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The dawn of nuclear electronics
 People got quickly fed-up of counting particles by eye on a Zn-

sulfide screen!

A. F. Kovarik On the automatic registration of α-particles, β-particles 
and γ-Ray and X-Ray pulses.

Excerpt from Kovarik acknowledgments....
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The pioneering years
 Important achievements in electronics in the 30's and 40's driven 

by telephony and radar technology

Black invents feed-back (1927)

Rice paper on mathematical theory of noise (1944)

Invention of the transistor (1947)

 In electronics for radiation sensors basic amplifying and filtering 
concepts are elaborated, including the basics of noise analysis and 
 the CR-RC pulse shaping. 

 Wilkinson ADC is proposed.
Readout based on high gain voltage amplifier

A. B. Gillespie
Signal, Noise and Resolution in Nuclear Counter Amplifiers
Pergamon, 1953.
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Semiconductor chamber and the CSA

 In 1951 McKay demonstrated the ability of a reverse-biased 
junction to detect alpha particles.

 Systematic developments of semiconductor detectors started 
from 1958.

 Sensor capacitance may be not so well defined (depends on 
applied reverse bias).

Use of the analog integrator to read-out a 
radiation detectors minimizes the sensitivity 
to sensor capacitance.

C. Cottini, E. Gatti, G. Giannelli and G. Rozzi
Minimum noise preamplifiers for fast  ionization chambers
Il Nuovo Cimento, vol. 3, pp. 473-483, 1956.
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Transistorized electronics
 In the sixties, semiconductor transistors replaced vacuum tube 

electronics.

 A  lot of effort in understanding the noise performance of 
semiconductor devices.

 In the meanwhile, several key papers published that elucidate 
different aspects of  radiation detector electronics:

Factor affecting the time resolution

Techniques to achieve best timing (CFD, etc...)

In-depth analysis and understanding of noise filtering, 

Study of baseline restoration concepts

Analysis of pile-up effects.

 Till the end of the sixties, the progress in nuclear electronics was 
mostly stimulated by nuclear spectroscopy applications.

 The invention of the multi-wire proportional chamber by Charpak 
(1968) paved the way to the intensive use of electronics detectors also 
in high energy physics.

  At the end of the seventies, electronics was implemented either out of 
standardized modules or with discrete components.
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First integrated preamplfiers

1966

First IC invented by R. Kilby, 1958 (Nobel
Prize in Physic 2000).
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Nuclear electronics in '79

Monolithic=op-amp...
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The 1980 revolution...

 The discovery of the charm quark in 1974 stimulated the interest on 
micro-pattern detectors that were able to identify the displaced decay 
vertexes of charmed particles. 

 Spatial resolution below 100 μm were needed. 

c=312~m

 The application of the already well developed planar fabrication 
technologies used for the production of integrated circuits to the 
semiconductor sensors lead to the development of microstrip detectors 
capable of micrometric resolution.

E. Heijne, NIM A591 (2008) 
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An early microstrip detector

 The high density of channels intrinsic to microstrip detectors made 
made custom integrated circuits necessary.

 IC entered relatively late, but became soon the enabling technology 
for new particle detectors

NA11 microstrop sensor, 1980
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The dawn of VLSI front-end

 First IC for radiation sensors designed in a 5 μm, NMOS only technology 
(1984).

 Soon after, CMOS technologies were adopted and became the mainstream 
choice to design electronics for radiation detectors. 

 Multi-channel sample & hold with serial read-out.
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First generation systems

 The microvertex detectors of DELPHI and ALEPH  experiments at CERN 
(1990-1991) were the first operating in colliding beam experiments, while 
the one of CDF at Fermilab was the first in a hadron collider

 All based on microstrip technologies.

 The microvertex detectors of DELPHI and ALEPH  experiments at CERN 
(1990-1991) were the first operating in colliding beam experiments, while 
the one of CDF at Fermilab was the first in a hadron collider

 All based on microstrip technologies.
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CMS tracker

 The LHC had unprecedented requirements in term of track density and 
radiation hardness.

 Two major facts:

The systematic adoption of pixel detectors (typical cell size 50 μm x 400 
μm)

The adoption of deep submicron CMOS technologies (0.25 μm) which 
proved a superior radiation hardness,
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Do not forget the cables!

