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Abstract 
Medipix4 is the latest member in the Medipix/Timepix family of pixel detector chips aimed at high rate spectroscopic X-ray imaging 
using high-Z materials. The chip address the limitations of conventional hybrid pixel detectors for X-ray imaging. Its predecessor, 
Medipix3RX, covered some of those limitations and demonstrated the possibility of spectroscopic X-ray imaging at a fine pitch while 
keeping the spectral fidelity using a charge-sharing correction algorithm. However, its use in medical imaging, synchrotron applica-
tions, material analysis, and other applications highlighted some limitations. Indeed, the 3-side buttable architecture in Medipix3RX 
and other actual X-ray imaging systems introduces a dead zone in the imaging that closes the door to constructing large-area detec-
tors. Moreover, the improvement in the dynamic energy range, the count-rate capability, and the energy resolution will benefit those 
applications. 

This thesis describes the Medipix4 chip implementation and discusses the proposed new pulse processing electronics in the analog 
pixel. The readout architecture relies on single photon counting with charge sharing correction for the energy binning of incoming 
hits. The chip consists of 320 x 320 pixels of 75 µm x 75 µm. It can work in Fine Pitch Mode (FPM) with 75 µm pixel pitch and two 
threshold bins per pixel or in Spectroscopic Mode (SM) with 150 µm pitch and up to eight energy threshold bins. Unlike its predeces-
sor, Medipix3RX, it will be possible to tile the ASIC fully in both x and y directions, permitting seamless large area coverage. The chip 
size is 24 mm x 24 mm and covers 99.37% active area when using TSV connections only. 

The ASIC is designed in a commercial CMOS 130 nm process technology with a power supply of 1.2 V. The new analog front-end 
architecture improves the energy dynamic range, the count-rate capability, and the energy resolution compared with Medipix3RX 
while the charge sharing correction is still supported. Those improvements come at the expense of power consumption and spatial 
resolution. The latter should not be a problem since studies have shown that the optimal pixel pitch for CdTe or CdZnTe should be 
slightly larger than the Medipix3RX pixel in order to account for a larger fraction of fluorescence photons. 

Each analog pixel contains a Charge Sensitive Amplifier with a DC leakage compensation network up to 50 nA. Two pulse-shaping 
circuits in the second stage implement the charge sharing correction mode. The new shaper amplifier has a reduced baseline drift at 
high flux compared to the amplifier implemented in the previous Medipix/Timepix chips. The implemented ASIC has three modes of 
operation: High Dynamic Range Mode (HDRM), Low Noise Mode (LNM), and Ultra-Fast Mode (UFM). In HDRM, the chip can process 
X-ray photons with energies up to 154 keV with a CdTe sensor, implying 40% improvement compared to Medipix3RX. In LNM, the 
expected energy resolution has been improved by 55 %. In UFM, the post-layout simulated count-rate capability of the front-end is 
19 x 106 photons.mm-2.s-1 at 10% hit loss for a 150 µm pixel pitch and not affected by charge sharing effect, showing an improvement 
by a factor of 5. In addition, the pixel includes a digital pile-up filtering method that improves spectral fidelity at high rates. 
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Figure 3.7. The process flow of a solder bumping process using the electroplating technique [33], [34]. 

The sensor wafer is diced prior to being bonded to a readout die. Prior to bump deposition, the CMOS ASIC wafer is probed and the 
good dice are identified. Next, the ASIC readout and the semiconductor sensor are aligned using flip-chip bonder equipment. Finally, 
the leveling of both parts is done using an optical autocollimator. The disadvantage of this electroplating for UBM and solder bump 
deposition is the high cost for low-volume fabrication. An alternative for a low-cost bump bonding solution is the electroless UBM 
deposition and solder bumps transfer techniques described in [35]. Figure 3.8 illustrates the placement of 40 µm solder balls on the 
Timepix chip using the electroless UBM deposition. Solder balls are placed at 110 µm pitch. One advantage of hybrid detectors is to 
allow different sensor pitch sizes for the same readout ASIC. 

 

Figure 3.8. Scanning Electron Microscopy (SEM) picture of the deposition of 40 µm solder bumps on a 110 µm pitch Timepix having UBM pads [35]. 

