, homogeneity, 

availability, cost)
ÅHigher Z required above 20keV (unless edge on geometry is used)
ÅGe (Z=32), GaAs (Z=31,33), CdTe(Z=48,52), CdZnTe

100 ρ ρππρ Ὡ ϳ

x is the thickness

mis the linear attenuation coefficient 
(units: distance-1) (inverse of the mean 
free path)

ris the density of the material

m/ris the mass attenuation coefficient 
(units typically cm2/gr)
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3. Charge diffusion



Charge diffusion and repulsion
ÅDiffusion occurs when there are local differences of carrier concentrations 

in the semiconductor

ÅGaussian cross section of the distribution with standard deviation:
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Image: Charge density distribution (hole component) (Charges/cm3), Si sensor, deposition at 50um, 4ns and 14ns 
after conversion (Thesis L. Tlustos)

s0: primary electron range
D: Diffusion coefficient
t: time
N0qe: total charge
d: distance
E: Electric field
m: mobility
KB: Boltzmann constant
T: temperature (K)
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ÅTo reduce diffusion effects: Increase electric field, reduce the sensor thickness

https://doi.org/10.1117/12.2512531
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ÅSimulated Data

ÅSi 300mm, 55mm pixel

Å100e- r.m.s. noise

Å10keV monochromatic photon beam

ÅDistortion in the energy spectrum 

increases as the pixel pitch decreases 

with the detector thickness

ÅNote: Charge diffusion can be exploited 

to achieve sub-pixel spatial resolutions

Simulation: L. Tlustos

Charge diffusion
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4. Fluorescence



Material Z K1 [keV] L2 [keV] L3 [keV] K͈Ν[keV] K͈Ξ[keV] d͈Ν[µm] d͈Ξ[µm] ͎яӖѐ

Si 14 1.84 0.10 0.10 1.74 1.74 11.86 11.86 4.1

Ge 32 11.1 1.26 1.23 9.89 9.86 50.85 50.40 54.8

GaAs Ga, 48.20%
As, 51.80%

31
33

10.36
11.87

1.14
1.36

1.11
1.32

9.25
10.54

9.22
10.50

40.62
15.62

40.28
15.47

50.5
56.6

CdTe Cd, 46.84%
Te, 53.16%

48
52

26.71
31.81

3.73
4.61

3.53
4.34

23.17
27.47

22.98
27.20

113.20
59.32

110.75
57.85

83.6
87.3

Fluorescence yield [%]Mean free path of fluorescence photon [mm]

Energy fluorescence photons [keV]

Z

The fluorescence yield increases with the atomic number
The mean free path of the fluorescence photons is in the same order of magnitude as the pixel pitch for high-Z 
materials
Implications: degradation of the energy measurement, blur the image

26

Fluorescence
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Impact of Charge Diffusion/repulsion and Fluorescence

Simulation 80keV photons, 2mm 
CdTe, -800V, 100e- r.m.s. noise (no 
threshold dispersion, no charge 
trapping)

Charge diffusion/repulsion and 
ŉũƨŸƖĲƚĦĲŰĦĲШũĲċĬШƣŸШљĦőċƖŊĲШ
ƚőċƖŔŰŊњШƽőŔĦőШĬĲŊƖċĬĲƚШƣőĲШƚƓĲĦƣƖċũШ
response of the detector
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5. Compton 
scattering



Compton Scattering
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Assuming one Compton 
interaction in the detector

ÅA variable amount of energy transferred to the detector (partial charge deposition)
ÅThe scattered photon may be absorbed in another pixel (blurring the image)

Compton scattering is the process by which an X-ray interacts with 
a (loosely bound or free) electron, resulting in a scattered photon 
of lower energy and a recoiling electron.

q=0 q=p

Energy of the scattered gamma ray as a 
function of the angle

Energy of the recoil electron

Compton Edge (EKMAX)

photopeak
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6. Charge trapping

Structural 
defects in the 
crystal lattice
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Plot of the weighting potential in the volume

The induced charge (Q=qDj0) where Dj0 is 
the weighting potential difference from the 
end to the beginning of the carrier path

The weighting potential becomes steeper 
closer to the pixel electrode

The carrier travelling to the electrode will 
contribute more to the signal formation 

For very small pixels, the signal will be 
induced when the carrier is close to the 
collecting electrode

These conclusions are often called the small 
pixel effect.
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Example:
Electron contribution to the induced charge 
for an interaction at 1mm depth:

50% (Full planar electrode (pixel pitch>> 
sensor thickness))

~87% (2mm CdTewith 500um pixels)

~97% (2mm CdTewith 110um pixels)
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Signal induction in the pixel electrodes

Å Signal shape depends on detector 
geometry

Å Signal induction in small pixels is faster (a 
fast front end will integrate most of the 
charge)

Å Signal induction in large pixels is slower (a 
fast front end will NOT be able to integrate 
most of the charge: BALLISTIC DEFICIT)
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50mm pixel, 
1mm CdTe

