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I. The signal: SiPM electrical model

Vacuum Photomultipliers
G = 105 – 107

Cd ~ 10 pF 
L ~ 10 nH

Silicon Photomultipliers
G = 105 – 107

C = 10 - 400 pF
L = 1 – 10 nH

I in C d
L

RS=50 Ω

C. De La Taille, Photodet conference, 2012
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I. The signal: model of a micro-cell

• Model of a passively quenching micro-cell
–Junction (Single-Photon Avalanche Diode, SPAD)

 Cd: diode capacitance (Vd is the voltage across the diode)
 Rd: junction resitance limiting avalanche current

o Determined by the electric field in the junction and the 
mobility of the charge carriers

 Vbd: breakdown voltage
 SA: switch modeling the avalanche (closes). Quenches 

(opens) when:
o Electric field in the avalanche not large enough

 Active quenching: lowering voltage

o Insufficient amount of free charge carriers inside the junction 
at any given time 

 Passive quenching: limiting current (uA)

–Quenching resistor
 Rq: quenching resistance
 Cq: parasitic capacitance of the quenching resistor 

4
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Vd
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N. Otte et alt., “Silicon Photomultiplier
Handbook," Under Preparation



I. The signal: model of a micro-cell: avalanche

1) When avalanche starts SA closes

5

2) Cd discharges through Rd
– Current limited by Rd

Vd

3) Vd decreases
– IRd decreases

4) Cq is charged
– Potential cathode to anode is fixed (Vbias)
– During avalanche micro-cell signal (current flowing

into cell) is due to Cq charging
– Time constant is d = Rd ꞏ (Cq + Cd)

4) Current also flowing through Rq
– IRq=(Vbias-Vd)/Rq

5) Avalanche stops at tq when IRd is low enough
– If Rq is not high enough: no quenching !!!  

Sense Detector School - D.Gascon

N. Otte et alt., “Silicon Photomultiplier
Handbook," Under Preparation



I. The signal: model of a micro-cell: recharge

6

6

Vd
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1) When avalanche is quenched SA opens

2) Cd is recharged through Rq
– Time constant is  r= Rq ꞏ (Cq + Cd)

3) Vd increases
– IRq decreases

4) Cq is discharged through Rq

5) Recharge ends when Vd=Vbias
– At this point all currents are null



I. The signal: model of a micro-cell: simulation

• Simulation parameters: Cd=84.5 fF, Cq=16.8 fF, Rq=300.8 KΩ,   
Rd= 3 KΩ, Vbd=51.9 V, Vbias=Vbd+4.5V, SA quenching current: 40 uA

7
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Cathode current

IRq

IRd

ICd

ICq

Vd



I. The signal: model of a micro-cell: simulation

• Let’s zoom around quenching time tq:

8
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Vd

Cathode current

IRq

IRd

ICd

ICq

tq

Avalanche Recharge

d = Rd ꞏ (Cq + Cd) r = Rq ꞏ (Cq + Cd)



I. The signal: model of a micro-cell: simulation

• Signal-charge (gain): 
–Cathode current integration: 
–Charge = (Cd + Cq ) ꞏ (Vbias − Vd(tq))

9
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I. The signal: model of a complete SiPM

• Complete model of SiPM with Ntot cells:
– Active (firing) cells (Nf)
– Passive (not firing) cells (Ntot – Nf)
– Parasitic components
– Load impedance

10
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• Parasitic elements:
– Cg: interconnection

parasitic capacitance
– Rpar: interconnection

parasitic resistance
– Lpar: interconnection

parasitic inductance
• Load:

– Usually the input 
impedance of the front
end amplifier

– Or just a resistor 
 For instance a 50 Ω scope



I. The signal: model of a complete SiPM

• Simulation for a typical 3x3 mm2 SiPM with 3600 cells:
– 1 firing cell. Size: 50 µm similar parameters as previous simulations
– Cg: 18 pF and Rload: 15 Ω

11

11

Sense Detector School - D.Gascon

Firing cell current
Passive cells cur.
Load current

• Firing cell current similar as for
single cell

• But nearly all fast current
component flows to passive cells

• Why ?



I. The signal: model of a complete SiPM

• Passive cells and load impedance form a low pass filter !
– We are sensing the current or the voltage on RL
– Passive cells and parasitic capacitances create a current divider with RL
– Peak signal goes with Cpar-1

12
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Low pass filter
time constant:

L  RL ꞏNtotꞏ (Cq // Cd)

* Approximate: we should 
include also Cg here



I. The signal: model of a complete SiPM

• The signal (load current) shape and amplitude depends on RL
– Peak current signal is inversely proportional to RL

13
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5 Ω

200 Ω

• Two possible scenarios:
–Large SiPMs, high RL, etc: d < L

 Rise time constant: d

 Two drop-off time constants: L and R 

– Very-small SiPMs, very low input 
impedance amplifiers, etc: L < d
 Rise time constant: L

 Two drop-off time constants: d and R 

D. Marano et alt., «Silicon Photomultipliers Electrical Model 
Extensive Analytical Analysis»,IEEE Transactions on Nuclear 
Science 61(1), 23 (2014).  



I. The signal: model of a complete SiPM

• If we sense the load voltage the situation is a little bit different:
– Shape also depends on RL (long recovery times for large RL)
– But the amplitude is now proportional to RL

14
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I. The signal: analytical model (large SiPM)

1) Peak V or I signal goes with C-1

2)  Peak I signal goes with R-1

3) Fast vs 
slow

component
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I. References on SiPM modelling and FE electronics
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I. The signal: the beauty and the beast…
17

The beauty….