3.3 Readout electronics for X-ray imaging 

3.3.1 Quantum processing in pixels 

We have discussed about the interaction of a charged particle or photon in the sensor volume that generates electron-hole pairs that 
drift towards the collection electrode following the electrical field lines. The signal induced from the movement of carriers in the 
sensor is small (around a few thousand electrons) and with a short collection time (few ns). The signal generated at the input of the 
readout pixel can then be represented as a Dirac current impulse, and the processing of this signal by a dedicated readout electronics 
gives the total deposited charge [11] [26]. Figure 3.9 illustrates the processing of the induced signal by the analog processing elec-
tronics within the pixel. A radiation sensor is modeled as a current source, IIN, with a Dirac temporal response. The induced current 
is connected in parallel with the detector capacitance of the sensor, which is of the order of 100 fF for segmented pixel detectors. In 
addition, a DC current source models the leakage current coming from the sensor material, which is around 300 pA for silicon sensors 
and can reach a few nA for high Z-materials like CdTe. A preamplifier called Charge-Sensitive Amplifier (CSA) amplifies the bare small 
signal. Then, some front-ends require a shaper circuit to optimize the signal-to-noise ratio. The output signal of the shaping circuit is 
fed to a comparator that converts the analog into a digital signal for further processing by the digital pixel.  
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energy if an event comes very close to its predecessor. The ASIC is also dealing with high count-rates by using the mechanism of 
digital peak detectors. When a first peak is detected and the pulse peak is passed, the filters in the front-end are reset, bringing the 
baseline to the original point. This is done by shorting the capacitor in the filter to the reference baseline voltage. A new event can 
be processed without falling on the tail of the first event. 

 

 

Figure 3.25. Signal waveforms explaining the procedure for detecting a pulse (left) and filter reset mechanism (right) [60]. 

Figure 3.25 illustrates the working principle. Multiple thresholds are set to detect the incoming event. In this case, only the counter 
associated comparator 3 is incremented. The scheme to capture pile-up events is presented in the right plot. The blue dashed lines 
represent the incoming photons very short in time, leading to pulses pile-up as shown in the dotted green line. The reset mechanism 
permits capturing the events, even a tiny pulse (third event) coming after a strong pulse (second event). However, the mechanism 
cannot detect peak pile-up events, for which the coincidences of the events happen around the rising edges.  

3.4 Summary 
This chapter gives an overview of the hybrid pixel detector technology. The electron-hole pairs generated from a photoelectric effect 
drift towards the collection electrode while the charges also spread out upon diffusion. The motion of the charge carriers induces a 
small input current in the readout pixel, which is processed by the analog processing circuitry before fedding the digital pixel. Some 
limitations in the sensor material and the readout electronics must be considered when designing a hybrid detector. The absorption 
efficiency of the silicon may limit some applications; high-Z materials offer an extended efficiency for capturing high-energy photons. 
However, high-Z materials create multiple challenges in a hybrid pixel detector. Due to impurities, the charge trapping/recombination 
in the compound materials leads to a reduction of the signal induced in the collection electrode. The characteristic fluorescence 
photons generated in the high-Z materials travel away from the initial impact point before depositing their energy. This leads to an 
incomplete charge integration by a single pixel and the possibility to detect multiple hits for a single photon. The latter can be solved 
by increasing the collection area of the sensor, but this does not help when dealing with high flux, increases the electronic noise, and 
are more susceptible to trapping. In addition, larger pixels have a wider induced current pulse response than small pitch pixels and 
enter in ballistic deficit if the signal peaking time is shorter than the sensor-induced signal time.  

On the other hand, an increase in segmentation allows for a better spatial resolution, lower electronic noise, and high count-rate 
capability at the penalty of degraded energy resolution due to charge diffusion and fluorescence photon effects. In addition, the 
designer can take advantage of the small pixel effect by minimizing the pixel pitch for the sensor thickness. Indeed, small pixels permit 
to decrease the time duration of the induced signal at the readout input and minimize the loss by a ballistic deficit. Moreover, the 
small pixel effect permits minimizing the contribution of the induced current coming from the holes, which are more subject to charge 
trapping due to lower mobility than electrons. Unfortunately, small pixels are subject to charge sharing due to the charge diffusion 
and the drift motion. The charge sharing between pixels leads to a distortion of the measured energy spectrum. Chapter 4 and Chap-
ter 5 cover the Medipix and Timepix family of hybrid pixel detectors. Through the different iterations, those ASICs address the limi-
tations highlighted in this chapter.  
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Table 4-3 summarizes the performances of the Medipix2 chip. 

Technology IBM 0.25 µm CMOS technology 
6 metal layers 

Pixel size 55 x 55 µm² 
Number of pixels 256 x 256 
Sensitive area 1.98 cm² 
Equivalent Noise Charge ~ 140 e¯ 
Dynamic range Up to 100 ke¯ 
Count-rate Up to 35 x 106 photons.mm-2.s-1 
Threshold spread before equalization 500 e¯ r.m.s. 
Threshold spread after equalization 100 e¯ r.m.s. 
Number of thresholds 2 
Counter-depth 14 bits 
Matrix arrangement 3-side buttable 
Main functions Imaging using single-photon counting  

Table 4-3: Summary of the measured performances of Medipix2 chip. 

