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Abstract: The Timepix3 readout chip – the latest member of the Medipix family of hybrid pixel detectors – brought several new functionalities in comparison with the older Timepix, i.e. a high hit-rate, a time granularity of 1.5625 ns, a data-driven readout scheme (with a per pixel dead time of approximately 475 ns), and the capability of measuring Time-over-Threshold (ToT) and Time-of-Arrival (ToA) in each pixel at the same time. However, the high power consumption of the Timepix3 in the standard setting prevents its use in applications with limited power budget. Moreover, the high power consumption poses the risk of overheating the sensor so that proper cooling is crucial. The presented work investigates the effect of different settings in the analogue and a digital part of the Timepix3 detector on its power consumption. Measurements were performed with the Timepix3 chipboard. The firmware of the Katherine readout was modified so that the user can monitor the power consumptions of analogue and digital part “on-line” (directly in the control software). In standard settings, a power consumption of approximately 1.3 W was found. By changes of internal DACs, the consumption could be reduced to 650 mW. Further reduction was achieved by the change of the clock management in the digital part of the Timepix3. In result, a power consumption of 216 mA could be achieved. In these low power settings, the ToA clock was reduced to 10 MHz and thus the time binning was 100 ns. The energy resolution was not affected significantly. The pixel dead time is also negatively affected when the matrix clock is reduced. In the case of 10 MHz, the minimal per pixel dead time is 1.9 µs.
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[bookmark: _Toc532592855]Introduction
Hybrid active pixel detectors of Timepix [1] type have found a variety of applications in particle physics and life science [2]. The latest generation of detectors in the Medipix/Timepix family is the Timepix3. It comes with an improved time granularity (1.5625 ns), allows a data-driven readout and a simultaneous measurement of the energy and time in each of the 65,536 pixels (arranged in a square matrix of 256 x 256). However, these improvements come with the drawback of a high power consumption, which could be an obstacle for Timepix3 use in applications with low power budgets. A prominent example of such an application is the deployment of the Timepix(3) as a radiation monitor or scientific instrument [4][5][6] on satellites in Space.
However, since Timepix3 is a rather recent device, not all features and chip setting have been properly studied. In particular, changes in settings of analogue and digital front-end do not only alter the chip behaviour, but also significantly affect the power consumption. The aim of the present work is to fully exploit the chip capabilities, define low power settings, and to properly understand the detector behaviour in these “non-standard” use. We describe how a low power operation can be achieved (Section 3), which modifications are needed to the firmware of the readout system (Section 3), determine experimentally the power consumptions (Sections 4 and 5), and perform measurements to study the detector performance in low power operations (Section 6).
[bookmark: _Ref525946292][bookmark: _Toc532592856]Timepix3 Detector
Timepix3 [7] is the most advanced generation of the Medipix/Timepix series of pixel detectors. It was developed within the Medipix3 Collaboration [8] at CERN as the successor of the Timepix detector. It consists of two fundamental parts (coupled by the bump-bonding process): the readout ASIC and the active sensor layer. Most common sensor materials currently used are silicon, CdTe, and GaAs. 