… and the beast .
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II. Front end model 

• A more detailed model of the front end
– Not just an impedance

• Need to include also noise and bandwidth to evalute resolution
– Charge (spectrum) and time 

19
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II. SiPM signal with FE: shape

• Single cell signal for different SiPMs
– Peak V or I signal goes with C-1!

20

• SiPM overvoltage: 4.5 V
• Amplifier parameters
 Rin = 15 Ω
 BW = 500 MHz
 Input ref. series noise: 2 nV/sqrt(/Hz)
 Input ref. parallel noise: 10 pA/sqrt(/Hz)

20

S13360 2x2 mm2 50 um cell / Cap: 140 pF 
S13360 3x3 mm2 50 um cell / Cap: 320 pF
S13360 6x6 mm2 50 um cell / Cap: 1.3 nF
S14520 6x6 mm2 50 um cell / Cap:  2 nF

Sense Detector School - D.Gascon



II. SiPM signal with FE : peak output signal

• Output peak current for several SiPMs
– Compared to simplied ideal detector (capacitor + I source)

 For C<100 pF (with Rin=15 Ω) current flows into amplifier
 Trend C-1 well described for higher capacitances

– SiPM capacitance assigned from datasheet  ≠ effective cap

21

• SiPM overvoltage: 4.5 V
• Amplifier parameters
 Rin = 15 Ω
 BW = 500 MHz
 Inp. ref. ser. noise: 2 nV/sqrt(/Hz)
 Inp. ref. par. noise: 10 pA/sqrt(/Hz)
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II. SiPM signal with FE : output noise

• Integrated output noise current for several SiPMs
– Compared to simplied ideal detector (capacitor + I source)
– SiPM capacitance assigned from datasheet  ≠ effective cap

 “Effective capacitance” (complex part of impedance at HF) is typically 
smaller than datasheet capacitance
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• SiPM overvoltage: 4.5 V
• Amplifier parameters
 Rin = 15 Ω
 BW = 500 MHz
 Inp. ref. ser. noise: 2 nV/sqrt(/Hz)
 Inp. ref. par. noise: 10 pA/sqrt(/Hz)
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II. SiPM signal with FE : peak signal to noise ratio (SNR) 

• Signal to Noise ratio can be computed as the ratio 
of previous results:

– Output peak current divided by integrated output noise

23

• SiPM overvoltage: 4.5 V
• Amplifier parameters
 Rin = 15 Ω
 BW = 500 MHz
 Inp. ref. ser. noise: 2 nV/sqrt(/Hz)
 Inp. ref. par. noise: 10 pA/sqrt(/Hz)

23



II. SiPM signal with FE : energy resolution 

• Energy/light is typically measured by integration
– Either analog (shaping) or digital signal processing
– The SNR depends on the integration (shaping) time

 For a simple 5 ns integration
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• SiPM overvoltage: 4.5 V
• Amplifier parameters
 Rin = 15 Ω
 BW = 500 MHz
 Inp. ref. ser. noise: 2 nV/sqrt(/Hz)
 Inp. ref. par. noise: 10 pA/sqrt(/Hz)
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II. SiPM signal with FE: energy resolution 

• Energy/light is typically measured by integration
• This is relfected in charge spectrum (finger plot)

25

• SiPM overvoltage: 4.5 V
• Amplifier parameters
 Rin = 15 Ω
 BW = 500 MHz
 Inp. ref. ser. noise: 2 nV/sqrt(/Hz)
 Inp. ref. par. noise: 10 pA/sqrt(/Hz)
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II. SiPM signal with FE : energy resolution 

• Energy/light is typically measured by integration
• This is relfected in charge spectrum (finger plot)
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• SiPM overvoltage: 4.5 V
• Amplifier parameters
 Rin = 15 Ω
 BW = 500 MHz
 Inp. ref. ser. noise: 2 nV/sqrt(/Hz)
 Inp. ref. par. noise: 10 pA/sqrt(/Hz)

26



II. SiPM signal with FE : energy resolution 

• Energy/light is typically measured by integration
• This is relfected in charge spectrum (finger plot)
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• SiPM overvoltage: 4.5 V
• Amplifier parameters
 Rin = 15 Ω
 BW = 500 MHz
 Inp. ref. ser. noise: 2 nV/sqrt(/Hz)
 Inp. ref. par. noise: 10 pA/sqrt(/Hz)
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II. SiPM signal with FE : integration time
28

• Even if “nominal” gain is in the order of 106 only a fraction of 
the charge is used for fast read-out systems

• The “effective” gain for a fast system can be between 2 and 
10 times lower than the nominal gain

20 June 2019

Effective SiPM gain depends on the shaping time !!



II. SiPM signal with FE: integration time

• Longer shaping times help to dramatically improve
SNR of the charge spectrum

– Application dependent !
• Longer shaping times:

– Increase signal collection (important for large devices)
– Mitigates the effect of series noise

 Warning: but increases the effect of parallel noise (important for small devices)!