4.3 Medipix3: Spectroscopy imaging with charge sharing correction 

4.3.1 Charge sharing correction method 

Scaling down the pixel size permits an excellent spatial resolution and high count-rate capability per pixel. However, the charge 
sharing between the adjacent pixels becomes the limiting factor in the performance of the detector. Indeed, without further correc-
tion, the charge diffusion distorts the measured energy spectrum [10] [11].  

A method for correcting the charge sharing between pixels is proposed in [86]. The charge is summed in every 2 x 2 cluster of pixels 
for each incoming event, and the hit is allocated to the pixel having collected the most charge deposit. The architecture must imple-
ment those two separate functions in parallel. Figure 4.6 illustrates a charge deposition at the edge of four pixels. The steps for 
determining the winner among the four pixels are [85], [87]: 

Step 1: Local threshold TH_LOCAL is applied to all pixels. 

Step 2: An arbitration circuitry determines the pixel having collected the highest charge and suppresses the pixels with a lower signal. 
This is possible using the Time-over-Threshold information.  

Step 3: The sum is reconstructed in a parallel process using an analog summing circuitry. Each pixel sums its own contribution, and 
the pixel's contribution is on its right, top, and top-right. 

Step 4: The winner pixel checks the adjacents summing circuitries if at least one of them exceeds the threshold set for the summing 
signal: TH_SUM. In this case, the counter associated with TH_SUM is incremented.  
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column for readout. During this operation, the pixel does not count the incoming photons. A dead-time-free operation is possible 
when configuring the pixels in CRW. The 24-bit registers available in the digital circuit for counting are split into two 12-bit counters. 
During the readout of one of the 12-bit registers, the other 12-bit register counts the number of pulses of the comparator. However, 
only one threshold can be read out at a time in this mode of operation. 

The chip is the first large chip implemented for the High Energy Physics community using the 130 nm CMOS process. Some non-
desirable effects were found with measurements. Some pixels have their thresholds values varying with time; the effect was similar 
to Random Telegraph Noise (RTS). The origins of this RTS noise effect are damage in the thin gate oxide (around 2 nm for the 130 nm 
process) and the large number of target transistors (65000 elements) connected to each global DAC [5].  

 

 

Figure 4.8. Block diagram of the pixel cell in the Medipix3 chip. The analog pixel contains a CSA followed by a first-order semi-gaussian shaper, 
then a current comparator. The communications between neighboring pixels permit correct the charge sharing between pixels. The digital circuitry 
contains two 12-bit counters, an arbitration circuitry, and some control logic [85].  

A redesign of the chip called Medipix3RX solves the RTS noise effect by implementing a tie-down diode at Metal 1 at the gate of each 
target transistor [5]. The allocation of the hit for the charge sharing correction algorithm is slightly modified due to the misassignment 
of hits due to large pixel-to-pixel variation [92]. A new charge summing process and hit allocation are proposed by simulating the 
charge sharing along the threshold dispersion effects observed in Medipix3 [92]. The pixel having collected the largest local charge 
deposition is the winner pixel in the new scheme. The block diagram is shown in Figure 4.8. In addition, a new design approach using 
standard cell library permitted precise simulations of the full readout architecture in Medipix3RX [5]. 
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The performances of the redesigned chip are presented in Table 4-4, and more details about the pixel architecture can be found in 
[87]. 

Technology 130 nm CMOS technology 
8 metal layers 

Pixel size FPM 
SM 

55 x 55 µm² 
110 x 110 µm² 

Number of pixels FPM 
SM 

256 x 256 
128 x 128 

Sensitive area 1.98 cm² 
Equivalent Noise Charge 
[e¯] r.m.s. 

FPM-SPM 
FPM-CSM 
SM-SPM 
SM-CSM 

72 | 80 | 93 |100 (4 gain modes) 
148 | 174 | 201 | 233 
> 72 | 80 | 93 |100 
> 148 | 174 | 201 | 233 

Dynamic range [ke¯] 5 | 9 | 12.5 | 18 
Count-rate (10% dead time loss)  
[Mphotons.mm-2s-1] 
60 keV input / Vth = 30 keV 

SM-CSM 4.3 

Energy resolution with input 
60 keV source [keV] 

SM-CSM 4.4  

Number of thresholds FPM-SPM 
FPM-CSM 
SM-SPM 
SM-CSM 

2 
1 SPMa + 1 CSM 
4 
1 SPMa + 4 CSM 

Matrix arrangement 3-side buttable 
Pixel counters in SRW FPM-SPM 

FPM-CSM 
SM-SPM 
SM-CSM 

2 x 1,2,6, 12 or 1 x 24 bit 
2 x 1,2,6, 12 or 1 x 24 bit 
8 x 1,2,6, 12 or 4 x 24 bit 
8 x 1,2,6, 12 or 4 x 24 bit 

Pixel counters in CRW FPM-SPM 
FPM-CSM 
SM-SPM 
SM-CSM 

1 x 1,2,6 or 12 bit  
1 x 1,2,6 or 12 bit  
4 x 1,2,6 or 12 bit  
4 x 1,2,6 or 12 bit 

Table 4-4: Performances of the Medipix3RX chip. 