 The LHC had unprecedented requirements in term of track density and 
radiation hardness.

 Two major facts:

The systematic adoption of pixel detectors (typical cell size 50 μm x 400 
μm)

The adoption of deep submicron CMOS technologies (0.25 μm) which 
proved a superior radiation hardness,
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ALICE ITS
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Type of silicon detectors (1)
Microstrip Hybrid pixels
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Type of silicon detectors (2)
Monolithic pixels Photon detectors
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radiation

bits

 Where? (detector segmentation)
 When? (timing)
 How much energy? (Signal amplitude)

Sensor domain Electronics domain

 Radiation detection requires a sensor and some processing 
electronics.
 The sensor converts part of the energy of the impinging 

radiation into an electrical signal.
 The electronics extracts the fundamental information.

+
+
+
+

-
----

 Radiation detection requires a sensor and some processing electronics.
 The sensor converts part of the energy of the impinging radiation into 

an electrical signal.
 The electronics extracts the fundamental information.

 Where? (detector segmentation)
 When? (timing)
 How much energy? (Signal amplitude)

Radiation detection basics
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High energetic particle

 Where? (detector segmentation)
 When? (timing)
 How much energy? (Signal amplitude)

 Radiation detection requires a sensor and some processing 
electronics.
 The sensor converts part of the energy of the impinging 

radiation into an electrical signal.
 The electronics extracts the fundamental information.

+
+
+
+

-
----

 Radiation energy sets electrons and holes free. In silicon, on average
84 electron-hole pairs per micron are generated by minimum ionizing 

particle.
 The charges move under the effect of the electric field, inducing a 

signal on the plates.
 When the charge is collected, it stops contributing to the signal.
 The Ramo theorem allows the signal calculation

Radiation detection basics

5-20 ns

Low energy particle

+
+-

----
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 Where? (detector segmentation)
 When? (timing)
 How much energy? (Signal amplitude)

 Radiation detection requires a sensor and some processing 
electronics.
 The sensor converts part of the energy of the impinging 

radiation into an electrical signal.
 The electronics extracts the fundamental information.

 The key information (energy, position and timing) can be extracted 
without preserving with fidelity the shape of the detector current pulse

 The signal harmonic content can be altered: shaping/filtering.

 Parameters of seminconductor sensor are widely different:

Input capacitance: from fF to nF.

Signal charge for 0.1 fC to pC.

Cell area from O(μm^2) to O(mm2).

Allowable power/channel from μW to O(50 mW). 

Radiation detection basics

 No single architecture can match all the possible specifications: custom electronics
 High granurality, high channel count in the front-end electronics

Very Large Scale of Intergration 
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Front-end input stage

v2
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Basic CR-RC shapers (1)

 Conceptual elements of a pulse shaper:
Differentiator: τd=CzRz

Gain stage A: allows to set the overall gain of the chain: isolate the 
differentiation and integration time constants.
Integrator τi=CpRp limit the HF bandwidth.

Buffer: allows to drive the following stage with appropriate impendance.
 Time invariant: the parameters that characterize the pulse shaper do not 

change while the signal is being processed.

A

 Conceptual elements of a pulse shaper:
Differentiator: τd=CzRz

Gain stage A: allows to set the overall gain of the chain: isolate the 
differentiation and integration time constants.
Integrator τi=CpRp limit the HF bandwidth.

Output Buffer: allows to drive the following stage with appropriate 
impendance.

 Time invariant: the parameters that characterize the pulse shaper do not 
change while the signal is being processed.
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Time constants and pulse shape (1)
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Time constants and pulse shape (2)
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Increasing the filter order

1 2

3 4

• Note1: 2, 3 4 are for a δ-like input signal of total charge Qin.
• Note2: here A=1 assumed.
• Note3: A must not be confused with the open loop gain A0 of the CSA.

A A

• Note1: 2, 3 4 are for a δ-like input signal of total charge Qin.
• Note2: here A=1 assumed.
• Note3: A must not be confused with the open loop gain A0 of the CSA.
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 Increasing the number of poles, yields signals with longer peaking time 
(in the figure also amplitude is lower since DC gain of 1 assumed for the 
integrators )
 Higher order filters have more symmetric pulse shape.

