
 <<Pixel detectors>>  

Chapter 3 sensor 
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Introduction 

• The huge number of channels in pixel systems 

can only be addressed with highly integrated 

custom-designed electronics circuits 

• With shrinking technology feature sizes, more 

complicated functions could be integrated into 

pixels with significantly smaller area. 

• The access to deep submicron technologies 

(DSM) with feature sizes of 0.25 μm and below 

has made possible pixel cells of 55 × 55 μm^2 

containing several hundred transistors 
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• The analog section had to become significantly 

faster due to the higher interaction rates in the 

new experiments 

• the power dissipation allowed per pixel 

decreased because the cooling of electronics 

and sensor becomes difficult in the low-mass 

support structures required in particle physics 
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Generic Pixel Chip 

• the chips can be divided into an active area 
which contains a repetitive matrix of nearly 

identical rectangular or square pixels and the 

chip periphery from where the active part is 

controlled 
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Active Area 

• The pixel unit cells in the active area usually 
have the same area as the corresponding 
sensor pixel 

• They are often grouped in columns 
▫ less area in the PUC is occupied by the bus 

signals 

• Two columns are often grouped together to a 
“column pair” in order to share circuitry 
between pixels and to reduce cross talk 
between the digital and the analog sections 
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Chip Periphery 

• The signals going to and coming from the chip 
which are active during data taking might cross 
couple into the very sensitive amplifier inputs. 
Low swing differential signals are therefore 
often used, so that the number of required wire 
bond pads is increased 

• Independent multiple pads are usually used for 
analog and digital supply voltages to decrease 
ohmic and inductive losses, and to add 
redundancy. 
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• A constant current source is added to model 

the fraction of the sensor leakage current 

flowing into the central pixel. 
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The Bump Pad 

• used for the connection to the sensor pixel 

• The size of the opening in the chip passivation 

layer depends on the available space and on 

the bump technology used and ranges from 12 

μm (ATLAS) to 50 μm (MPEC2) 
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The Charge-Sensitive Preamplifier 

• input at a perfect virtual ground and the 

output voltage step in this ideal case is 

 

• If the gain −v0 is finite, however, a small 

residual voltage remains at the input 

 

 

• The effective input capacitance 
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• usually required that the effective input 
capacitance be significantly larger than the 
detector capacitance 

 

 

• the detector capacitance Cdet, the preamplifier 
input capacitance Camp, and parasitic 
contributions Cstray 

• Cf  Values of 4–30 fF are used in most pixel 
front-end chips 
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The Feedback Circuit 

• A feedback circuit is required to define the DC-
operation point of the charge-sensitive 

preamplifier and to remove signal charges from 

the input node so that the preamplifier output 
voltage returns to its initial value 

• The discharge should be slow if further filtering is 
used as shown , otherwise the pulse shape after 

the filter is degraded by the falling edge of the 

preamplifier output signal 

• The discharge must be fast enough, on the other 

hand, to avoid saturation or nonlinearities of the 
preamplifier at the maximum allowed hit rate 

14 



• fast 

15 
• slow 

Pulse shapes (amplitude vs. 
time) after a preamplifier with 
finite rise time 

after a CR–RC^4-shaper 



• In a circuit where no separate filter is present 

and the preamplifier output is directly used for 

hit discrimination, the discharge must be 

completed before the next signal arrives. 

•  A fast discharge is required in this case.  

• This can lead to a reduction in the peak 

amplitude if the discharge starts before the 

signal has reached its maximum due to limited 

rise time of the amplifier 

16 



 

17 

Preamplifier signals (amplitude vs. time) 
for resistive feedback 

variation 
in the feedback time constant 

different input 
charges 



• Several chips use a constant current discharge 

which can be implemented very easily 

• This property can be used to determine the 

deposited charge by measuring the width of 

the discriminator output pulse, the “time over 

threshold” (ToT). 
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Preamplifier signals (amplitude vs. time) 
for constant current feedback 

variation 
in the feedback time constant 

different input 
charges 



The Shaper 

• A band-pass filter  is often included to explicitly 
limit the bandwidth of the preamplifier output 
signal 