4.3.3 Applications using Medipix3 

The charge summing correction algorithm, along with the high programmability per pixel, makes Medipix3RX suitable for many ap-
plications. For instance, synchrotron applications benefit from the high speed and the readout dead-time free operation of the ASIC. 
The high count-rate capability and the spectroscopic measurement using four thresholds per pixel benefit spectral CT imaging. MARS 
Bioimaging (MBI) was founded in 2007 for commercializing the Medipix3RX technology for human clinical imaging [93]. Figure 4.9 
shows the color imaging of a wrist of a human subject using the MARS detector [94].    

Some other applications using the Medipix3RX as readout systems are listed in Table 4-5. The number of readout chips and the 
material used for the sensor are indicated. 

Applications Medipix3 Detector Publications 
Electron microscopy 1 Si sensor 300 µm [h+] [95] 
Non-destructive material analysis 1 Si sensor 300 µm [h+] [96] 
Spectroscopic CT imaging 5x1 CZT sensor 2 mm [e-] [97] [93] 
Low dose mammography imaging 1 CdTe sensor 1 mm [e-] [98] 
Synchrotron imaging 6x2 

1 
CdTe sensor 1 mm [e-] 
Si sensor 300 µm [h+] 

[99] 
[100] 

Study of sensor materials 1 GaAs sensor 500 µm [e-] [101] 
Dosimetry 1 Si sensor 500 µm [h+] [102] 
X-ray diffraction 3 x (2 x 8) Si sensor 300 µm [h+] [103] 
Radiation monitoring 1 Si sensor 300 µm [h+] [104] 
Particle tracking at the CERN SPS experiment 1 Si sensor 300 µm [h+] [105] 

Table 4-5: Some applications using the Medipix3 readout. 
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Figure 4.9. Color X-ray imaging of a wrist of a subject was obtained from the MARS detector using Medipix3RX as a readout system [97]. The bone, 
soft tissues, and metallic watch are identified. 

4.3.4 Limitations of Medipix3RX and ideas for the design of Medipix4 
In this section, the limitations of the Medipix3RX chip are discussed, and the motivations for the design of Medipix4 are explained. 
Many ideas were studied during the thesis to improve the limiting performances of Medipix3RX, but not all of them were finally 
implemented. The implementation of the Medipix4 chip and the design of the front-end pixel will be discussed in the last part of this 
thesis. 

4.3.4.1 3-side buttable chip 
 

Synchrotron and spectroscopic X-ray applications may potentially benefit from the possibility of achieving large sensitive areas with 
seamless integration. However, the traditional 3-side buttable architecture like in Medipix3RX contains a dead region in one edge 
where the wire bond pads connections and the peripheral circuit are located. This 3-side buttable configuration allows tiling of Ap-
plication-Specific Integrated Circuits (ASICs) on three sides but limits their extension in the fourth direction. A new strategy has been 
adapted for the design of Timepix4 and Medipix4 to suppress the dead region at the edge and thus allowing the tiling of the ASICs 
seamlessly in both x and y directions. This 4-side buttability has been possible with the development of TSV (Through Silicon Via) 
technology. This process allows a 3D integration using the vertical axis for component integration [106]. The Input/Output connec-
tions can be made using the backside of the ASIC. 

 

Figure 4.10. Process flow for the TSV last technology [106]. 

The process flow for the 3D integration using the TSV last technology is summarized here and illustrated in Figure 4.10, and a more 
detailed description can be found in [106]: 
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Figure 4.12. the measured spectrum of a 60 keV input source on a 2 mm thick CdTe sensor using Medipix3RX in SPM (blue) and CSM (red) [109]. 

That is the reason why a pixel pitch of 75 µm is chosen for the readout pixel of Medipix4, allowing a larger collection area of 300 x 
300 µm² in SM-CSM. 

4.3.4.3 Limited dynamic range 
 

Medipix3RX has a linear dynamic range of up to 100 keV with a CdTe sensor. Some applications like medical X-ray imaging require a 
good linearity for Medipix4 up to 160 keV. 