[image: G:\Můj disk\IMG_20180605_133038.jpg]
Figure 1: Timepix3 assembly (with a 300 µm thick sensor layer) wire-bonded to a PCB. The sensor covers an active area of 1.98 cm2.
The ASIC (130 nm CMOS) implements 65,536 channels (fully working in parallel) forming a 256 × 256 pixel matrix with a pixel pitch of 55 µm [7]. By means of an enhanced structure of the pixel electronics, the Timepix3 measures the Time-over-Threshold (ToT – energy) and the Time-of-Arrival of a detected particle (hit pixels) simultaneously. Moreover, the combination of a coarse timing clock (40 MHz) with a fine timing clock (640 MHz) results in time binning of 1.5625 ns. This is a significant improvement in comparison with the Timepix detector. As described in [9] and [3], a time-walk correction (given by experimental measurement or test pulses) is needed to get maximal time precision of the device. 
Moreover, Timepix3 provides an improved data readout scheme. Two readout modes are implemented: the frame-based mode with zero-suppression and the data-driven mode. In the frame-based mode, the entire pixel matrix of the sensor is read out. However, pixels with zero value are ignored. Although the maximal achievable frame rate is approximately 1300 fps, the main benefit of Timepix3 is the data-driven mode. In this mode, individual events (hit pixels) are send to the output bus only when they are triggered. Other pixels of the matrix remain active. The triggered pixel is temporary dead for approx. 500 ns (19 matrix clock cycles + ToT of hit => minimally 475ns + ToT). After this time, the pixel is able to accept another hit. A hit rate of up to 40 Mhit/s/cm2 (i.e. 80 Mhit/s for the entire sensor) can be achieved. 
Dedicated readout systems for the Timepix3 are the SPIDR [7][11] from Nikhef, the AdvaDAQ [9] from ADVACAM, and the Katherine readout [12] developed by the Univesity of West Bohemia together with the Institute of Experimental and Applied Physics, Czech Technical University in Prague. In the presented work the latter readout system was used.
[bookmark: _Ref526078988][bookmark: _Toc532592857]Power consumption of Timepix3
[bookmark: OLE_LINK3][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK4]In default settings and data-driven readout mode, the Timepix3 power consumption is approximately 1.4 W (analog part ~750 mW; digital part ~550 mV) [13]. This corresponds to a current of ~1 A for a nominal voltage of 1.5 V. In the following, techniques for power reduction in the analogue and digital part of the Timepix3 are discussed. A further possibility for power reduction is to reduce the number and data rates of the output data lines.
[bookmark: _Ref525942581][bookmark: _Toc532592858]Analog part
The analogue front-end of Timepix3 consists of: 
· a preamplifier with a leakage current compensation feedback circuitry, 
· a 4-bit digital-to-analogue converter (DAC) for local threshold tuning, 
· and a discriminator. 
These parts process the signal from the active sensor to provide the input signal for the digital front-end of the detector. The analogue front-end is controlled by several bias currents, which can be set by means of internal DACs. This means, that the user can change the analogue front-end parameters (valid over the entire detector). These are, for instance, the minimal threshold, the time-walk behavior, the pixel gain, etc. These bias currents also affect the power consumption of the analogue front-end. The nominal power consumption of the analogue front-end is 12 µW/pixel.
Three modes/sets of DAC values were defined by Llopart in [2]: High Power (HP; nominal), Middle Power (MP), and Low Power (LP). Each mode utilizes different settings of the four internal DACs Ibias_Preamp_ON, Ibias_DiscS1_ON, Ibias_DiscS2_ON and Ibias_PixelDAC, which significantly influence the power consumption of the analogue front-end. Table 1 describes the meaning and the impact of these internal DACs.
[bookmark: _Ref532542676]Table 1: Internal DACs description	. [14]
	DAC Name
	Description
	Impact

	Ibias_Preamp_ON
	Controls the bias current of the  front-end preamplifier
	Peaking time, gain and noise of front-end

	Ibias_DiscS1_ON
	Sets the bias current on the first stage of the  front-end discriminator
	DiscS1 current is proportional to PixelDAC current; Discriminator timer jitter

	Ibias_DiscS2_ON
	Sets the bias current on the second stage of the  front-end discriminator
	Discriminator timer jitter

	Ibias_PixelDAC
	Sets the pixel current DAC adjustment range
	PixelDAC current is proportional to DiscS1 current


[bookmark: _Toc532592859]Digital part
Power consumption reduction in the digital part of Timepix3 can be achieved by decreasing the clock frequency. In Timepix3, there are several clock domains. Changes of any frequency have consequences.