Increasing the number of integrators

 Increasing the number of poles, yields signals with longer peaking time 
(in the figure also amplitude is lower since DC gain of 1 assumed for the 
integrators )
 Higher order filters have more symmetric pulse shape.
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Increasing the order of integrators: 
same peaking time

 To maintain the peaking time constant while increasing the filter orders, 
the time constants need to be adjusted accordingly.

• Peaking time determines noise performance
• Pulse duration determines rate capabilities.
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Filters with complex conjugate poles

 The use of complex conjugate poles improved the symmetry of the pulse 
shape.
 The theory applied to front-end amplifier was developed by Ohkawa et 

al.:

S. Ohkawa, M. Yoshizawa, K. Husimi “Direct synthesis of the gaussian filter 
for nuclear pulse amplifiers”, NIM A(138), pp. 85-92, 1976.

time

A
m

p
litu

d
e

A Gaussian pulse has perfect 
symmetry: maximize the rise 
time while keeping the total 
pulse shape short.

A Gaussian filter would require 
an infinite number of poles.

A suitable approximation must 
be searched  
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A circuit example

 Complex conjugate poles are obtained by a applying negative feed-back 
to a network with two real poles.
 In this particular implementation, the DC gain is independent of the pole 

position.

 This is not always the case for filters with complex conjugate poles.
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Ballistic deficit 

From G. De Geronimo et al., “ASIC with Multiple Energy Discrimination 
for High-Rate Photon Counting Applications”, IEEE Trans. Nucl. Sci., vol. 
54, no. 2, April 2007, pp. 303-312.
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Noise basic concepts (1) 

J=nq v

Current fluctuates if speed of carriers fluctuates

Current fluctuates if number of carriers fluctuates

 Noise is a stochastic process: exact value at a given time can not be 
predicted and only average quantities can be estimated.
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Noise: basic concepts (2)

Correlated and uncorrelated noise sources

Noise amplitude distribution
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Noise: basic concepts (3)

Noise spectral density

f

1 Hz

f1

xf1(t)
2

Example of spectral density

1/f noise

white noise

V2/Hz

A2/Hz
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A first noise calculation

4kTR

R C 4kTR

Noiseless resistor

C
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A first noise calculation (2)

4kTR

R C 4kTR

Noiseless resistor

C

Signal bandwidth

Noise bandwidth
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Front-end with noise sources

e2
N

i2
N iin

cascade of n identical stages

A

v2
n01

e2
N = noise represented by voltage sources in series to the input: series noise 

i2N = noise represented by current sources in parallel to the input: parallel noise 

ENC =
vn0

Peak of the output due to one electron
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Practical example

ENC =
vn0

Peak of the output due to one electron

• CF=100 fF, CZ=4pF RP=345 KΩ, Gain=100mV/fC.

• 1 fC=6250 electrons: Gain 0.016 mV/electron

• If vn0 6 mV, ENC=6/0.016=375 electrons
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Example of noise with CR-RC shaper
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Channel thermal noise in saturation 

i2
n

e2
n
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Optimization for low noise

 The gate transconductance is one of the key small 
signal parameters of the transistor and relates the 
variations of the drain current to the variations of the 
gate-source voltage

 The output conductance relates the variations  of 
the drain current to the of the variations  of drain 
source voltage. Sets a limit to the gain achievable in 
MOS amplifiers

CG=1/3CD

Classical optimization

Deep submicron optimization
 For a given power budget, increasing W to try to reach the matching condition 

pushes the transistor in weak inversion.
 Once weak inversion is reached, increasing W increases only CG  without 

incresing gm, so the noise worsens.

 Weak inversion is reached before the matching condition is attained, so the 
classical optimization rule does not hold anymore. 
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A first timing system

 The voltage at the front-end output is translated 
into a digital signal by a comparator.

 The time of occurrence of the comparator output is 
precisely measured with a TDC

To the TDC
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 For a total signal rise time of 2 ns, a 10 ps resolution can be reached with 
a noise of 200 electrons and a signal of 6 fC or a signal of 2.5 fC and a noise 
of 80 electrons.
 Peaking time should match detector collection time.