Using passive components to set the gain of the pixel is the most robust and reliable solution compared to active components. Indeed, 
the gain of the analog pixel in Medipix3RX is determined by the transconductance value of the input transistor in the semi-gaussian 
shaper illustrated in Figure 4.13 [11]. The current flowing in the shaper is a critical parameter determining the gain of the pixel. That 
means a good matching in the current of the shaper is required to minimize the pixel-to-pixel gain variation. 

 

Figure 4.13. Semi-gaussian shaper implemented in the analog pixel of Medipix3RX [11]. 
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4.3.4.4 Limited count-rate capability 
  

Some applications like Computed Tomography (CT) or X-ray applications in synchrotrons require a very high count-rate capability of 
the pixel detector [110]. The users of Medipix3RX highlighted that a factor four improvement in the count-rate would bring many 
benefits in the future for clinical imaging. However, the count-rate is inversely proportional to the area of the pixel sensor [12]; the 
increase of the pixel size from 55 µm to 75 µm does not help to improve the count-rate capability. 

However, the increase in the pixel size allows the implementation of more complex circuitry including a pole-zero-cancellation using 
passive components. The undershoot produced by the differentiation of the slow decay of the CSA in the shaper can be suppressed 
using an accurate pole-zero cancellation. The semi-gaussian shaper used in the pixel for Medipix3RX shown in Figure 4.13 has the 
advantage of using only a few transistors to implement the shaping of the signal and to generate copies for the charge-sharing algo-
rithm. Nevertheless, it has the disadvantage of inducing a baseline drift for high flux applications due to AC coupling between the 
shaper and the CSA. The pole-zero cancellation implemented in the shaper for Medipix3RX must be carefully set to match its zero to 
the pole in the CSA, which depends on the current Ikrum. 

Moreover, the peaking time of the output signal of the front-end in Medipix3RX is around 110 ns [11]. The transconductance values 
for the input transistors in the shaper are limited to two values for a given current in the shaper. The implementation of a configurable 
shaping time for the shaper in Medipix4 will permit the improvement of the count-rate capability per pixel. 

4.3.4.5 Energy resolution 
 

The energy resolution measures the ability of a pixel detector to separate two peaks close in energy. The energy resolution for the 
Medipix3RX has been measured in [109] [54] using a 60 keV input photon with a 110 µm pixel pitch and in Charge Summing Mode. 
The energy spectrum has an FWHM of 4.4 keV. Material identification and CT imaging applications will benefit from Medipix4 by 
improving the energy resolution of the system by a factor of two compared to Medipix3RX.  

The pixel-to-pixel threshold variation is one of the sources of degradation in the energy resolution. The threshold variability comes 
from the offset and gain mismatch in the analog processing circuitry. When setting the threshold well above the background noise, 
the pixel-to-pixel gain mismatch has an important impact on the energy resolution. The gain mismatch affects a charge shared and a 
non-charge shared hit differently [108]. By simulating the energy spectrum of a 60 keV monochromatic input source added to a 
readout electronic noise of 100 e-, an offset dispersion of 100 e- rms, and a gain mismatch of 3% rms, the energy resolution is esti-
mated to 4.4 keV in FWHM. The simulated spectrum in Figure 4.14 matches the measured performances of Medipix3RX. By decreas-
ing the gain mismatch to 1 % rms, the FWHM of the energy spectrum is reduced to 2.05 keV, as is shown in Figure 4.15. 

 

Figure 4.14. The energy spectrum of a 60 keV monochromatic source, adding the readout noise of 100 e¯ rms, the offset mismatch of 100 e¯ rms 
and the gain mismatch of 3%. The energy spectrum has a FWHM of 4.47 keV [108]. 
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Figure 5.2. Block diagram of the Timepix pixel cell [37]. 

 

Figure 5.3. Illustration of the working principle of the different modes of operation in Timepix chip. The chip can be configured in (a) Particle 
Counting mode (PC), (b) Time of Arrival mode (TOA), and (c) Time over Threshold mode (TOT) [113]. 

5.1.2 Some applications 

Detectors with the Timepix readout have become widely used in multiple applications [5]. This is because Timepix chips can read out 
the signals from semiconductor radiation detectors, and they can read out the signals from detectors like Gas Electron Multipliers 
(GEMs) or Micro Channel Plates (MCPs). Timepix chips have been assembled with a miniaturized USB readout system, and are de-
signed to be user-friendly, which facilitates the use of Timepix chips in many applications [114]. Some applications are listed in Table 
5-1; the semiconductor material and the number of readouts are indicated.  
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Figure 5.12. Tracks created by Si28 ions detected using Timepix2 readout bonded to a 500 µm thick silicon sensor and operated at a bias voltage of 
100 V. The tracks are shown with the Fixed Gain Mode on the left, and using the Adaptive Gain Mode on the right  [158]. 