500mm pixel, 
1mm CdTe

The slow hole motion towards the 
sensor back plane can be seen in the 
integral



ÅThe angle of incidence of the incoming charged particle can be measured in the Timepix3 chip based 
on the difference of time in which the signal is induced in the different pixels

35

Consequences small pixel effect

60 deg
p+ in n Si sensor, Timepix3 
500mm thick
Vbias = 130V
Colour (and diameter) indicate charge
Measured z resolution ~50mm

Measurement B. Bergmann, S. Pospisil, IEAP, CTU, Prague

ὺ ‘Ὁ
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Some parameters:
2mm thick CdTe
VBIASCdTe=450V
~86ns to travel the 2mm
Mobility (me-) ~1 103 cm2/Vs

Combining Compton Scattering and the small pixel 
effect
Single layer gamma camera using CdTeand Timepix3
EŰĲƖŊǃШƖĲƚŸũƨƣŔŸŰШы͚ШӀШΝШťĲéШċƣШΣΜШťĲéЯШΤШťĲéШċƣШΟΡΣШťĲéьШ
Time bin 1.56 ns



)
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Charge Trapping
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Trapping Length (D): mean distance travelled by the carrier before trapping or 
recombination:

Ὀ ‘†Ὁ
CZT 

e-h+ creation 
energy

4.43

m e- (cm2/Vs) 1000

m h+(cm2/Vs) 50

mte-(cm2/V) 2.2x10-2

mth+(cm2/V) 1x10-5

To minimize charge trapping:
Collect carriers more quickly
ÅReducing sensor thickness
Å Increasing field strength
ÅUsing material with higher mobility
Benefit from the small pixel effect
ÅSensor geometry with small pixels (w.r.t. sensor thickness)
ÅCollecting electrons (minimize the contribution of holes in the 

induced signal (lower mt))



Pulse pile up
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Pulse pile-up

40

m=15ms (Mean time between consecutive photons)
Gaussian shaper (s=100ns), t~300ns (@Threshold=2.5keV) (Dead time)
t/m=0.02

ÅPile-up is the overlap in the processing chain, of the signals due to two consecutive photons



41

m=3ms
Gaussian shaper (s=100ns), t~300ns (@Threshold=2.5keV)
t/m=0.1

Pulse pile-up
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m=1.5ms
Gaussian shaper (s=100ns), t~300ns (@Threshold=2.5keV)
t/m=0.2

The impact of pulse pile up is on an incorrect number of recorded photons and also a distortion in the measured 
energy spectrum

Pulse pile-up
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m=0.3ms
Gaussian shaper (s=100ns), t~300ns (@Threshold=2.5keV)
t/m=1

Pulse pile-up



Dead time models
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m: recorded rate, n: true rate, t: pulse width

ά
ὲ

ρ ὲ†

Non-paralyzable model (events that occur during the dead time of a previous event are ignored):

Paralyzable model (events that occur during the dead time of a previous event, extend the dead time duration):

ά ὲὩ

G.F. Knoll, Radiation Detection and Measurement Inc., 2000, Chapter 3.

These models represent an idealized system behaviour. Real counting systems will often display a behavior that is intermediate between these extremes. 
Assumptions: 1. events arrive following Poisson statistics with average true interaction rate n, 2. Signals are rectangle-like shaped of duration t.

ÌÉÍ
ᴼ

ὲ

ρ ὲ†

ρ

†

ρ

†

1.      2.
1. true incoming rate
2. Probability that the mean time between 2 consecutive photons is larger than the dead time (t ) 
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ÅTables are included for completeness

ÅTables report published material

ÅReported measurement values not taken as absolute values for 
comparison but should be used to identify trends and performance 
envelopes
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TABLE I 

HYBRID PIXEL DETECTOR PHOTON COUNTING CHIPS. 

Name Matrix Channel 

size 

(mm2) 

Energy 

thresholds 

Peaking 

time (ns) 

Buttable 

sides 

Tech. 

node 

Specific information Ref. 

FRIC (AGH) (1) 64 x 64 50 x 50 2 10 1 40 nm 
Prototype chip, 2x16 bit counters, 1.05V supply voltage. 2 

modes of operation: 1. High Speed and 2. High Gain 

[70] 

Medipix3 (2),(3) 256 x 256 55 x 55 2 120 3 130 nm 
Fine Pitch mode (55mm); (1) Single Pixel Mode (SPM), 

(2) Charge Sharing Correction Mode (CSM); ASIC is 

compatible with Through Silicon Vias technology (TSVs) 

[71],[52] 

Timepix3 (4) 256 x 256 55 x 55 10 bits 30 3 130 nm 
Data push mode; event-by-event energy and time 

measurement; Charge Sharing Correction possible off-chip 

[72] 

Pixirad Pixie II (5) 512 x 476 52 x 60 2 300 2 180 nm Hexagonal pixels, equivalent pixel pitch of 55.6mm [73] 

Samsung PC (6) 128 x 128 60 x 60 3 NS 0 130 nm 
On-pixel successive approximation Analog to Digital 