Some time extraction methods  

 Noise limits:

Leading edge timing

Constant fraction timing

High speed waveform sampling
(>GHz)
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Error in timing measurement: jitter

 Jitter is how noise before the discriminator appears in the time 
domain

Proportional to the sqrt of the bandwidth

Proportional to  the bandwidth

Threshold

Signal +noise

time

Amplitude
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Optimization for energy and timing

 For amplitude/energy measurement: from the noise point of view 
the choice of the peaking time depends on the relative importance 
of the parallel and series noise. For given values of parallel and 
series noise an optimum peaking time exists.
 Peaking time is also constrained by the event rate (pulse 

duration).
 For energy measurements the quantity to be maximized is the 

signal-to-noise ratio
 For timing measurements the quantity to be maximized is the 

slope to noise ratio
Decreasing the bandwidth worsens the slope-to-noise ratio.
Peaking time should be matched to the detector rise time.
Decreasing the peaking time below the detector rise time the 
speed will be dominated by the detector and the amplifier will 
only contribute with more noise.

 In timing applications, peaking time should be as short as 
permitted by power and other practical considerations.
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Dual channel topology

Fast shaper: integration time=collection time (rise time).

Slow shaper: integration time as long as permitted by 
rate and parallel noise constraints

Vthreshold

To TDC

To sampling/ADC
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Gate (G)

Drain(D)Source (S)

Bulk (B)

n+ doped silicon

p- doped silicon

polysilicon

Silicon dioxide (SiO
2
)

 The NMOS transistor is built over a p- doped substrate.
 Two n+ doped electrodes (source and drain) are implanted in the substrate.
 The electrodes form with the substrate np junctions, that must always be reversed 

biased.
 A depletion region is associated with the junction.
 A thin oxide layer is grown between source and drain.
 A polysilicon layer (gate) is grown on top of the oxide.

The NMOS transistor

 The NMOS transistor is built over a p- doped substrate.
 Two n+ doped electrodes (source and drain) are implanted in the substrate.
 The electrodes form with the substrate np junctions, that must always be reversed 

biased.
 A depletion region is associated with the junction.
 A thin oxide layer is grown between source and drain.
 A polysilicon layer (gate) is grown on top of the oxide.
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 The PMOS transistor is built over a n- doped substrate.
 Two p+ doped electrodes (source and drain) are implanted in the substrate.
 The electrodes form with the substrate pn junctions, that must always be reversed 

biased.

The PMOS transistor

Gate (G)

Drain(D)Source (S)

Bulk (B)

n- doped silicon

p+ doped silicon

polysilicon

Silicon dioxide (SiO
2
)

 The PMOS transistor is built over a n- doped substrate.
 Two p+ doped electrodes (source and drain) are implanted in the substrate.
 The electrodes form with the substrate pn junctions, that must always be reversed 

biased.
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 CMOS technologies allow simultaneous fabrication of both NMOS and PMOS 
transistors on the same silicon wafer.
 The wafers substrate is typically p-
 Selected zones of the wafers are counter-doped to become n-type a provide the 

substrate for PMOS devices.
 Channel=gate AND diffusion
 Minimum possible L is use to define a specific technology node

CMOS technologies

W

L

W

L

 CMOS technologies allow simultaneous fabrication of both NMOS and PMOS 
transistors on the same silicon wafer.
 The wafers substrate is typically p-
 Selected zones of the wafers are counter-doped to become n-type a provide the 

substrate for PMOS devices.
 Channel=gate AND diffusion
 Minimum possible L is use to define a specific technology node
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CMOS technologies

nwell

p-substrate PMOSNMOS
STI STI STI

A

Y Vddgnd

 In modern technologies devices are insulated with shallow trenches (STI).
 To form circuits, device need to be interconnected with metals.
 Modern technologies offer up to 8-9 layers of metals.
 Metal can be either Al or Cu.
 Different metal layers are interconnected where needed through vias in the silicon 

dioxide.
 Planarization of the Inter Level Dielectric (ILD) is a critical issue.

pwell

 In modern technologies devices are insulated with shallow trenches (STI).
 To form circuits, device need to be interconnected with metals.
 Modern technologies offer up to 8-9 layers of metals.
 Metal can be either Al or Cu.
 Different metal layers are interconnected where needed through vias in the silicon 

dioxide.
 Planarization of the Inter Level Dielectric (ILD) is a critical issue.
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The classical MOS transistors

The MOS transistor

VDS >VGS-VTH VS = 0 V

VB = 0 V

VG > VTH

++++++++
- - - - - --- -- -- --

  If we would rise both source and drain potential 
towards the gate potential, we would inhibit channel 
formation when we are less then a V

TH
 from the gate 

voltage.
 Rising only the drain voltage the pinch-off occurs 

only at the drain side.