5.4 Timepix4 

5.4.1 Motivation and architecture 

5.4.1.1 Motivaton 
 

One of the main limitations in Timepix3 is the limited data throughput of 80 Mhit/s per chip, which gives 40 Mhit/s/cm². The rate can 
be improved by reducing the number of bits per pixel (28 bits for Timepix3), reducing the dynamic range for the TOT and TOA meas-
urement. The other solution is to increase the output bandwidth, which is limited to 5.12 Gbps. In the latter solution, the number of 
I/O pins must be increased for the readout using parallel links. Another limiting factor is the dead area due to the peripheral control 
blocks and I/O connections preventing the construction of large-area detectors. Therefore, the Medipix4 Collaboration proposed the 
design of Timepix4, which is a 4-side tillable large single threshold particle detector chip, with an improved energy and time resolution 
concerning the Timepix3 chip. The design of Timepix4 is a joint work between the microelectronic group at CERN, Nikhef in the 
Netherlands, and IFAE in Barcelona. 

5.4.1.2 Architecture 
 

The chip is implemented using the 65 nm CMOS process and 10 metal layers. The chip is composed of 448 x 512 readout pixels with 
a size dimension of 55 µm x 51.4 µm, which can be connected to a sensor composed of an array of 448 x 512 square elements with 
a pitch of 55 µm. The 4-side buttable feature of this new chip has been possible using the TSV technology to bring the I/O pads 
connections to the back of the ASIC and make the readout pixel slightly smaller than the sensor pixel to accommodate the peripheral 
blocks beneath the sensor region. The two top metals of the technology are used to implement the RDL at the top of the ASIC to 
connect the readout pixel to its associated sensor pixel, adding an extra 60 fF to the input capacitance seen by the front-end elec-
tronics [159]. The ASIC has two digital peripheries of 460 µm in height dimension located at the top and bottom of the chip and an 
analog periphery of 920 µm at the center of the chip. The analog periphery contains the biasing DACs, a bandgap reference circuit, 
and digital End-Of-Columns circuits to configure the pixels. The digital periphery contains the control logic, I/O, and TSV structures. 
There are also wire bond connections placed for testing purposes and to probe the ASIC on the wafer without TSV processing. Those 
wire bond extenders can be diced off after TSV processing. 

The analog processing circuitry contains a CSA with a leakage compensation scheme based on the Krummenacher topology like in 
the other Medipix/Timepix. The gain of the CSA can be configured in three modes of operation, as is shown in Figure 5.13. In High 
Gain Mode, a fixed gain is defined by a ~3 fF metal-to-metal plate capacitance. In Low Gain Mode, another ~3 fF capacitance in 
parallel to the main capacitance permits to lower the gain of the amplifier by a factor of 2. The pixel can also be configured in adaptive 
gain mode, where a MOS capacitor having a gate connected to the input of the front-end electronics provides a varying capacitance 
value and thus extends the dynamic range of the TOT while processing positive polarity input charges [150], [151]. The output signal 
of the CSA is fed to a comparator, having a 5-bit threshold tuning circuitry. For electrically characterizing the analog front-end, a test-
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pulse injection circuitry is implemented at the input of each readout pixel. In this way, voltage pulses can be injected at the input of 
the CSA through a ~3 fF test capacitance. 

 

Figure 5.13. Block diagram of the Timepix4 pixel cell [113]. 

The digital pixel can be configured in photon counting mode or to measure the TOT and TOA information. Each event generating a 
signal above the threshold will increment the counter in photon counting mode, also called frame-based mode. Each pixel contains 
two counters with a programmable depth of 8 or 16 bits. The presence of two counters per pixel allows the readout in Continuous 
Read/Write; one counter is counting while the other one is being read out. In this mode, a counting rate up to 5 Ghits/mm²/s is 
expected with an input photon energy of 8 keV impinging on a silicon sensor. The measurement of the TOA and TOT information is 
illustrated in Figure 5.14. There is a master counter-clock of 40 MHz distributed across the chip. The 11-bit TOT counter is incremented 
with clock cycles from the master clock like in Timepix3. A VCO in the superpixel starts oscillating at 640 MHz when one of the pixel 
discriminators is fired, and a 5-bit counter counts the number of positive transitions of the VCO until the next rising edge of the 
master clock. This gives an 11-bit global TOA information, along with a 5-bit fTOA_rise. In addition, the VCO contains four inverter 
stages with a configurable delay time. The state of the inverter stages is recorded at both the start and the stop of the VCO in a 4-bit 
register, respectively, named ufTOA_start and ufTOA_stop. At the falling edge of the comparator, the VCO is started again, and a 5-
bit fTOA_fall counts the number of positive transitions until the next rising edge of the 40 MHz clocks [46], [159]. This scheme allows 
allocation of the hits TOA in a 200 ps bin. 9-bit registers record the coordinate of the pixel in the column and 8-bit for the double 
column address. 