Timepix3’s two fundamental clock signals are:
· System clock ClkIn40:  This clock signal is dedicated for the peripheries of Timepix3. It mainly feeds the Command Controller and Bus Controller. This signal clock inputs the setup data (setting of registers, matrix configuration, etc.) to the detector. In addition, it determines the maximal hit rate of detector. With the nominal frequency of 40 MHz the maximal hit rate is 40 MHit/s. A maximal hit rate of 80 MHits can be achieved by using the system clock at 80 MHz. 
This clock feeds only a smaller part of detector, so that its overall influence on the power consumption of the detector is minor. Note that lower frequency of system clock also results in slower operation of the detector, i.e. configuration of matrix, slower settings of internal registers, etc.
· Reference clock ClkInRefPLL: This reference clock is used for the PLL (40 MHz) or to generate the matrix clock (for the ToT/ToA measurement). When bypassing the PLL it resembles the output block readout clock. In default mode, the matrix clock is derived from the PLL. This reduces the possibilities to change the matrix clock. However, when the PLL is bypassed, we can feed the matrix clock and the output block clock almost (via clock divider) directly. This technique makes it possible to find a suitable clock frequency to meet the requirements from a viewpoint of detector performance and power consumption. 
It is important to note, that the fine ToA timing is available only when the default value of the matrix clock, i.e. 40 MHz, is used. If a matrix clock of 10 MHz is used, it means that the ToT and ToA time binning is 100 ns.
[bookmark: _Ref526079045][bookmark: _Toc532592860]Power consumption (current sensing) measurement
The common approach for current sensing is measuring the voltage drop on a sense resistor, placed in a series with the load. However, the sense resistor is not suitable for current sensing of the Timepix3 detector due to the large range of currents (tens of milliamps up to amp), which results in various voltage drops. Thus, in the presented work, the Hall effect sensor ACS723 with a sensitivity of 400 mV/A from Allegro was used. The Hall sensor’s output voltage is amplified to obtain higher sensitivity and digitized by an ADC. It was integrated on one die in a small package to increases thermal stability (internal compensation) and accuracy. A block diagram of the measuring setup is shown in Figure 2. 
[image: ]
[bookmark: _Ref526069600]Figure 2: Schematic illustration of the current sensing measurement setup.
Analogue and digital current (power consumption) were measured independently, each by a dedicated Hall sensor. Thus, a special board integrating two Hall sensors was designed. It is connected to the standard CERN Timepix3 chipboard. Current values obtained by the ADC are sent to the Katherine Readout [12], so that the current consumption of the analogue and digital parts of the detector can be shown directly in the control software. The current sensing board and the entire setup is shown in the Figure 3.
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[bookmark: _Ref526069621]Figure 3: Picture of the measurement arrangement. The standard CERN Timepix3 chipboard is connected to the current sensing board. 
[bookmark: _Ref526079068][bookmark: _Toc532592861]Results – Measured power consumption
The following chapter shows and discusses the results of the power consumption measurement after utilization of the techniques defined in Section 3. During measurement the detector was irradiated by a 300 kBq 241Am source.

[bookmark: _Toc532592862]Analog Part
Table 2 shows the results for the three analogue modes. For this measurement, the digital part of Timepix3 was in default values (PLL on, matrix clock 40 MHz). Two output lines, each at 640 Mbps, were used.
[bookmark: _Ref526004216]Table 2: Power consumption for the three defined modes of the analogue part of Timepix3.
	Mode
	DAC Value
	Current
[mA]
	Power
[mW]

	
	Preamp_ON
	DiscS1_ON
	DiscS2_ON
	PixelDAC
	
	