1 2 2.50
0

100

200

300

VDS (V)

ID
S

 (
µ

A
)

VGS = 1.25 V
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Building a CMOS amplifier

 Even with a current source load, the gain would be limited by the output conductance 
of the driving transistor
 The product g

m
r

0
 is the intrinsic transistor gain.

gm vinr0 

vin

vout

vout

vin

r0=1/gds

Gain can be > 100

VBIAS
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A more realistic amplifier....

 Even with a current source load, the gain would be limited by the output conductance 
of the driving transistor
 The product g

m
r

0
 is the intrinsic transistor gain.

gm vinr0 
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Moore's law
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Scaling CMOS transistors
Gate (G)

Drain(D)Source (S)

Bulk (B)

Gate (G)

Drain(D)Source (S)

Bulk (B)

α>1
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Consequences of scaling

 For digital circuits: things can only get better!
Scaling is optimized for digital circuits.
Digital gates becomes smaller, faster and lower power.
Note: while power/gate decreases, power/chip increases to the 
increased number of gate and augmented functionality.

 For analog circuits situation is more complex.

 Analog circuits sensitive to a number of effects arising in the 
deep sub-micron regime.

 For analog circuits, key parameters are: 

Transconductance gm:

Output conductance gds:

Noise and matching...

 The gm/gds ratio is a metric of a gain that can be achieved by 
CMOS amplifiers.

 For digital circuits: things can only get better!
Scaling is optimized for digital circuits.
Digital gates becomes smaller, faster and lower power.
Note: while power/gate decreases, power/chip increases to the 
increased number of gate and augmented functionality.

 For analog circuits situation is more complex.

 Analog circuits sensitive to a number of effects arising in the 
deep sub-micron regime.

 For analog circuits, key parameters are: 

Transconductance gm:

Output conductance gds:

Noise and matching...

 The gm/gds ratio is a metric of a gain that can be achieved by 
CMOS amplifiers.
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Transconductance

Strong inversion

Weak inversion

IC < 0.1: W.I.

IC> 10: S.I.

In between: moderate inversion!



 

XXIII giornate di studio sui rivelatori – Torino, 23/10/13 Angelo Rivetti

Gm in weak inversion

 Scaling the technology, Cox increases.

 For the same bias current and aspect ratio, IC decreases

 Transistors work more and more in weak inversion.

 gm/Id is maximized

 MOS resembles a bipolar transistor

 Scaling the technology, Cox increases.

 For the same bias current and aspect ratio, IC decreases

 Transistors work more and more in weak inversion.

 gm/Id is maximized

 MOS resembles a bipolar transistor
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Continuity across level of inversion

 The EKV model was developed in an attempt to have a physical based 
model providing continuity of MOS characteristics across different level of 
inversion:

MOS equation in saturation valid in all region of inversion

Transconductance

 The EKV model was developed in an attempt to have a physical based 
model providing continuity of MOS characteristics across different level of 
inversion:
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Example: reverse short channel (1) 

DS

G

B

0  V0  V

1  V

0  V

Inversion

➔ The gate voltage needs to maintain also the depletion  
region.
➔ For short channel device source and drain depletion 
regions protrude significantly in the channel.
➔ For the same charge store on the gate, more carriers can 
be attracted in the channel, since the depletion region is 
partially supported by source/drain

Example of traditional short 
channel effect: threshold is lower 
as channel length is decreased.