 

Figure 5.14. Illustration of the TOT and TOA information measurement in Timepix4 pixel cell [113]. 

5.4.1.3 Delay Locked Loop (DLL) 
 

Another challenge for Timepix4 was setting an accurate reference clock at each superpixel in the matrix. This has been possible by 
implementing a digital Delay Locked Loop (dDLL) shown in Figure 5.15. This solution was described in [46]. Pixels are regrouped into 
a superpixel group. The latter contains 4 superpixels, each composed of 2 x 4 pixels. Each superpixel group has two Adjustable Delay 
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Buffers (ADBs), one for the propagation of the master clock 40 MHz up the column and another one for the downwards propagation 
of the clock. Each ADB is composed of course and fine delay blocks. A control block located at the bottom of the double column 
ensures a delay of 25 ns between the input of the master clock and the output. The control block uses an 8-bit bus to tune the ADBs, 
to ensure that there is precisely 781 ps (25ns / 32) delay per ADB. The 8 bits are decoded into a 29-bit thermometer code, providing 
the 14 bits for the course elements' tuning and 15 bits for the fine delay tuning.  

 

Figure 5.15. Description of the dDLL in Timepix4. (a) The 16 super pixel group blocks of the double-column contain 2 ADBs, one for the propagation 
upward of the clock, while the other one for the downwards propagation of the 40 MHz clock. (b) shows the structure of the ADB containing coarse 
and fine delays elements. (c) is the schematic of the coarse delay element, and (d) is the topology of the fine delay element [46]. 

5.4.2 Design of analog blocks for the periphery of Timepix4 

5.4.2.1 Design of a slow RtR buffer 
 

The analog periphery of the Timepix4 chip contains DACs that are used to provide a reference voltage to the array of pixels, but there 
are many pixels connected to a single DAC. Then perturbation on a single-pixel (leakage or dead pixels) would also induce perturba-
tions on the other pixels, ultimately degrading the chip performance. To solve this problem rail-to-rail buffer in voltage follower 
configuration can be implemented after the DAC to isolate the periphery DAC from the array of pixels. Therefore, the reference 
voltage provided by the DAC will be kept constant through the feedback loop. The rail-to-rail operation would enable the amplifier 
to work for any input voltage from VSS to VDD. This operational amplifier has been designed to be linear in the common-mode input 
voltage range, to be able to carry a large load capacitance of 20 pF, and to have small static power consumption (70 µW) [156]. Figure 
5.16 shows the linearity error of the RtR buffer for DC at its output, going up to 1.5 mA; the error remains lower than one mV for 95 
% of the common-mode input range, increasing to 3 mV near the rails. 
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Parameters Slow RtR  Fast RtR 
CMOS technology TSMC 65 nm  TSMC 65 nm  
Supply voltage 1.2 V 1.2 V 
Linearity range % (< 1 mV) 100 % for ILOAD= 0 mA 98 % 
Load capacitance 20 pF 5 pF 
Phase margin Nominal case: 65 

Worst case corner: 56 
Nominal case: 83 
Worst case corner: 58 

Input referred offset (r.m.s) < 0.6 mV < 1.8 mV 
Settling time  NA Nominal case: 9.2 ns 

Worst case corner: 26 ns 
Area layout 39 x 157 µm² 35 x 108 µm² 
Power consumption 70 µW 970 µW 
Gain / Unity Gain Frequency 83 dB / 0.9 MHz 83 dB / 145 MHz 
Enable activation time NA 750 ns 

Table 5-5: Simulated performances of the slow and fast RtR buffer after post-layout extraction. 