• N simple high-pass (CR) and M low-pass (RC) 
stages is often used. 
▫ CR^N–RC^M shapers 

• higher order filters lead to shorter pulses for a 
given peaking time This makes them useful for 
highrate applications where the baseline must be 
restored as quickly as possible in order to be ready 
for the next signal pulse 
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The Discriminator and Threshold Trim 

• Hits with a sufficiently large input charge are 
detected by a discriminator which compares 
the shaper output to a threshold value which is 
distributed globally to all pixels 

• The threshold is set as low as possible in order 
to maximize the detection efficiency but not 
too low, on the other hand, to keep the rate of 
noise hits at an acceptable level 

• In chips for X-ray detection for instance, two 
discriminators with different thresholds are 
used to distinguish between high- and low-
energetic X-rays 
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• The response time of the discriminator (in 

combination with the rise time of the 

preamplifier) is crucial in applications where 

the arrival time of a signal must be detected 

with high precision 
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• This is for instance the case in particle physics 

experiments at the LHC where particle 

interactions occur every 25 ns 

• The discriminator needs much longer, however, 

to detect hits with amplitudes just above the 

threshold QThr 

• A ΔT < 25 ns wide time window can be 

selected on this curve by adjusting external 

system delays 
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Test Charge Injection 

• This is easily accomplished by applying a 

known voltage step to a well-defined 

calibration capacitor Cinj 

• In order to inject only into a selected set of 

pixels (most readout concepts cannot cope 

with too many simultaneous hits) a switch in 

the PUC can disconnect the injection capacitor 

from the injection bus. 

• Another approach is therefore to steer a known 

current Iinj into the preamplifier input during a 

known time interval Tinj. The injected charge is 

Qinj = IinjTinj 
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Control and Test Circuitry 

• Most chips generate a fast hit-OR from the 
PUCs in one column 

• Use the hit-OR to automatically produce a 
trigger whenever a signal is detected 
somewhere on the chip 

• Depending on the area available in the layout, 
various control bits are used to disable (“mask”) 
the readout of individual PUCs to disable the 
fast OR, to turn on a digital test mode, or to 
switch off the preamplifier completely 
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The Readout 

• Two important classes are 

▫ Chips which buffer all incoming hits for a short time 

interval until a trigger signal selects a subset for readout  

▫ Chips which count the number of hits in every pixel 
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Module Controller Chips 
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• The MCC buffers the hits until all pixel chips 
have delivered the data belonging to a given 
event and outputs a compact data block to the 
DAQ. 

• The MCC can also be used to distribute timing 
and control signals and configuration data to 
the pixel chips 

• (The architecture of an MCC is very 
experiment-specific. MCCs are therefore not 
further discussed in this book) 
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Pixel Size and Geometry, and 

Spatial Resolution 

• Hexagonal pixels have probably not been used 
widely so far 

• From the chip layout point of view rectangular pixels 
simplify the distribution of signals if the busses run 
in the “short” direction 

• The rectangular geometry has the drawback that the 
capacitance between adjacent pixels is relatively 
large which can lead to a noise increase and to 
increased cross talk between pixels 
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• Hits close to the pixel edge have the largest 

errors in this case. When charge diffusion 

spreads the hits over two adjacent pixels, the 

“double hits” occurring at the pixel edges have 

small reconstruction errors 

• The resolution is further increased if a pulse 

height information, i.e. the amount of charge 

deposited in the pixels of a hit cluster, is 

available 
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Threshold and Threshold Variations 

• The thresholds in the many pixel elements on one 
chip are not perfectly identical 

• They exhibit random variations due to component 
mismatch (production fluctuations of doping 
concentrations, oxide thickness, geometrical size, 
etc.) and possibly systematic fluctuations due to 
voltage drops along the column or component 
mismatch from mirrored layouts 