29

• SiPM overvoltage: 4.5 V
• Amplifier parameters
 Rin = 15 Ω
 BW = 500 MHz
 Inp. ref. ser. noise: 2 nV/sqrt(/Hz)
 Inp. ref. par. noise: 10 pA/sqrt(/Hz)

29

Disclaimer: increasing
integration time may
not work because of
DCR, correlated noise, 
pile-up…



II. SiPM signal with FE : Pole-Zero cancellation

• Pole-Zero (PZ) cancellation of the SiPM recovery long time constant (r)
– Used for high event rates (avoid pile-up)

• The PZ shaping has an effect in the signal to noise ratio (SNR)
– Similar to have short integration times

30

Simulation with a 
model obtained from

3x3 mm device
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II. SiPM signal with FE: time resolution 

• Jitter (Single Photon Time Resolution, SPTR):

– Only electronics contribution (no SPAD jitter or skews)

31

• SiPM overvoltage: 4.5 V
• Amplifier parameters
 Rin = 15 Ω
 BW = 500 MHz
 Inp. ref. ser. noise: 2 nV/sqrt(/Hz)
 Inp. ref. par. noise: 10 pA/sqrt(/Hz)

31

SPTR ൌ  
𝐼௡௢

𝜕𝐼௢ଵ௣
𝜕𝑡ൗ

Integrated output noise

1 cell signal gradient
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II. Input stage: large sensors and short shaping times

• For small SiPMs or “slow” applications:  any decent 
preamp ...

• Problem is with large area (cap >> few 100s pF) and
fast (<< 100ns shaping time) applications

20 June 2019 Sense Detector School
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II. Input stage: large sensors and short shaping times

• The preamp can  be optimized for large sensors:
– Increasing power to reduce input referred series noise

20 June 2019 Sense Detector School
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• S14520_6x6_50u @ 4.5 V
• Amplifier parameters
 Rin = 15 Ω
 BW = 500 MHz
 Inp. ref. ser. noise: x-axis
 Inp. ref. par. noise: 10, 20 and 30

pA/sqrt(/Hz)

Charge SNR vs input 
referred series noise

Lower noise but
Higher Power



II. Input stage: large sensors and short shaping times

• Increasing preamp power helps:
– To improve energy resolution in fast applications 
– To improve timing resolution 

20 June 2019 Sense Detector School
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• S14520_6x6_50u @ 4.5 V
• Amplifier parameters
 Rin = 15 Ω
 BW = 500 MHz
 Inp. ref. ser. noise: x-axis
 Inp. ref. par. noise: 10, 20 and 30

pA/sqrt(/Hz)

SPTR (ps rms) vs            
input referred series noise

BUT ….



II. Input stage: large sensors and short shaping times

• The best preamplifier connected large SiPM will never beat a 
normal amplifier connected to a small SiPM

20 June 2019 Sense Detector School
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• S13360_2x2_50u @ 4.5 V
• Amplifier parameters
 Rin = 15 Ω
 BW = 500 MHz
 Inp. ref. ser. noise: x-axis
 Inp. ref. par. noise: 10, 20 and 30

pA/sqrt(/Hz)

SPTR (ps rms) vs            
input referred series noise



II. Effect of interconnects (inductance)

Qdet Cdet

Lwb

Cin Rin

iin

Ai(s) iin RL CL

iout
𝜕i୭୳୲

𝜕t

𝜕i୭୳୲
𝜕t

5 nH / 10 pF 5 nH / 1 nF 25 nH / 10 pF 25 nH / 1 nF

1.3 GHz 270 MHz 560 MHz 81 MHz

Optimum bandwidth for connecting inductances 
5 nH – 25 nH and Cdet = 10 pF – 1 nF

• Optimum bandwidth is (very) approximately 𝟑
𝟐𝝅 𝑳 𝑪𝒅𝒆𝒕

• డ௜೚ೠ೟
డ௧

 ∝ BW for BW << Cut-Off

• No slope improvement beyond 1.3 GHz.

 What if σ୬௢௜௦௘ ∝ BW (~flat PSD)??

Lwb / Cdet

Convolution between the input slope and the electronics bandwidth (time domain): 
𝑆𝑅 ൌ ∂௜೚ೠ೟

∂୲
∝ ∂௜೔೙

∂௧
∗ 𝐵𝑊 ⋅ 𝑒ି௧⋅஻ௐ 

𝜕i୧୬
𝜕t

J. M. Fernandez-Tenllado (CERN)
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II. Input stage: combining smaller sensors (passive)
37

• To obtain large area sensors: 
– Parallel connection: large capacitance !
– Series (simple or hybrid) connection: lower capacitance (but lower signal): 

 Useful for reducing sensor recovery time not so clear for SNR (depends on amplifier Zin)

20 June 2019 Techno Week 2018

W. Ootani et al., DOI
10.1016/j.nima.2013.07.043

OR ….



II. Input stage: combining smaller sensors (active)
38

SUM
Diff output

(HG, LG)

SiPM
ch i

Gain control
Anode voltage control
Sensor switch off

+

-
Discriminator

Th

SE Driver
+

-PZ Shaper

HAB.

Power Down

PZ Shaper Fast OR

OR
Trigger

Out ch i

8

Current for slow
integration

HAB.

8

8

(HG)

8

(LG)

Current mode input stage for
SiPM anode readout

X ni X nt X np X ne X nq

Current
Switch

Current
Switch

PZ Shaper

(HG, LG)

Diff Driver
+

-

(HG, LG)

• MUSIC 8 ch ASIC performs single ch or summation

Summation of 1 to 8 channels
with double gain (high dynamic

range) and tunable pole-zero
cancellation
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II. Input stage: combining smaller sensors (active)
39

• Active summation to build large area detectors
• Why active summation?