5.4.3 Few measurement results from Timepix4 

A first wafer containing Timepix4 ASICs was processed with bump bonds connections by Advacam in Finland. Figure 5.18 shows a 
Timepix4 ASIC bonded to four 300 µm thick p+ in n silicon sensors. The full assembly is mounted on chipboard designed by Nikhef. 
The SPIDR system is used as a readout for the testing and characterization of the chip. The details on this readout system can be 
found in [160]. The RtR buffers perform correctly and agree with the simulated performances. However, two major bugs were found 
in this first version of the Timepix4 readout. The first major problem was the injection of charges from the digital communication 
lines located in the analog periphery to the non-shielded Redistribution Layer (RDL) lines. The problem was solved for the next version 
of Timepix4 by shielding the sensitive RDL lines for the pixels on top of the peripheral circuitry and adding an extra 30 fF to the input 
capacitance of those pixels [159]. This has been taken into account during the implementation of the RDL for the Medipix4, where 
all the RDL lines are shielded from the readout electronics (pixels and peripheral blocks), leading to a global constant capacitance 
distribution across the chip. The second bug was the on-pixel VCO oscillating faster than expected at 920 MHz instead of 640 MHz, 
which prevents the locking of the VCO to the 40 MHz master clock. The problem came from an inaccurate non-quasi static PMOS 
model when the source and drain are shorted; this has been redesigned for the second version of Timepix4.  

 

Figure 5.18. Timepix4 is connected to four silicon sensors. The chip is connected to the circuit board using wire bonds for testing purposes. Photo 
courtesy to M.Fransen (Nikhef). 

This first version of Timepix4 was tested in an X-ray imaging setup, using a single large 300 µm thick sensor covering the full readout. 
Figure 5.19 shows the X-ray images of a dry fish obtained in photon counting mode and frame-based mode for the readout. Only six 
pixels were masked in this image, illustrating the high quality of the detector. The threshold is set at 650 e-, using an X-ray tube source 
with Cu target and with a voltage of 30 kV [159]. 
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Figure 5.19. X-ray images of a dried fish taken using Timepix4 in frame-based mode; the readout is bonded to a 300 µm thick silicon sensor and 
mounted on the Nikhef chip carrier board [159]. 

5.5 Summary  
The idea of reconstructing the track of a particle in a Micro Pattern Gas Detector encouraged the Medipix2 Collaboration to design 
the Timepix chip. The chip detected the energy or the time of arrival of the incoming particles. However, some applications require 
both information simultaneously and better time resolution. Therefore, the Medipix3 Collaboration proposed implementing 
Timepix3 readout using the CMOS 130 nm process to overcome those limitations. Recently, the Timepix2 was produced to replace 
the Timepix readout for some applications requiring measurements in mixed radiation fields. In the framework of the design of 
Timepix2, a rail-to-rail buffer is incorporated to monitor the output signal of the front-end. Moreover, the chapter explains the im-
plementation of the analog periphery, which contains voltage and current DACs to bias the analog pixel. Timepix4 is the last chip 
fabricated by the Medipix design team using the CMOS process of 65 nm. The ASIC can be tiled seamlessly on 4 sides and provides a 
time resolution of 200 ps. The design of a slow RtR buffer for the biasing of the DACs and a fast RtR for monitoring fast signals in the 
Timepix4 chip is explained. The main features of the Timepix family of chips are summarized in Table 5-6.  

Readout chip Timepix [37] Timepix2 [151] Timepix3 [38] Timepix4 [159][161] 
Technology 
 

IBM 250 nm 
6 metal layers 

TSMC 130 nm 
7 metal layers 

IBM 130 nm 
8 metal layers 

TSMC 65 nm 
10 metal layers 

Year of production 2005 2018 2014 2019 
Pixel pitch (µm) 55 55 55 55 
Number of pixels 256 x 256 256 x 256 256 x 256 448 x 512 
Sensitive area (cm2) 1.98 1.98 1.98 6.94 
Number of sides for til-
ing 

3 3 3 4 

Acquisition modes 1) Charge (TOT) 
2) Time (TOA) 
3) Event counting (PC) 

1) Charge (TOT) and Time 
(TOA) 
 

1) Charge (TOT) and Time 
(TOA) 
2) Time (TOA) 
3) Event counting (PC) and 
integral charge (iTOT) 

1) Charge (TOT) and Time 
(TOA) 
2) Event counting (PC) 

Time bin resolution 10 ns 10 ns 1.6 ns 200 ps 
Readout architecture Frame-based (sequential 

Read/Write) 
Frame-based (sequential 
or continuous Read/Write) 

Frame-based  or Data-
driven (sequential 
Read/Write) 

Frame-based  or Data-
driven (sequential or con-
tinuous Read/Write) 

Table 5-6: Main features of the Timepix family of chips. 

Some other ASICs are derived from the Timepix family of chips designed for High Energy Physics. CLICpix2 was designed using 65 
CMOS technology. It contains an array of 128 x 128 pixels, with a pitch of 25 µm. The TOT and TOA information can be extracted from 
the pixel [162], [163]. The Velopix chip has been implemented for the LHCb upgrade. The floorplan is very similar to Timepix3. How-
ever, the data throughput is improved by a factor 10 concerning Timepix3 using binary information per pixel [164], [165].  


































































































