➔ The gate voltage needs to maintain also the depletion  
region.
➔ For short channel device source and drain depletion 
regions protrude significantly in the channel.
➔ For the same charge store on the gate, more carriers can 
be attracted in the channel, since the depletion region is 
partially supported by source/drain

Example of traditional short 
channel effect: threshold is lower 
as channel length is decreased.
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Example: reverse short channel (2) 

G

B

0  V0  V

1  V

0  V

Inversion

S D

0 0.2 0.4 0.6 0.8 1 1.2
0

0.1

0.2

0.3
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➔ To prevent excessive extension of the source-drain 
depletion region into the regions around the electrodes 
receive a stronger substrate doping (halo doping).
➔ When the channel is very short the two regions tend to 
overlap, the local substrate doping in the channel region is 
increased and the threshold voltage increases.
➔ Another reason to keep away from minimum length 
devices in analog design!

Reverse short channel effect: 
simulated threshold variation as a 
function of channel length in a 90 
nm CMOS process.  

➔ To prevent excessive extension of the source-drain 
depletion region into the regions around the electrodes 
receive a stronger substrate doping (halo doping).
➔ When the channel is very short the two regions tend to 
overlap, the local substrate doping in the channel region is 
increased and the threshold voltage increases.
➔ Another reason to keep away from minimum length 
devices in analog design!

Reverse short channel effect: 
simulated threshold variation as a 
function of channel length in a 90 
nm CMOS process.  
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Gain vs IC and channel length

 The gate transconductance is one of the key small 
signal parameters of the transistor and relates the 
variations of the drain current to the variations of the 
gate-source voltage

 The output conductance relates the variations  of 
the drain current to the of the variations  of drain 
source voltage. Sets a limit to the gain achievable in 
MOS amplifiers

M. Manghisoni et al, “Analog Design Criteria for High-granularity Detector Readout in the 
65 nm CMOS Technology”, IEEE NSS-MIC Conference Records, N40-2, 2011.
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The IC design steps

High level sim

Schematic sim

Layout

Post layout

HDL sim

Synthesis

Post-synthesis

P&R

Top level layout

Tape out and pray for three 
months

Test
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A schematic
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A layout

 1. Calibration circuit

 2. CSA

 3. Constant current feed-back

 4. Leakage compensation

 5. DAC

 6. Comparator

 7. Clipping circuit

Analog building block (fit in 50 m  x 100 m)

 1. Calibration circuit

 2. CSA

 3. Constant current feed-back

 4. Leakage compensation

 5. DAC

 6. Comparator

 7. Clipping circuit

2 6

5

4

3
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A chip 

 Noise limits:
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Multi-project wafers

 Noise limits:

 The cost of a mask set may range from 80.000 dollars (typical of 
0.35 μm) to several millions for most advanced processes.
 The unit which is stepped is the reticle. The reticle is big (2x2 , 3x2 

cm or even more) and can host several chips.
 Sharing the reticle between different users is an effective way of 

reducing prototyping costs.
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UDSM usage  

 Noise limits:

 Direct scaling of the technology.....

 Reverse scaling of the design rules:
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Outline

 Introduction to MOS transistors and CMOS amplifiers

 Scaling in CMOS technologies

 

ALICE SDD
COMPASS RICH
R&D for hybrid pixels
Hadron-Therapy

SiPM readout

 Electronics for radiation detectors: a very short history.

 Signal processing basics

 A CMOS primer.

 Scaling in CMOS technologies.

 Architectures for integrated front-end.

 Key building blocks: ADC &TDC.

 Design examples.
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Full sampling systems
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 Energy can be measured by finding the peak or integrating...

Example of a digitized pulse shape
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P. Aspell, M. De Gaspari, E. França, E. García García, L. Musa
IEEE Trans. Nucl. Sci., vol. 60, No. 2, April 2013.
Super-Altro 16: A Front-End System on Chip for DSP Based Readout of 
Gaseous Detectors.

Front-end chip with embedded DSP: a state of the art example

 Prototype chip developed for the read-out of the Linear Collider TPC.

 Based on the present readout of the ALICE TPC (PASA+ALTRO chip with 
DSP on two separate dies).

 16 channels with front-end, ADC and digital signal processor.

 Fully differential, 10 bit pipeline ADC

 3 mm2 per channel (active area) in CMOS 0.13 μm.

 Key DSP functions:baseline subtraction, signal conditioning, baseline 
correction and zero-suppression.

 Noise dominated by the front-end amplifier (good isolation between 
analog and digital).