– Total noise for active and passive summation can be similar
 If series noise dominates…

– But signal (peak) is much higher !
 Provided high summation BW

7 x SIPM
6x6 mm2 each

1 x PMT
18 mm diameter

Series noise < 2 nV/sqrt(Hz)
Parallel noise < 20 pA/sqrt(Hz)

*7x7mm2 and some custom 
larger SiPMs exist

20 June 2019 Sense Detector School



II. Input stage: combining smaller sensors (active)

• MUSIC configuration: the adder takes 7 channels
– Noise is much higher (sqtr(7))
– But pe (cell) peaks can still be identified
– Channels have been equalized by MUSIC anode ctrl voltage

40

S13360-6050 SiPM
6x6 mm2, 50 um cell
1.2 nF capacitance
4 V overvoltage

S13360-6050 SiPM
6x6 mm2, 50 um cell
1.2 nF capacitance
7 V overvoltage

7 x SIPM
6x6 mm2 

each
1 x PMT

18 mm diameter

20 June 2019 Sense Detector School
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II. Input stage: current versus voltage mode

• Typical photo-sensor front end circuit configurations:

20 June 2019
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F. Ciciriello et alt., "Time performance of voltage-mode vs current-mode readouts for SiPM's," IWASI, 2015

Charge
preamplifier

 E.g. common-emitter/source
configuration

 Large Zin // Large Zout
 Current conversion with Rin
 High power budget for high 

speed systems
 But can exploit RF 

technologies

 E.g. (super) common-
base/gate

 Low Zin // Large Zout
 Current conversion with Rin
 Potential stability issues
 Best for high rate applications
 Good power/BW trade-offº

 Best noise performance
 Best with short signals

 Long tails: pile-up!
 Need to discharge Cf

 Best with small capacitance
 BW=Cf/Cdet*GBW, with 

Cf<<Cdet typically…

Voltage
preamplifier

Current
preamplifier

Sense Detector School - D.Gascon
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III. Digitization: basic options

1) “Classical” signal processing chain
– Requires complex analogue processing
– Not so flexible
– Optimal in power for specific app.

2) Digital signal processing
– Waveform sampling and digital signal processing
– Ideally one should sample at fs > 2 x signal BW (x5)

E. Delagnes, “Precise Pulse Timing based on Ultra-
Fast Waveform Digitizers”, IEEE NSS 2011



III. Digitization: CITIROC

• CITIROC: voltage mode, analogue and for CTA SSTs ASTRI camera
• Part of Omega/Weeroc family: CITIROC, PETIROC, PETIROC2, TRIROC, etc

20 June 2019 Sense Detector School
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https://www.weeroc.com/fr/products/citiroc-1a

‐ General ASIC
‐ 32 channel, charge and trigger outting
‐ 6.26mW/Ch. Power pulsed

‐ Front-end
‐ Trigger

‐ Fast shaper connected to either
low or high gain preamp

‐ Two discriminator : one for timing, 
one for event validation on energy

‐ Energy measurement
‐ 2 voltage preamplifier (10x gain 

difference) followed by shaper
‐ Analogue memory : track and hold 

or peak detector
‐ Analogue multiplexer
‐ Peaking time between 12.5 and 

100 ns
‐ Valid only for SSTs



III. Digitization : CITIROC

20 June 2019 Sense Detector School

45

https://www.weeroc.com/fr/products/citiroc-1a
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III. Digitization: waveform sampling

• SCAs sample the signal which is digitized at a lower speed

S. Ritt



III. Digitization : waveform sampling

20 June 2019 Sense Detector School

D. Breton, 4th FAST WG3/4/5 Meeting, Ljubljana, January7/8 2018

SAMPIC 
Waveform TDC



III. Digitization : waveform sampling
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D. Breton, 4th FAST WG3/4/5 Meeting, Ljubljana, January7/8 2018

SAMPIC 
Waveform TDC
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III. Digitization : a version of classical signal processing

1) “Classical” signal processing chain
– Requires complex analogue processing
– Not so flexible
– Optimal in power for specific app.

2) Time based flexible processing
– The chip performs analog processing: codes energy & time in binary signal:
 Timing: signal trailing edge
 Energy: pulse width

o Pulse Width Modulation (PWM
– TDCs and back-end in FPGA
– System on 2 Chips:
 It becomes flexible !
 Example: (HR)FlexToT



50III. Digitization: HRFlexToT: linearized ToT RO chip

18 May 2018 Sense Detector School

Input signal

Shaper Output

Timing-OR

Time     +        Energy
Ch Out

HRFlexToT
180 nm CMOS

See poster 
session
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GAIN  mean = 245,63 [ns/mA]
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III. HRFlexToT: Linearity analysis: Channel Uniformity
Peak Detector mode and Max Gain (G=3, RL=3)

20 June 2019
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•Maximum current limited by injection system with amplifiers.



III. Digitization: FlexToT: linearized ToT RO chip

• Pisa University has develpped a FPGA based 
TDC readout for FlexToT
– Based on Arria 10 FPGA

 TDC: 38 ps resolution
– System CTR: 116 ps FWHM !
– Energy resolution: 8 % FWHM @ 511 KeV
– Dead time < 5ns: event rate > 1 MHz !