Converter (ADC) 

[74] 

Pixirad Pixie III (7) 512 x 402 62 x 62 2 125 2 160 nm 
Large area ASIC (31.7x25mm2), Charge Sharing 

Correction algorithm 

[75]  

Eiger (8) 256 x 256 75 x 75 1 30 3 250 nm Radiation hard electronics design [68],[76] 

PXD23K (AGH) (9) 128 x 184 75 x 75 2 48 3 130 nm  [77] 

IBEX (Dectris) 

(10),(11) 
256 x 256 75 x 75 2 NS 3 110 nm 

Radiation hard electronics design; (10) Instant Retrigger 

technology, (11) Paralyzable operation 

[64] 

UFXC32K (12) 128 x 256 75 x 75 2 40 3 130 nm  [78] 

LNPIX (13) 128 x 176 75 x 75 2 100 3 130 nm 
Designed mainly for synchrotron applications; 2x14 bit 

counters/pixel up to 70k frames per second (2 bit/pixel) 

[79] 

X-Counter PC (14) 256 x 256 100 x 100 2 NS 3 NS Charge Sharing Correction algorithm [80], [81] 

PXD18K (AGH) (15) 96 x 192 100 x 100 2 30 3 180 nm  [82] 

FPDR90 (AGH) (16) 40 x 32 100 x 100 2 28 3 90 nm Prototype ASIC [83] 

AGH_Fermilab (17) 18 x 24 100 x 100 2 48 0 40 nm 
Prototype ASIC, Charge Sharing Correction algorithm [84] 

PXF40 (18) 18 x 24 100 x 100 1 8 0 40 nm 
Prototype ASIC [85] 

Tsinghua PC (19) 32 x 32 100 x 100 2 100 3 180 nm 
 [86] 

Medipix3 (20),(21) 128 x 128 110 x 110 8 120 3 130 nm 
Spectroscopic mode (110mm pixels); (20) Single Pixel 

mode, (21) Charge Sharing Correction Algorithm; 

Compatible with TSVs 

[71],[52] 

XPAD3 (22) 80 x 120 130 x 130 2 150 3 250 nm 
 [87], [88] 

HEPS-BPIX (23)  104 x 72 150 x 150 1 20 3 130 nm 
ASIC mainly designed for synchrotron applications [89], [90] 

Pilatus 2 (24) 60 x 97 172 x 172 1 110 3 250 nm 
Radiation hard electronics design [91][92] 

Pilatus 3 (25),(26) 60 x 97 172 x 172 1 110 3 250 nm 
Radiation hard design; (25) Instant retrigger technology, 

(26) paralyzable model 

[65] 

Telesystems  (27) 40 x 40 200 x 200 4 300-500 3 250 nm 
 [93] 

Dosepix (28) 16 x 16 220 x 220 16 300 3 130 nm 
On pixel energy binning with 16 programmable digital 

thresholds 

[94] 

Actina (CEA Siemens) 

(29) 
64 x 64 225 x 225 2 20 3 NS 

ASIC used in pre-clinical prototype systems. Supports 

pile-up trigger method. 

[95][36][69] 

Hexitec (30) 80 x 80 250 x 250 14 bits 2000 3 350 nm 
Digitization of pulse amplitude off-chip with 14 bit ADC; 

ASIC compatible with TSVs 

[56] 

MC1 (Siemens) (31) 32 x 32 250 x 250 4 NS 4 NS 
Chip can be tiled on 4 sides seamlessly. ASIC pixel layout 

is designed to match the geometry of the antiscatter grid  

[37] 

D2R1 (32) 16 x 16 300 x 300 13 bits NS 2 180 nm 
Triggered readout, Multi Correlated Double Sampling 

(MCDS) 

[96] 

ERICA (33) 8 x 20 330 x 330 6 100 3 250 nm 
Digital Charge Sharing Correction Algorithm [97] 

CIX 0.2 (34) 8 x 8 500 x 250 1 NS 1 350 nm 
Simultaneous charge integration and photon counting 

measurement 

[98][99] 

Philips ChromAIX1 

(35) 
16 x 16 300 x 300 4 20 2 180 nm 

 [29] 

Ajat-0.35 (PC) (36) 32 x 64 350 x 350 1 1000 3 350 nm 
 [100],[101] 

Ajat-0.35 (ADC) (37) 32 x 64 350 x 350 64 1000 3 350 nm 
On-pixel ADC [100],[101] 

DxRay-Interon (38) 16 x 16 500 x 500 4 10 NS NS 
 [102][103] 

Ajat-0.5 (39) 44 x 22 500 x 500 2 1000-2000 3 350 nm 
 [104] 

Philips ChromAIX2 

(40) 
22 x 32 500 x 500 5 10 3 180 nm 

 [30] 

CEA-MultiX (41) 4 x 8 756 x 800 8 bits NS 2 130 nm 
On-pixel SAR ADC. Charge sharing, charge induction and 

pile-up correction 

[105][106]  

The indexes (in italics and inside curly brackets) in the table identify the chips in the following plots (they should not be confused with the references). 
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Name Max input 
count rate 

(Mcps/pixel) 

Max input 
count rate 

(Mcps/mm
2

) 

10% count 
rate deviation 

(Mcps/mm
2

) 

Dead time 
(ns) 

Electronics noise  
(e- r.m.s.) 