 Prototype chip developed for the read-out of the Linear Collider TPC.

 Based on the present readout of the ALICE TPC (PASA+ALTRO chip with 
DSP on two separate dies).

 16 channels with front-end, ADC and digital signal processor.

 Fully differential, 10 bit pipeline ADC

 3 mm2 per channel (active area) in CMOS 0.13 μm.

 Key DSP functions:baseline subtraction, signal conditioning, baseline 
correction and zero-suppression.

 Noise dominated by the front-end amplifier (good isolation between 
analog and digital).
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Key S-ALTRO features

S-ALTRO key 
performance

Gain 12, 15,19, 27 mV/fC

Peaking time 30, 60, 90, 120 ns

Signal polarity both

Detector capacitance 4-20 pF

Number of bits 10

Sampling Frequency 10-40 MHz

Power (active) 47 mW/ch

Power (sleep) 0.6 mW/ch

S-ALTRO power 
break down

PASA 10 mW/ch

ADC (analog) 31.28 mW/ch

ADC (digital) 1.7 mW/ch

DSP 4 mW/ch
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Systems using analog memories (3)

M. Raymond et al, “The CMS Tracker APV25 0.25 μm CMOS Readout Chip, 
Sixth Workshop on Electronics for LHC Experiments, Cracow, Sept. 2000.

M. J. French, et al “Design and results from the APV25, a deep sub-micron 
CMOS front-end chip for the CMS tracker”.
NIM A 466, pp. 359-365, 2001

 

128 channel
192 sampling cells per channel
CMOS 0.25 μm
Power 2 mW/channel

M. Raymond et al, “The CMS Tracker APV25 0.25 μm CMOS Readout Chip, 
Sixth Workshop on Electronics for LHC Experiments, Cracow, Sept. 2000.

M. J. French, et al “Design and results from the APV25, a deep sub-micron 
CMOS front-end chip for the CMS tracker”.
NIM A 466, pp. 359-365, 2001
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               Sample & Hold 
 The sampling is adjusted so that the peak of the signal (where the signal-to-

noise is maximum) is captured.
 Only one or two samples per event (correlated double-sampling...)

 Historically, the first VLSI chips designed for radiation detectors employed the 
S&H topology.

               Sample & Hold 

 The sampling is adjusted so that the peak of the signal (where the signal-to-
noise is maximum) is captured.
 Only one or two samples per event (correlated double-sampling...)

 Historically, the first VLSI chips designed for radiation detectors employed the 
S&H topology.
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               Peak detectors (1) 

c

 Principle: introduce a unidirectional 
element in the feed-back loop of an opamp.

 The voltage on CH follows the input till to 
the peak and then stays constant.

 Single phase peak detectors are simpler, 
but suffer from op-amp offset

VFE

VH

               Peak detectors (1) 

 Principle: introduce a unidirectional 
element in the feed-back loop of an opamp.

 The voltage on CH follows the input till to 
the peak and then stays constant.

 Single phase peak detectors are simpler, 
but suffer from op-amp offset
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Two phase configuration:
 Write phase=conventional peak detectors:
 Read phase=op-amp used as buffer. Op amp 

errors cancel-out

G. De Geronimo, P. O'Connor, A. Kandasamy:
“Analog CMOS peak detect and hold circuits. 
Part I. Analysis of the classical configuration” 
Nucl. Instr. Methods

“Analog CMOS peak detect and hold circuits.
 Part II. The two phase offset free and 
derandomizing configuration”. 
Nucl. Instr.Methods

               Peak detectors (3) 

Two phase configuration:
 Write phase=conventional peak detectors:
 Read phase=op-amp used as buffer. Op amp 

errors cancel-out

G. De Geronimo, P. O'Connor, A. Kandasamy:
“Analog CMOS peak detect and hold circuits. 
Part I. Analysis of the classical configuration” 
Nucl. Instr. Methods

“Analog CMOS peak detect and hold circuits.
 Part II. The two phase offset free and 
derandomizing configuration”. 
Nucl. Instr.Methods

               Peak detectors (2) 
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              How do we determine timing?  The simplest timing system: a clock and a counter. Key elements:

Front-end amplifier

Discriminator (comparator)

Counter and registers

              How do we determine timing? 