20 June 2019 Sense Detector School
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Ge68 spectrum
8.8 % FWHM

Timing distributions for different source positions

CTR: 116 
ps FWHM

P. Catra, 
G. Sportelli

2 LYSO xtals 3x3x5 mm3
NUV-SiPM
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III. Digitization: summary

1) “Classical” signal 
processing

2) Time based 
flexible processing

3) Waveform 
sampling (DSP)

• Fixed Costs
• Dev Time 

• System complexity
• Flexibility



III. ASIC Summary: comparison (multipurpose) 

20 June 2019 Sense Detector School
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Tech
(um)

Front-
End

Digitization Ch Power / 
ch (mW)

Max Rate
(Hz)

Dyn. 
Range

Shaping
Time

CITIROC
(CTA)

0.35 
SiGe

V, positive, 
shaping

Charge/Time 
ADC/TDC

32 6 > 1 KHz 0.1 -
400 pC

50 ns

MUSIC
(CTA, SHIP,  
others)

0.35 
SiGe

I, positive, 
shaping, 

summation

No
Analog
Outputs

8 20
(50Ω output 

drivers)

- 0.1
- 500 
pC

5-100 ns

PACIFIC
(LHCb-SciFi)

0.13 I, positive, 
gated integ

Non-linear 
ADC (2 bits)

64 8 40 MHz /ch 0.1 -
10 pC

25 ns

KLAUS4
(ILC-AHCAL)

0.18 I, positive, 
cont integ

Charge/Time 
ADC/TDC

7 2. 5
(2.5 uW)

- 0.1-
130 pC

100 ns

MUTRIG 
(Mu3e-SciFi)

0.18 I, positive, 
cont integ

Time based
TDC

32 15 > 1 
MHz/ch

3 pC –
1 nC

-

NINO   
(ALICE, 
others)

0.25 I, 
differential,

discri

Non-Linear 
ToT

8 30 40 MHz /ch 0.1 – 2 
pC

-

• Non-compehensive list ! No time to talk about all:
 QIE11, EASIROC, SPIROC, etc



III. ASIC Summary: comparison (multipurpose) 
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Tech
(um)

Front-End Digitizatio
n

Ch Power / 
ch (mW)

Max Rate
(Hz)

Dyn. 
Range

SPTR*1

(ps FWHM)

PETIROC2 0.35 
SiGe

V, positive, 
shaping

Charge/Time 
ADC/TDC

32 6 40 KHz 0.1 -
400 pC

196

TOFPET2 0.11 I, positive, 
integ

Charge/Time 
TDC

64 8 200 KHz 0.1 -
300 pC

210

STIC3 0.18 I, pos/dif, lin
ToT

Charge/Time
TDC

64 25 100 KHz 0.1 - xx Xx

PETA6 0.18 I, pos/dif, 
lnteg

Charge/Time 
ADC/TDC

38 30 200 KHz 0.1-xx Xx

HRFlexToT 0.18 I, pos, lin
ToT

Charge/Time 
PWM+FPGA

16 3.5 + TDC >1 MHz 0.1 -
500 pC

140

BASIC64 0.35 I, negative, 
shaper

Charge/Time 
ADC/TDC

64 10 75 KHz 0.1 –
400 pC

Xx

IDE3380 
SPHIRA

- I, pos/neg Charge/Time 
ADC/TDC

16 15-30 50 KHz 0.1-400 
pC

Xx

NINO  0.25 I,differential,
discri

Non-Linear 
ToT

8 30 40 MHz /ch 0.1 – 2 
pC

150

*1: SPTR: Single Photon Time Resolution for a 3x3 mm2 50 um SiPM
• Laser and acquisition jitter are not substracted
• All chips readout in analog mode
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• PETA6: . R. Dohle,T. Rittweg, I. Sacco, “Small form-factor, liquid-cooled SiPM module for PET/MRI 
applications”, EMPC 2017, DOI: 10.23919/EMPC.2017.8346828

• HRFlexToT: poster in this forum.
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Outlook

I. SiPM signal
II. Front End
III. Digitization
IV. Digital Sensors
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IV. Digital SPADs

• Mixed passive-active quenching and reset
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[Tisa et al. Optics Express, 2008]



IV. Digital SPADs

• Active vs. passive quenching
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Passive quenching 
• limits the  maximum admissible photon counting rate
• Passive quenching does not allow hold‐off

Active quenching
• Constant duration of the pulses
• Speeding up quenching → minimizes power dissipaƟon
• Permits user defined hold‐off → reduces aŌerpulsing
• Reduces dead‐time

[R. Carmona, BarcelonaTechnoWeek, 2016]



IV. Digital SPADs

• CMOS-compatible SPADs
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[R. Carmona, BarcelonaTechnoWeek, 2016]

•[Niclass, IEEE JSTQE, 2004]
•SPAD array  0.8um HV CMOS 
•(EPFL, Switzerland, 2004)

•[Finklestein. Proc. SPIE, 2006] •[Faramarzpour. IEEE TED, 2008]
•Single SPAD in 0.18um CMOS 
•(UCSD, USA, 2006)

•Single SPAD in 0.18um CMOS 
•(McMaster Univ., Canada, 
2008)



IV. Digital CMOS SPADs imagers
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[R. Carmona, BarcelonaTechnoWeek, 2016]



IV. Digital SiPMs

• Digital SiPMs are based on digital SPADs but are not imagers
• Digital SiPM counts photons in digital domain

20 June 2019 Sense Detector School
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IV. Digital SiPMs

• Not so new… so why digital is not ubiquitous?