	High Power(HP)
	128
	128
	128
	128
	434
	651

	Middle Power(MP)
	32
	32
	32
	60
	126
	190

	Low Power (LP)
	8
	8
	8
	20
	38
	56



The results clearly demonstrate a significant reduction in power consumption for the middle (MP) and low power (LP) modes. In LP, the analogue power consumption is only 56 mW, i.e. approximately 600 mW less than in the default settings (HP). Total power consumption for HP mode was 1.25W (little bit less than nominal). For changes of internal DACs, there is no need for software, firmware or hardware modification. Hence this technique is (or should be) available in each control software.
[bookmark: _Toc532592863]Digital Part
Minor modification of readout device’s firmware had to be done to reduce the matrix clock. The PLL is bypassed. The reference clock is still fed by a 40 MHz clock, so that it became possible to utilize (via clock divider) 2.5 MHz, 5 MHz, 10 MHz or 20 MHz as a matrix clock. With the decrease of the system clock to 5 MHz and the reduction of output data lines to 1 x 80 Mbps (max. 1.25 MHit/s) or 4 x 80 Mbps (max. 5 MHit/s), we find the results shown in Table 3.
[bookmark: _Ref526004348]Table 3: Power consumption of the digital part for different matrix clock frequencies (PPL is off) and output block settings. The system clock was set to 5 MHz.
	Matrix Clock [MHz]
	ToA LSB [ns]
	Min. pixel dead time [µs]
	4 × 80Mbps
	1 × 80Mbps

	
	
	
	Current [mA]
	Power [mW]
	Current [mA]
	Power [mW]

	20
	50
	0.95
	214
	321
	202
	304

	10
	100
	1.9
	156
	234
	145
	218

	5
	200
	3.8
	118
	177
	106
	159



The main consequences of clock frequency reduction are the reduction of the time granularity (e.g. from 1.56 ns to 100 ns in the case of using a 10 MHz clock) and the increase of the pixel dead time (see Section 2 and Table 3). However, reducing the matrix clock to 20 MHz (giving a 50 ns time binning) already allows saving 50% of the power. 
For the pixel dead time estimation two effects are considered. The change of the length of pulses (~ToT values) due to different shaping in HP and LP (a hit during this time would lead to analogue pile-up) and the time a pixel is dead due to data readout (digital dead time). 
For default clock settings, the digital dead time is 475 ns. When we assume a matrix clock frequency of 10 MHz, the digital dead time is increased to at least 1.9 µs. 
The shaping time of the ToT pulse can be determined from measured data. Therefore, we evaluate the 60 keV peaks in the 241Am data sets. The ToT lengths of ~1.3 µs (HP) and ~1.4 µs (LP) were found. However, when matrix clock frequency is reduced, ToT resolution is decreased. For that reason, we used longer pulse shaping (higher IKrum) in the LP mode(s) (see Section 6). At IKrum=5, which was used in the above measurement, the pulse length of the 60 keV peak was increased to 3 µs. Thus, in order to achieve the same energy resolution in LP mode as in HP mode, the pulse length has to be increased, thus increasing the risk of analogue pile-up.  
[bookmark: _Toc532592864]Total Power Consumption
Results introduced above give us a number of combinations to set appropriate modes for target applications. Table 4 shows several of them. According to the introduced values, we consider that the minimal power consumption for a meaningful use of Timepix3 is around 216 mW (Mode 5).
[bookmark: _Ref526004425]Table 4: Overview of total power consumptions for different settings of the analogue and digital part.
	Power Mode
	Matrix Clock [MHz]
	Analog Mode
	Data Output
	≈ Total Power [mW]

	Default
	40
	HP
	2 × 640Mbps
	1245

	Mode 1
	40
	MP
	2 × 640Mbps
	784

	Mode 2
	20
	MP
	4 × 80Mbps
	510

	Mode 3
	10
	LP
	4 × 80Mbps
	290

	Mode 4
	5
	LP
	4 × 80Mbps
	233

	Mode 5
	5
	LP
	1 × 80Mbps
	216


[bookmark: _Ref526079083][bookmark: _Toc532592865]Detector performance in low power modes
Although the low power consumption is a useful feature, it is necessary to investigate the behavior of detector in the defined low power modes. In the following, the spectroscopic detector response in several modes was investigated. The presented spectra can be considered as a basic benchmark. 
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]First, the influence of analogue low power modes was studied. The digital part of the detector remained in default parameters. For each of the analogue modes (HP, MP and LP), threshold equalization, threshold calibration (THL scan) and per pixel ToT calibration were done. The obtained minimal detector thresholds for noiseless operation and the energy spectra (241Am, XRF of zirconium) are very similar to each other. 
Figure 4 shows the spectra for the three power modes of the analogue parts. The mean values of the energy peaks and their standard deviations are almost equal. All obtained values are summarized in Table 5. The table also shows the minimal obtained threshold levels for used modes. Timepix3 uses noise free detection; therefore threshold levels correspond to noise levels (threshold is always set above noise level).
b)
a)