• Furthermore, the effective threshold varies as a 
function of the capacitance connected to the 
preamplifier input 
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The local threshold trim 

• few pixels with particularly low or high 

thresholds should be brought close to the 

nominal value 

▫ requires a large trim step size 

• the width of the threshold distribution of the 

majority of the pixels should be narrowed 

▫ requires a small trim step size 

• It is therefore very much desirable to be able to 

adjust the trim step size dynamically 
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• As an example for the estimation of the 
minimum required threshold, a pixel system at 
LHC with 250-μm-thick silicon sensors is 
considered 

• a threshold of Qthr ≤ 3, 000 e− is typically 
required for good efficiency after degradation 
of the sensor due to irradiation. 

• The lower limit for the average threshold is set 
by the fluctuations σthr and by the pixel noise 
σnoise 

 

 

• Atypical conservative design goal is σthr ≈ 
σnoise ≈200 e−. 
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Noise 

• The noise of a channel can be defined as the 

root mean square (rms) of the voltage 

fluctuation at the end of the analog processing 

chain divided by the gain (in volts per 

coulomb). 

• The equivalent noise charge at the input 
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• In binary systems, the analog signal cannot be 

measured directly and so the ENC is 

determined from the response of the 

discriminator to multiple charge injections with 

increasing amplitude. 
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The slope s at 50% of the injections fire the discriminator 



Input Impedance and Cross Talk 

• A charge Q deposited on a single pixel can 

induce parasitic signals on neighboring pixels 

due to the interpixel capacitance 
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• Every pixel is connected to a charge-sensitive 

preamplifier with an effective input capacitance 

Ceff (see (3.4)) which is usually designed to be 

much larger than the total pixel capacitance in 

order to “pull” all the deposited charge into the 

amplifier 

• The capacitance CG of every node to ground is 

therefore much larger than the pixel 

capacitances: 
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Speed 
• Depending on the application, the speed 

requirement for the preamplifier– shaper–

discriminator chain can be different 

• The first important figure of merit is the timing 
precision with which the arrival time of a hit is 

determined 

• the time resolution is improved by a short 

delay between the charge deposition and the 

reaction of the discriminator 

▫ A short preamplifier rise time, a high shaper 

bandwidth (or no shaper at all), and a fast 

discriminator are therefore desirable 
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• If the amplitude of a hit is known, the 

measured time can, in principle, be corrected 

for on the basis of the known time walk 

characteristic 

• a good timing precision can also be obtained 

with a “slow” preamplifier using special 

techniques like the deconvolution of the 

analog pulse shape 
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• A second important characteristic is the maximum 
possible hit rate which is limited by the time 
required to process one hit 

• This “dead time” ΔT can be dominated by the 
analog section but it may also be determined by 
the time required in the following readout circuitry 
to process the hit 

• Monte Carlo simulations are required to estimate 
the fraction of lost hits in a realistic environment 

• When a hit occurring during the dead time interval 
extends the dead time by another ΔT, no hit pair 
with an arrival time difference smaller than ΔT can 
be detected 

• The normalized probability density of time 
intervals t between consecutive hits 
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• The situation is slightly different when hits 

occurring during the dead time do not extend 

the dead time. After a dead time of length ΔT, 

the detector finds a new hit after a time 1/r, on 

average, and so the loss fraction for 

nonextended dead time is 
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Power Consumption 

• A typical figure for the power used in particle 

physics applications is ≈50 μW/PUC 

• The total current drawn by preamplifier, shaper, 

discriminator, readout, etc., should therefore 

not exceed 25 μA if a supply voltage of 2 V is 

used 

• This limitation constitutes a challenge to 

achieve the analog performance goals for noise 

and in particular for speed 
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Analog Charge Measurement 

• An amplitude information with a resolution of 

only a few bits can lead to a noticeable 

improvement in the spatial resolution in some 

applications. 

• A straightforward approach is the sampling of 

the peak amplitude on a storage capacitor and 

the subsequent readout of the stored voltage 

(or charge) through a multiplexer 
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Summary 
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