• It is indeed somewhere
– Philips Vereos PET

 CTR < 300 ps FWHM
 Better results with aSiPMs

• Still.. Why so limited impact?
1. Electronics in the pixel limits fill factor and thus PDE
2. Based on pure CMOS technology

 Dedicated SiPMs processes still better in high end applications

3. Read-out and trigger scheme are quite rigid and limited
 DCR limits trigger efficiency
 Difficult to use in other applications than PET

20 June 2019 Sense Detector School
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64

• 3D integration may help to overcome these limitations

IV. 3D digital SiPMs

20 June 2019 Sense Detector School

3D integrated digital SiPM F. Retiere (TRIUMF) & U. de Sherbrooke (Sherbrooke)



65

SPAD arrays in CMOS technology
Research at TU Delft//EPFL
(group of E. Charbon):
• SPADnet
• 3D-integration (flip chip)
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Courtesy of E. Charbon

• 3D integration allows 1 TDC per SPAD: no interconnection problem
• Very low power TDCs have been designed (100 uW)

IV. 3D digital SiPMs
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Thanks a lot for your attention !!!

Questions ?
dgascon@fqa.ub.edu
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V. Hybrid sensors: 3D mixed-mode SiPMs

• Already working on the concept (ICCUB + CERN):
– FASTIC: highly reconfigurable FE chip in 65 nm
– FASTPIX: pixelated version in our roadmap…

20 June 2019 Sense Detector School
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Combined 
time by OR

Combined 
time, energy 
and trigger 
by analog
summation



III. FE circuits: Pole-Zero cancellation

• Pole-Zero (PZ) cancellation of the SiPM recovery long time constant (slow)
• The PZ shaping has an effect in the signal to noise ratio (SNR)

– A SNR>5 is required for photopeak identification
– Can be seen in 2 different ways:

1) Attenuation of slow frequency components of the signal
2) Increase of the input referred noise (ENC=Equivalent Noise Charge)

68

Simulation with a 
model obtained from

3x3 mm device

68



III. FE circuits: effect of capacitance and shaping in noise
69

• Front end electronics for SiPM is needed to:
– Low noise front end is required for large SiPMs

Series noise < 2 nV/sqrt(Hz)
Parallel noise < 20 pA/sqrt(Hz)

SiPM capacitances range from 10s pF to more than several nF

20 June 2019 Sense Detector School

ENCmax for SNR>5 @ 
2*106 nominal gain

ENCmax for SNR>5 @ 
1*106 nominal gain



III. FE circuits: MUSIC: Multipurpose SiPM RO chip
70

SUM
Diff output

(HG, LG)

SiPM
ch i

Gain control
Anode voltage control
Sensor switch off

+

-
Discriminator

Th

SE Driver
+

-PZ Shaper

HAB.

Power Down

PZ Shaper Fast OR

OR
Trigger

Out ch i

8

Current for slow
integration

HAB.

8

8

(HG)

8

(LG)

Current mode input stage for
SiPM anode readout

X ni X nt X np X ne X nq

Current
Switch

Current
Switch

PZ Shaper

(HG, LG)

Diff Driver
+

-

(HG, LG)

• MUSIC: current mode, analog (binary) and designed for astroparticle (CTA) 
but multipurpose
– Amplification / impedance adaptation
– Pole zero cancellation
– Summation
– Discrimination
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III. FE circuits: MUSIC: Multipurpose SiPM RO chip
71
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• Possible to disable 
each input reducing 
overvoltage to Va_off. 

• Double feedback loop
– Low input impedance
– Anode voltage control

• High bandwith

Series noise < 2 nV/sqrt(Hz)
Parallel noise < 20 pA/sqrt(Hz)



III. FE circuits: MUSIC: Multipurpose SiPM RO chip
72

SUM
Diff output

(HG, LG)

SiPM
ch i

Gain control
Anode voltage control
Sensor switch off

+

-
Discriminator

Th

SE Driver
+

-PZ Shaper

HAB.

Power Down

PZ Shaper Fast OR

OR
Trigger

Out ch i

8

Current for slow
integration

HAB.

8

8

(HG)

8

(LG)

Current mode input stage for
SiPM anode readout

X ni X nt X np X ne X nq

Current
Switch

Current
Switch

PZ Shaper

(HG, LG)

Diff Driver
+

-

(HG, LG)

• MUSIC 8 ch ASIC integrates all those functionalities

Individual channel
amplification with adjustable

pole-zero cancellation (analog) 

20 June 2019 Sense Detector School

Possible application: CTA SSTs



III. FE circuits: MUSIC: Multipurpose SiPM RO chip

• Output for a LCT4 MPPC ( 3x3 mm2)

73

No Pole Zero
FWHM = 100ns

•Pole Zero
FWHM ≈
6ns

20 June 2019 Sense Detector School

73



• Charge spectrum for a LCT4 MPPC ( 3x3 mm2)
• Pole-zero cancellation 
• Excellent resolution with FWHM of 5 ns

74

III. FE circuits: MUSIC: Multipurpose SiPM RO chip
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III. FE circuits: conclusions 

• Despite the variety of applications and the zoology of ASICs some common 
requirements and functionalities for the analog FE:

– Impedance adaptation
– Low noise current or voltage sensing
– Shaping, pole-zero cancellation

• Analog signal summation can be used to create efficient large area sensors
– Although independent readout of small devices will have better performance
– Analog summation relaxes requirements on digitization and readout
– As usual in electronics: trade-off !!