Energy resolution  
(FWHM) 

Power/pixel 

(mW) 

FRIC (AGH) (1) 8.5 1520 888 
50 (High 

Speed Mode) 
90 

0.71 keV @ 8 keV, Si (High Gain) 

1.13 keV @ 8 keV, Si (High Speed) 

12 (High Gain) 

18 (High Speed) 

Medipix3 (SPM) (2) 2.5 825 81.7 400 80 1.37 keV @ 10 keV, 300 um Si 7.5 

Medipix3 (CSM) (3) 0.5 165 17.2 2020 174 2.03 keV @ 10 keV, 300 um Si 9.3 

Timepix3 (4) 1.3 Ā 10
-3

 0.43 0.43 76 105 62 4.07 keV @ 59.5 keV, 300 um Si 15.2 

Pixirad Pixie II (5) 0.5 160 17.93 2000 50 1.73 keV @ 60 keV, CdTe 12.5 

Samsung PC (6) NS NS NS NS 68 NS 4.6 

Pixirad Pixie III (7) 1 260 28.88 1000 
50 (SPM)  

100 (CSM) 
2 keV @ 20 keV, CdTe 34 

Eiger (8) 4.2 750 82.88 238.1 121/160/185 NS 8.8 

PXD23K (AGH) (9) 8.55 1520 168.66 117 90 NS 25 

IBEX (Dectris) 

(Instant retrigger) (10) 
30 5300 197.33 100 90 850 eV FWHM @ 8 keV (300 um Si) 8 

IBEX (Dectris) 

(paralyzable) (11) 
10 1800 186.67 100 90 850 eV FWHM @ 8 keV (300 um Si) 8 

UFXC32K (12) 11.8 2100 220 85.03 123 NS 26 

LNPIX (13) NS NS NS NS 60 NS 37 

X-Counter PC (14) 1.2 120 13.32 833.33 NS 10 keV @ 60 keV, CdTe NS 

PXD18K (AGH) (15) 5.8 580 64.38 172.41 168 NS 23 

FPDR90 (AGH) (16) 8.55 855 94.87 117 91 NS 42 

AGH_Fermilab (17) NS NS NS NS 
84 (SPM)   

168 (CSM) 
NS 34 

PXF40 (18) 115 11600 1276.5 8.7 185 NS 105 

Tsinghua PC (19) 5 500 52.5 200 < 100 NS 40 

Medipix3 (SPM) (20) 4.55 375 21.8 220 80 1.43 keV @ 10 keV, Si 30 

Medipix3 (CSM) (21) 0.34 28 4.31 2940 174 4.4 keV @ 60 keV, 2mm CdTe 37.2 

XPAD3 (22) 2 118 12.43 500 127 2.3 keV @ 59.5 keV CdTe 40 

HEPS-BPIX (23)  5 220 24.67 200 115 NS 36.6 

Pilatus 2 (24) 6 203 22.51 166.67 123 1 keV @ 8 keV 20.2 

Pilatus 3 (instant 

retrigger) (25) 
15 507 30.02 125 123 1 keV @ 8 keV 20.2 

Pilatus 3 (paralyzable) 

(26) 
8 270 28.39 125 123 1 keV @ 8 keV 20.2 

Telesystems  (27) 0.8 20 2.22 1250 NS 4.88 keV @ 122 keV 94.4 

Dosepix (28) 1.64 34 3.76 610 150 3.12 keV @ 35 keV 14.6 

Actina (CEA Siemens) 

(29) 
40 790 87.7 25 NS NS NS 

Hexitec (30) 0.001 0.02 1.8 10-3 1 106 NS 0.8 keV @ 60 keV 220 

MC1 (Siemens) (31) NS NS 44.4 40 NS 5 keV FWHM @ 60 keV < 125 

D2R1 (32) 40 Ā 10
-6

 0.44 Ā 10
-3

 0.00 25 106 30 584 eV FWHM @ 60 keV 315 

ERICA (33) 1 9.2 1.02 1000 90 NS 150 

CIX 0.2 (34) 12 96 10.08 83.33 330 NS 3200 

Philips ChromAIX1 

(35) 
38 422 44.33 26.32 400 4.7 keV @ 60 keV 3000 

Ajat-0.35 (PC) (36) 2.2 18 1.89 454.55 NS 4 keV @ 122 keV, CdTe 390.6 

Ajat-0.35 (ADC) (37) 4.88 Ā 10
-5

 4 Ā 10
-4

 0.00 20.5 106 NS 4 keV @ 122keV, CdTe 390.6 

DxRay-Interon (38) 13.25 53 5.57 75.47 NS 7 keV @ 60 keV, CdTe NS 

Ajat-0.5 (39) NS NS NS NS NS 4.7 keV @ 122 keV, CdTe 413.2 

Philips ChromAIX2 

(40) 
42 168 17.64 23.81 260 4.8 keV FWHM @ 60 keV NS 

CEA-MultiX (41) 23 36 3.77 43.48 NS 8.5 keV @ 122 keV, CdTe 10000 
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Name Channels Sensor 

pixel (µm2) 

 

Energy 

thresholds 

Peaking time 

(ns) 

Tech. 

node 

Specific information Ref. 