[bookmark: _Ref526071459][bookmark: _Ref526092772]Figure 4: Comparison the 241Am spectra (a) and XRF Zirconium spectra (b) measured with different analogue DAC settings. See text for details on the modes. The digital part of sensor was set to its default parameters. 
[bookmark: _Ref532548891]Table 5: Summary of min. thresholds, mean and standard deviations values for 241Am and XRF Zirconium peaks.
	Mode
	Min. threshold [keV]
	241Am peak
	XRF Zirconium peak

	
	
	Mean [keV]
	std. dev. [keV]
	Mean [keV]
	std. dev. [keV]

	HP
	3.25
	60.0
	1.6
	16.1
	1.4

	MP
	3.25
	59.8
	1.6
	16.0
	1.5

	LP
	3.22
	59.7
	1.6
	16.0
	1.5



A second test was performed for the following parameters of the digital part: 
· System clock: 5 MHz; 
· Matrix clock: 10 MHz (ToA/ToT LSB = 100 ns); 
· Output lines: 4 × 80Mbps. 
The analogue part was used in LP mode. To account for the lower ToT sampling with the reduced matrix clock settings, the IKrum DAC value which is Ikrum = 15 in standard settings was reduced to achieve longer pulses. The values Ikrum = 1 and Ikrum = 5 were investigated. (Note: This is very similar to the settings used in Timepix). Figure 5 and Table 6 show results for this chip settings.

a)
b)

[bookmark: _Ref526094316]Figure 5: Comparison the 241Am spectra (a) and XRF Zirconium spectra (b) measured with LP mode and matrix clock 10 MHz. See text for details on the used mode. For comparison the spectra for Timepix3 in default settings are given (HP mode + matrix clock 40 MHz).
[bookmark: _Ref526094425]Table 6: Summary of min. thresholds, mean and standard deviations values for 241Am and XRF Zirconium peaks. LP modes with matrix clock 10MHz with different values of Ikrum were used.
	Mode
	Min. threshold [keV]
	241Am peak
	XRF Zirconium peak

	
	
	Mean [keV]
	std. dev. [keV]
	Mean [keV]
	std. dev. [keV]

	Default
	3.3
	60.0
	1.6
	16.1
	1.4

	LP (Ikrum = 5)
	3.9
	59.9
	1.9
	15.9
	1.8

	LP (Ikrum = 1)
	3.7
	59.9
	1.8
	15.7
	1.4



This test indicates that techniques reducing power consumption do not limit energy resolution significantly. Results for Ikrum =1 and Ikrum = 5 are practically the same as in the HP mode. In this mode, the power composition of Timepix3 detector is ≈290 mW.	
[bookmark: _Toc532592866]Conclusion
The presented paper shows how the Timepix3’s power consumption can be reduced. A power reduction of the analogue part was achieved by using appropriate settings of the internal DACs. The power consumption of the digital part was reduced by bypassing the PLL and reducing the matrix clock (used for ToT and ToA determination). As a result, the power consumption of the chip could be reduced by a factor of 6 from 1.3 W to 216 mW. However, the lower matrix clock frequency means reduced time binning (time resolution) and a longer pixel dead time. In case a frequency of 10 MHz is used, the time binning of the ToA is 100 ns and the minimal per pixel dead time is 1.9 µs. The energy spectra of the a 241Am source and the X-ray fluorescence lines of zirconium were measured in the different settings (nominal high power and different low power settings). No significant decrease of energy resolution was observed at low power settings.
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