• ASICs can do all of that with low power consumption: 1-2 mW
– SNR >> 10 for 6x6 mm2 devices
– Pulse width <5 ns for 6x6 mm2 devices (PZ cancellation)
– SPTR < 100 ps FWHM (small devices)
– But in preamplifiers often the power explodes when low impedance drivers are 

required: example preamplifier that drives tx line to ADC / Waveform Sampler
 System-On-Chips when possible !

7520 June 2019 Sense Detector School
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V. ASICs summary: TARGET: waveform sampling

• CHEC camera is an interesting example of compact readout

20 June 2019 Sense Detector School

Gary S. Varner, 2nd Adv SiPM Workshop, Geneva, 2014



V. ASICs summary: TARGET: waveform sampling

• Several iterations to have a functional chip: TARGET7

20 June 2019 Sense Detector School

Gary S. Varner, 2nd Adv SiPM Workshop, Geneva, 2014



V. ASICs summary: PETIROC

• PETIROC2: 
– Voltage mode, 
– Configurable: analogue, 

binary or digital 
 S&H + Wilkinson ADC 

– For medical imaging (PET)
– Versatile: analog or digital
– But shaping time > 10 ns
– Max ev. rate is 40 KHz in 

digital mode
– Power: 

20 June 2019 Sense Detector School
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https://www.weeroc.com/fr/
products/petiroc-2a



V. ASICs summary: TOFPET 

• TOFPET2: current mode, digital (linear 
ToT) and for medical imaging (PET)

– Power: 8 mW/ch
– Max rate 200 KHz/ch
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J. Varela, “New results with TOFPET2”, FAST, Ljubljana, Jan 2018



V. ASICs summary: STiC

• STiC: current mode, digital (linear ToT) and for medical imaging (PET)

20 June 2019 Sense Detector School
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STiC — a mixed mode silicon photomultiplier readout ASIC for time-of-flight applications
T. Harion et alt., 2014 JINST 9 C02003



V. ASICs summary: FlexToT: linearized ToT RO chip

• Joint project with CIEMAT to develop a time-over-
threshold ASIC for SiPM based PET 
– ICCUB: expertise on electronics and microelectronics design 

for detector FE
– CIEMAT: expertise on PET and medical imaging 

instrumentation

FlexToT
16 channel

SiGe BiCMOS 0.35um
Aaustriamicrosystem

10 mm2

3.3 V (10 mW/ch)
QFN 64

81
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V. ASICs summary: PETA

• PETA: current 
mode, charge 
(ADC) and time 
(TDC), for PET

– Choice between 
Differential FE (both 
polarities, MRT 
immune) and 
Single Ended FE (low 
Zin, DC bias 
adjustment, no external 
coupling parts)

– Readout rates >200 
kHz per channel (in all 
channels)

– Power consumption 
~30mW / channel  

20 June 2019 Sense Detector School
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P. Fischer, Heidelberg University, The PETA Chip Family FAST Workshop, FBK 2016



V. ASICs summary: BASIC64 

• BASIC64: current mode, digital (peak detector + ADC) and for PET
– Power: 10 mW/ch
– Max rate: 75 KHz/ch
– No TDC for timing

20 June 2019 Sense Detector School
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C. Marzocca et alt., "BASIC64: A new mixed-signal front-end ASIC for SiPM detectors,"  NSS 2016



V. ASICs summary: PACIFIC
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V. ASICs summary: PACIFIC
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V. ASICs summary: PACIFIC
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V. ASICs summary: PACIFIC
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Collaboration: Heidelberg, ICCUB , LPC-Clermont, IFIC-Valencia



V. ASICs summary: PACIFIC
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• A Flexible ASIC for SiPM RO (PET, SPECT, Compton)
– Novel current mode input stage
– Time resolution for ToF
– Time over Threshold RO

 No ADC

89

89V. ASICs summary: FlexToT: linearized ToT RO chip

20 June 2019 Sense Detector School

Collaboration: ICCUB and CIEMAT



• Good linearity and uniformity
– With only comparator threshold offset equalization

• Different operating ranges can be covered

90V. ASICs summary: FlexToT: linearized ToT RO chip
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V. ASICs summary: FlexToT: linearized ToT RO 
chip

• Measured @ CERN: 
– Single Photon Time resolution (SPTR)
– Coincidence Time Resolution (CTR)
– Supported by FAST COST ACTION

 Many thanks to E. Auffray and S. Gundacker

– Similar results as for NINO but 3 times lower 
power consumption 

20 June 2019
Sense Detector School
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SPTR=90ps Jitter floor: 7 ps rms

CTR: 123 ps



92V. ASICs summary: HRFlexToT: linearized ToT RO chip

18 May 2018

Cluster High
Level Trigger

SiPM 
ch i

Gain control
Anode voltage control

Timing
Fast-OR

16
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16

Current mode input stage for 
SiPM anode readout
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∑
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+

-
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+

-
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Low Level 
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+

-
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HDR Energy 
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1

16

+

-
LVDS

16 Out[i]

Time NoNLinear ToT

(1) Time
(2) Energy 
(3) Time + Energy

1

1

1

1

1

Sync 
BlockEnergy NoNLinear ToT

X nq

• A new version of the FlexToT has been recently developed.
– A linear Time over Threshold with higher resolution (>8bits)
– Lower power consumption (about 3.5 mW/ch)
– Different trigger levels and cluster trigger for monolithic crystals.
– Different scintillator time constants.