Mythen II (42) 128 50 x 300 1 NS 250 nm 
Si strip readout chip, edge-on orientation, designed with 

radiation hard techniques 

[107] 

Microdose 

Mammography (43) 
NS 50 x 500 2 NS NS 

Si strip readout chip, edge-on orientation [108][109] 

Redlen module 330 (44) 864 330 x 330 6 NS NS 
Module can be tiled seamlessly on 4 sides. Sensor connected 

to readout chip through interposer. The module contains 2 

chips (i.e. 1728 pixels) 

[110] 

IDEAS (45) 64 2000 x 400 6 50 NS Optimized for Cd(Zn)Te linear sensor array [111][112] 

KTH_Lin_SPD (46) 160 500 x 400 8 10-20-40-60 180 nm 
Optimized for readout of 16-segment Si-strips oriented 

edge-on 

[33][61][34] 

Redlen module 500 (47) 864 500 x 500 6 NS NS 
Module can be tiled seamlessly on 4 sides. Sensor connected 

to readout chip through interposer. The module contains 2 

chips (i.e. 1728 pixels) 

[110] 

Hamamatsu (48) 64 800 x 500 5 NS NS Optimized for Cd(Zn)Te linear sensor array [113] 

BNL (49) 64 2200 x 700 5 40-80-160-320 250 nm Optimized for CdZnTe sensors, 9th order shaper [114] 

GE-DxRay (50) 128 1000 x 1000 2 30 250 nm 
Connected to 2-D CdZnTe by means of interposer board, 

Clinical images taken with the GE lightSpeed VCT scanner 

[103][17] 

Name Max count 

rate 

(Mcps/pixel) 

Max count 

rate 

(Mcps/mm
2

) 

10% count 

rate deviation 

(Mcps/mm
2

) 

Dead 

time (ns) 

Electronics 

noise  

(e- r.m.s.) 

Energy resolution  

(FWHM) 

Power/ 

channel (mW) 

Mythen II (42) 5.88 392 41.18 170 151 + 55.6 e-/pF NS 368.75 

Microdose 

Mammography (43) 
5.29 212 22.22 189 

200  

(without detector) 
NS NS 

Redlen module 330 (44) >50 > 500 120 12  ~7 keV FWHM @ 60 keV, CZT <2 

IDEAS (45) 4 5 0.53 250 105 + 40 e-/pF 
7 keV @ 60 keV, CdTe  

(10 pF Cin total) 
4200 

KTH_Lin_SPD (46) 272 1360 142.8 3.68 
214 @ 5pF Cin  

(40 ns pk time) 
1.09 keV @ 15 keV  80000 

Redlen module 500 (47) > 50 > 200 40 12 NS ~8 keV FWHM @ 60 keV, CZT <2 

Hamamatsu (48) 5.5 14 1.44 181.82 NS 12 keV @ 120 keV, CdTe  NS 

BNL (49) 4 6 0.58 250 
170 @ 2 pF Cin  

(40ns pk time) 

5.5 keV @ 40 ns pk time / 

2.15keV @ 320 ns pk time (4.6pF 

Cin) 

4700 

GE-DxRay (50) 11.6 12 1.22 86.21 NS 
5.8keV @ 122keV, CdZnTe (5pF 

Cin total) 
2100 

 



(1)

(2)

(3)

(5)

(7)

(8)

(9)

(10)

(11)

(12)

(14)

(15)
(16)

(18)

(19)(20)

(21)

(22)
(23)

(24)

(25)

(26)

(27)

(28)

(29)

(33)

(34)

(35)

(36)

(38)

(40)

(41)

(42)
(43)

(45)

(46)

(48)

(49)

(50)

1.0E+00

1.0E+01

1.0E+02

1.0E+03

1.0E+04

1.0E+05

0 200 400 600 800 1000 1200 1400

M
a
xi

m
u

m
 c

o
u

n
t 
ra

te
s
 (

M
cp

s/
m

m2
)

Equivalent pixel size (mm)
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The maximum count-rate corresponds to the input flux at which the output count-rate saturates (which 
corresponds, for the particular case of the paralyzablemodel, to the inverse of the dead time) 

For ASICs implementing non-paralyzabletype of behaviour, the maximum count-rate corresponds to the input 
count-rate for which the measured count-rate reaches ~95% of the asymptotic maximum. 
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Simulation 80keV photons, 2mm CdTe, -800V, 100e- r.m.s. noise (no threshold dispersion, no charge trapping)