 The simplest timing system: a clock and a counter.

 Key elements:

Front-end amplifier

Discriminator (comparator)

Counter and registers
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             Time-over-Threshold (ToT)   The duration of the comparator pulse is in general proportional to the 
signal amplitude.

 With suitable techniques, a linear relationship can be achieved.

 The time of the leading and trailing edges are measured.

 The difference provides the ToT and hence the charge information.

  The duration of the comparator pulse is in general proportional to the 
signal amplitude.

 With suitable techniques, a linear relationship can be achieved.

 The time of the leading and trailing edges are measured.

 The difference provides the ToT and hence the charge information.

             Time-over-Threshold (ToT) 
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             Timing through amplitude (1)  Timing information can also be extracted by waveform sampling.

 A clock counter provides a rough measurement.

 The amplitude information is used for interpolating.

 The fine time can be extracted by different methods (extrapolating 
towards zero, center of gravity, digital constant fraction discriminators).

 Rule of thumb: accuracy about 5% of the waveform rise time.

 Achieving ps resolution is possible, but it requires very high sampling 
rate.

  Timing information can also be extracted by waveform sampling.

 A clock counter provides a rough measurement.

 The amplitude information is used for interpolating.

 The fine time can be extracted by different methods (extrapolating 
towards zero, center of gravity, digital constant fraction discriminators).

 Rule of thumb: accuracy about 5% of the waveform rise time.

 Achieving ps resolution is possible, but it requires very high sampling 
rate.

             Timing through amplitude (1)
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             Timing through amplitude (2) Timing through waveform sampling does not require a high speed clock.

 The sampling switches are driven by a fairly low frequency signal, 
delayed along  a digital delay line.

 Not trivial to design, anyway....

 Very high sampling speed already achieved in 1994...

 

Haller G.M. ,Wooley B.A.
A 700 MHz Switched Capacitor 
analog waveform sampling circuit

IEEE Journal of Solid State Circuits, 
vol. 29, issue 4, April 1994. 

 Timing through waveform sampling does not require a high speed clock.

 The sampling switches are driven by a fairly low frequency signal, 
delayed along  a digital delay line.

 Not trivial to design, anyway....

 Very high sampling speed already achieved in 1994...

 

             Timing through amplitude (2)
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             Pure binary One bit is recorded if the signal is above threshold.

 The hit can be time-stamped.

 In some cases, no time-stamp provided on chip.

 The coarse timing information is derived by associated the time of the 
particular readout cycle.

             Pure binary

 One bit is recorded if the signal is above threshold.

 The hit can be time-stamped.

 In some cases, no time-stamp provided on chip.

 The coarse timing information is derived by associated the time of the 
particular readout cycle.
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Example: monolithic CMOS sensors

p-sub Vout

 One row at a time is selected

 Analog values are presented to end-of 
column comparators and digitized.

 Charge is accumulated between two 
consecutive access to the row [O(100 μs)]

 Pixels are very small: space is known 
with great accuracy [O(1 μm)]

 All what is known about timing is that 
the hit occurred in between two 
consecutive access to the row.

 One row at a time is selected

 Analog values are presented to end-of 
column comparators and digitized.

 Charge is accumulated between two 
consecutive access to the row [O(100 μs)]

 Pixels are very small: space is known 
with great accuracy [O(1 μm)]

 All what is known about timing is that 
the hit occurred in between two 
consecutive access to the row.
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Architecture synopsis

 Pure binary.

 Binary with internally generated time-stamp.

 Time-over-Threshold.

 Peak sampling (one sample per event).

 Waveform sampling (many samples per event).

 Waveform sampling with on board digitization.

 Full sampling with ADC and DSP.

Many different methods have been developed to readout the data off chip.

In triggered systems, different strategies can be employed for associated 
the right event to the appropriate trigger (trigger matching...).

 Pure binary.

 Binary with internally generated time-stamp.

 Time-over-Threshold.

 Peak sampling (one sample per event).

 Waveform sampling (many samples per event).

 Waveform sampling with on board digitization.

 Full sampling with ADC and DSP.

Many different methods have been developed to readout the data off chip.

In triggered systems, different strategies can be employed for associated 
the right event to the appropriate trigger (trigger matching...).
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