HRFlexToT
180 nm CMOS

Sense Detector School



93V. ASICs summary: HRFlexToT: linearized ToT RO chip

18 May 2018

• Based on shaper and peak detector circuits

Sense Detector School



94V. ASICs summary: HRFlexToT: linearized ToT RO chip

18 May 2018

• Linearity and dynamic range

Sense Detector School



95V. ASICs summary: HRFlexToT: linearized ToT RO chip

18 May 2018

• Preliminary results
– 3x3 mm2 HPKK device (50 um) cell, S13660.
– SPTR of about 60 ps rms (<150 ps FWHM) with 3.5 mW/ch

Sense Detector School

Best SPTR result for this SIPM to our knowledge: 
Other chips (TOFPET2, PETIROC2A, etc): 200 ps FWHM for S13360
Comparable to transformer test (see C. Piemonte talk).



IV. ASICs summary: outlook

• New ASIC FastIC in 65 nm being developed by ICCUB and CERN
– Very low power input stage, low input impedance, summation, < 10 ps TDC…

• First step towards a Hybrid Single Photon Pixel Detector

20 June 2019

96

Combined 
time by OR

Combined 
time, 
energy and 
trigger by 
analog
summation
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II: Input stage optimization

20 June 2019 Sense Tech Forum
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• In current sensing, Rin should be minimized for best timing (improved di/dt), but any 
value smaller than Rin,min = 5 Ω make the parasitic input network to resonate.

– Low Rin trade-offs with power consumption; it can be reduced by means of feedback schemes, at the 
cost of compromising stability. 

– In practice, Rin in the range 15 Ω – 20 Ω are desirable in order to be compatible with detectors showing 
Cdet = 10 pF (PMTs/MCPs) – 1 nF (Large SiPMs).

• In voltage sensing, Rin should be maximized for best timing (improved dv/dt). Signal 
dynamics are favourable since underdamped response is not possible under 
such a case. 

– The parallel resonance can boost the slew-rate even more, but one should rely on parasitics…
– Large Rin results in degraded count-rate capabilities. PZ cancellation becomes compulsory.

• Optimum bandwidth in the signal path, prior to discrimination BWopt ~ 3 ଵ
ଶగ ௅ ஼೏೐೟

– The minimum LCdet product (5 nH short connection / 10 pF in PMT) already results in 1 GHz optimum 
bandwidth.

→ No point in designing current sensing circuits faster than 1 GHz, since only noise would be integrated, 
worsening σt!



I. Introduction: current IACTs cameras

• Even some CTA telescopes will still be based on PMTs

20 June 2019 Sense Detector School

98

C. Casella, “Application of photosensors”, ICCUB- Technoweek, 2016.



I. Introduction: current IACTs cameras

• Even some CTA telescopes will still be based on PMTs
• Amazing progress in last 10 years

– PMTs developped for CTA
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22.04.2015 APPEC TF,
Razmik Mirzoyan: 
Recent Progress on PMT and SiPM, where we are going to

Afterpulsing at 4 ph.e. 
Threshold << 0.02 %

Peak PDE > 35 %



I. Introduction: SiPM based IACTs cameras

• SiPM principle

20 June 2019 Sense Detector School
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SST-1M GCTASTRI

C. Casella, “Application of photosensors”, ICCUB- Technoweek, 2016.



I. Introduction: SiPM based IACTs cameras

• What is crosstalk in a SiPM?

20 June 2019 CONFIDENTIAL
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C. Casella, “Application of photosensors”, ICCUB- Technoweek, 2016.



I. Introduction: SiPM requirements for IACTs

• High PDE > 40 %
– A higher PDE results in a higher reconstruction rate of Cherenkov 

photons and decreases the energy threshold
• Low crosstalk

– Crosstalk degrades the single photon charge resolution
• Trade-off between PDE and crosstalk
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J. Biteau et alt. “Performance of Silicon Photomultipliers for the Dual-Mirror Medium-
Sized Telescopes of the Cherenkov Telescope Array”, ICRC2015



I. Introduction: SiPM based IACTs cameras
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SST-1M GCTASTRI

C. Casella, “Application of photosensors”, ICCUB- Technoweek, 2016.



I. Introduction: SiPM based IACTs cameras
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SST-1M GCTASTRI

C. Casella, “Application of photosensors”, ICCUB- Technoweek, 2016.



Basic pulse shapes

• Short pulse : Q=16 fC, Cd=100 pF, L=0-10 nH, RL=5-50 Ω
• Smaller signals with SiPM (large Cd) ~ mV/p.e.
• Sensitivity to parasitic inductance
• Choice of RL : decay time, stability
• Convolve with current shape… (here delta impulse)

RCL/R

Q/Cd

C=100 pF 
L=10 nH 
R=50 Ω

C=100 pF 
L=10 nH 
R=5 Ω

C. De La Taille, Photodet conference, 2012



SiPM modelization

• Modelization by Corsi et al [NIM A572
2007]

[F. Corsi et al. NIM A572]



•15 jun 2012 CdLT Photodet conference

Collazuol 
2008



•15 jun 2012 CdLT Photodet conference
Collazuol 
2010