The trend shows that reducing the pixel size 
helps dealing with higher fluxes

Large pixels provide better spectral fidelity 

Acknowledgements for simulations on sensor physics: D. Pennicard (DESY), L. Tlustos (CERN)
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In order to do spectroscopy at fine pitches a charge reconstruction and hit allocation architecture is required.
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Signal induction in the pixel electrodes (Reminder)

Å Signal shape depends on 
detector geometry

Å Signal induction in small pixels 
is faster (a fast front end will 
integrate most of the charge)

Å Signal induction in large pixels 
is slower (a fast front end will 
NOT be able to integrate most 
of the charge: BALLISTIC 
DEFICIT)

50mm pixel, 
1mm CdTe

500mm pixel, 
1mm CdTe

The slow hole motion towards the 
sensor back plane can be seen in the 
integral
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Å Signal shape depends on detector 
geometry

Å From the plot on the integrated 
charge, we calculate the maximum 
count rate, for a given pixel size, to 
integrate a given percentage of the 
charge:

Pitch T90% T97.5%

50 mm 2.4 ns 13.5 ns

300 mm 14.7 ns 38.2 ns

ÅWe assume a system in which 
T97%= tpeak and t=2tpeak (deadtime)

Å Then, the max count rate is:

(we are calculating the maximum 
count rate that ensures integrating a 
percentage of the charge)

[ ]2/
11

mmMcps
areapixelt
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The red curves indicate the maximum count rate that we would achieve if we designed the electronics system to 
integrate 90%, 95% or 97.5% of the charge
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Medipix3 110um
CSM (MBI)
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Silicon, soft X-rays, 1-2 thresholds, 
fast, material analysis, 
synchrotrons



Å 0.4x0.5mm detector element size
Å 1 detector module has 50 Si strips (edge-on-

geometry)
Å 1 strip is divided into 16 segments

Å 800 channels per module (8 thresholds/channel)
Å 1500 modules in a full system

Å Segmentation in the direction of the X -rays 
increases the maximum flux the system can deal 
with

Å Longer segments (~4.8mm) together with 
complicated wiring increase the input capacitance 
of the readout channel (~3pF)

ASIC: M. Gustavssonet al. "A high-rate Resolving Photon Counting ASIC for Spectral Computed Tomography" , IEEE Trans Nucl. Sci, Vol. 59, No. 1, Feb 2012.
Module description and characterization: C. Xu et al. "Energy resolution of a segmented silicon strip detector for photon-counting spectral CT" NIMA 715 (2013) 11ш17

30mm 
depth
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Power consumption
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ÅEdge-on configuration: An effective sensor channel is read out by 16 electronics channels
ÅInterconnection scheme adds input capacitance
ÅRequirement to achieve low minimum thresholds to account for primary Compton interactions to improve 

the detection efficiency



Challenges and directions: ASICs for imaging
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Simulation 80keV photons, 2mm CdTe, -800V, 100e- r.m.s. noise (no threshold dispersion, no charge trapping)
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Maximum count rates (Mcps/mm2) vs pixel size (mm)

Medipix3

Area to explore:
Å Small pixels for high 

spatial resolution (key 
even in CT) 

Å In pixel intelligence (to 
deal with charge 
sharing but also to 
extract relevant 
information e.g. 
entrance point for e-)

Å Benefits from vdsm
CMOS



TSVs for large seamless detection areas
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A Through Silicon Via (TSV) is a vertical electrical connection that allows to create 3D 
integrated circuits (Denser / more compact / shorter interconnects (i.e. faster))

64Gb DDR4 DRAM 3D, Samsung 
(2015)



TSVs

61

A Through Silicon Via (TSV) is a vertical electrical connection that 
allows to create 3D integrated circuits (Denser / more compact / 
shorter interconnects (i.e. faster))

TSVs allow the design of more compact systems without wire bonds towards 
large and seamless detection systems.
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Challenges and directions: ASICs for tracking
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Plot: Bubble size: Number of pixels

Chip output data

Thoughts on how to handle the large amounts of data are required.
A processor in the chip could be programmed/trained to identify cluster shapes and extract the important 
information for the user
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The ASIC ability to deal with larger fluxes in data driven architectures is increasing, 
thanks to architectural improvements and advances in microelectronics



Summary and conclusions
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There is a trade-off between spectral fidelity 
(requires large pixels) and count rate 
capability (requires small pixels)

Acknowledgements for simulations on sensor physics: D. Pennicard (DESY), L. Tlustos (CERN)
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In order to do spectroscopy at fine pitches a charge 
reconstruction and hit allocation architecture is required
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Segmenting in an edge on geometry also helps 
dealing with high fluxes (at the penalty of increased 
power consumption)
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The sensor geometry (detector thickness to 
pixel pitch) has an impact on the speed at which 
the signal from the sensor is delivered to the 
electronics (not applicable to geometry in 46)
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Feature Medipix3RX (2011) Medipix4 (2022)
Technology 130 nm + 8 metals 130 nm + 9 metals
Pixel pitch (µm) Fine pitch mode: 55 mm

Spectroscopic Mode: 110 mm
Fine pitch mode: 75 mm
Spectroscopic Mode: 150 mm

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 (cm2) 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 Single Pixel Mode (SPM) / Charge 
Summing Mode (CSM)

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

Energy Resolution (measurement, 
preliminary)

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

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 1 SPMa+ 7 CSM
Pixel counters in SRW, Fine Pitch 
Mode (bit depth)

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

Pixel counters in SRW, 
Spectroscopic Mode (bit depth)

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

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

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

Pixel counters in CRW, 
Spectroscopic Mode (bit depth)

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

Area increases 
x1.86

DR increases x1.36

CR increases x4.3

3+ CSM thresholds

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



Timepix Timepix2 Timepix3 Timepix4 Picopix
Tech. node (nm) IBM 250 TSMC 130 IBM 130 TSMC 65 TSMC 28

Year 2006 2018 2013 2019 2026

Pixel sixe ( m͓) 55 55 55 55 50

# pixels (x x y) 256 x 256 256 x 256 256 x 256 448 x 512 384 x 256

Sensitive area 1.98 cm2 1.98 cm2 1.98 cm2 6.94 cm2 2.45 cm2

Number of sides for tiling using WB 3 (87.1% active area) 3 (85.6% active area) 3 (86.7% active area) 2 (93.7% active area) 2 (78.5% active area)

Number of sides for tiling using TSV No TSV ready 3 (85.6% active area) 3 (91.6% active area) 4 (99.3% active area) 2 (78.5% active area)

Front-end
positive (h+) Gain (16mV/kh+)

(Volcano >0.8MeV/pixel)
High Gain (25mV/kh+)
Logarithmic Gain (19mV/kh+)

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

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

negative (e-) Gain (16mV/ke-) High Gain (25mV/ke-) High Gain (45mV/ke-) High Gain (35mV/ke-)
Low Gain (20mV/ke-)

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

Minimum detectable charge ~750 e- ~600 e- ~500 e- ~500 e- ~500 e-

O
pe

ra
tio

n 
M

od
es

Tracking
(Event arrival time 
and/or energy)

Readout Full Frame-based
(Sequential R/W)

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

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

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

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

Event Data TOT or TOA TOT and TOA; TOT or TOA TOT & TOA TOT & TOA TOT & TOA & hitmap

TOT energy resolution <3keV (FWHM Si) ~0.75keV (FWHM Si) ~2KeV (FWHM Si) ~1KeV (FWHM Si) ~1KeV (FWHM Si)

TOA bin size 10ns (@100MHz) 10ns (@100MHz) 1.56ns (On-pixel TDC @40MHz) 195ps (On-pixel TDC @40MHz) ~35ps (On-pixel TDC @40MHz)

TOA dynamic range 118.1µs (@100MHz) 2.62ms (@100MHz) 409.6µs (14b@40MHz) 1.63ms (16b@40MHz) 107s (32b@40MHz)

Max Rate <1x106 hits/cm2/s 
(with 300µs readout dead time) <1x106 hits/cm2/s 43x106 hits/cm2/s 358x106 hits/cm2/s 1.56x109 hits/cm2/s

(@ 24-bit mode)

Max Pix Rate 33 Hz/pixel 33 Hz/pixel 1.3 KHz/pixel 10.8 KHz/pixel 39 KHz/pixel (24-bit Mode)

Imaging
(Event counting)

Readout Full Frame-based
(Sequential R/W)

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

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

Full Frame-based
(Continuous R/W)

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

Counter depth 14-bits 10-bit or 14-bit Counting(10-bit) or iTOT (14-bit) 8-bits or 16-bits 12-bits

Frame rate 100 fps @1x100Mbps 
3.2 kfps @32x100Mbps

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

1.62 kfps @48-bit 8x640Mbps 89.2 kfps @8-bit 16x163Gbps
44.8 kfps @16-bit 16x163Gbps 52 kfps @102.8Gbps

Max Count Rate ~35 x 109 hits/cm2/s ~35x 109 hits/cm2/s ~82 x 109 hits/cm2/s ~800x 109 hits/cm2 /s ~800x 109 hits/cm2 /s 

Maximum Readout bandwidth 3.2Gbps 
(32 x 100MHz)

3.2Gbps 
(32 x 100MHz)

ӅΡЮΝΞ]Ĥps
(8x SLVS@640 Mbps)

ӅΝΣΟЮΥΠ]ĤƓƚШ
(16x @10.24 Gbps)

ӅΝΜΞЮΥ]ĤƓƚШ
(4x @25.6 Gbps)

Power consumption 330mW/cm2 (nominal) 450mW/cm2 (nominal)
165mW/cm2 (low power mode)

625mW/cm2 (nominal)
108mW/cm2 (low power)

700mW/cm2 (nominal)
200mW/cm2 (low power) 1W/cm2 (nominal)

Other Out of production
On-pixel clustering
On-chip time calibration
On-chip packet sortingPaper https://www.sciencedirect.com/scien

ce/article/pii/S0168900207017020
https://www.sciencedirect.com/science/arti
cle/pii/S1350448719305165

https://iopscience.iop.org/article/10.10
88/1748-0221/9/05/C05013

https://iopscience.iop.org/article/10
.1088/1748-0221/17/01/C01044

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
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Digitization methods
ÅOn-pixel 
ÅFlash ADC (e.g. ChromAIXchips)
ÅSAR ADC (e.g. CEA-Multix)
ÅRamp-compare ADC (e.g. Ajat-0.35)
ÅTime-Over-Threshold (e.g. Timepix3)

ÅOther
ÅDigitization off-pixel (e.g. Hexitec)
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Digitization techniques: flash ADC
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ÅдЮÉƣĲċĬůċŰеЮџChromAIX: A high-rate energy resolving photon-ĦŸƨŰƣŔŰŊЮ Éf9ЮŉŸƖЮÉƓĲĦƣƖċũЮ9ŸůƓƨƣĲĬЮÑŸůŸŊƖċƓőǃѠЮÂƖŸĦдЮÉÂfEЮΪΩΥΥеЮΪΩΥΥΥΣш762228 (2010).

Å ChromAIX1 (published 2010)
Å 8x16 pixels (300mm pitch), 0.18mm CMOS
Å 4 energy thresholds, 20ns peaking time
Å Flash (parallel) ADC, applications for large bandwidth, high power 

consumption



Å ChromAIX2 (published 2017)
Å 22x32 pixels (500mm pitch), 0.18mm 

CMOS (large area coverage)
Å 5 energy thresholds, ~10ns peaking 

time, ~23.5ns dead time @25keV 
Threshold

Å 260e- rms noise

84

џÑőĲЮĦőŸŔĦĲЮŸŉЮΨЮĲŰĲƖŊǃЮƣőƖĲƚőŸũĬƚЮƣőĲƖĲŉŸƖĲЮċĬĬƖĲƚƚĲƚЮƣőĲƚĲЮŰĲĲĬƚЮёƚĲƓċƖċƣĲЮƓőŸƣŸ-
electric, Compton and K-ĲĬŊĲЮёŸƖЮĦŸŰƣƖċƚƣЮċŊĲŰƣƚђђЮƽŔƣőЮƚŸůĲЮċĬĬŔƣŔŸŰċũЮǰĲǂŔĤŔũŔƣǃеЮŉŸƖЮ
example allowing the use of the 5th threshold as a measure of pile-ƨƓдЮџ
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Measured count rate vs input count rate 
(Mcps/pixel)

ChromAIX2 ASIC on 
evaluation PCB
(3 side buttable design)
500mm pixel pitch

Spectrum measured with a 241Am 
source
(threshold scan)

42Mcps/pixel 
(168Mcps/mm2)

15.45Mcps/pixel (61.8Mcps/mm2)

ChromAIX1 ASIC on 
evaluation PCB
(2 side buttable design)
300mm pixel pitch

Measured count rate vs input count rate 
(Mcps/pixel) Spectrum measured with a 241Am 

source
(threshold scan)

8.82keV FWHM CdTe
~14.7% FWHM

13.5Mcps/pixel (150Mcps/mm2)

38Mcps/pixel 
(422Mcps/mm2)

This example illustrates how the pixel size is related to (1) the ability to process high fluxes and (2) the spectral fidelity
Low energy tail due to ballistic deficit.

3 mm 
thick CdTe

2 mm 
thick CZT



Digitization techniques: Time-over-Threshold (ToT)
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Time-over-Threshold (ToT) digitization

VTH

ToT = 29 clock cycles

Clock

V

t

ToT = 16 clock cycles

Preamplifier 

output

Discriminator 

output

72

Dependence of the Time over Threshold (ToT) on the 
particle energy. The dependency is modelled by a 
surrogate function f that depend on 4 parameters.

J. Jakubek, Nuclear Instruments and Methods in Physics Research A 633 (2011) S262шS266



Time-over-Threshold digitization: Timepix3 chip
Å Developed in the framework of the Medipix3 collaboration

Å 256x256 pixel matrix, 55x55mm2 pixels
Å CMOS 0.13mm technology

Å Simultaneous measurement of Time and Energy per event with a data driven 
readout

Å No frames but continuous data stream. Every event consists of 
Å 16 bits address
Å 18 bits Time (1.56ns resolution)
Å 10 bits Energy 

Å Maximum hit rate of 0.4 106 hits/s/mm 2

Å Impact of charge diffusion/fluorescence can 
be compensated by offline processing, sub-pixel 
resolution possible

T. Poikela et al. "Timepix3: a 65K channel hybrid pixel readout chip with simultaneous ToA/ToTand sparse readout" JINST 9 C05013, 2014. 88



ToTdigitization: Timepix3 chip

89T. Poikela et al. "Timepix3: a 65K channel hybrid pixel readout chip with simultaneous ToA/ToTand sparse readout" JINST 9 C05013, 2014.


