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Digital Photon Counting (DPC)
– a scalable light detection technology

with high temporal resolution
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http://th.physik.uni-frankfurt.de/~hicforfair


Confidential Philips Digital Photon Counting © 2013

OUTLINE

2

• DPC represents industry trend(s)

• SiPM: analog vs. digital

• Benefits of  DPC technology

• First POC’s: PET & FARICH

• DPC technology concept & market approach

• Future Developments
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Trends: Solid State, Digitization & Integration
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Transistor Television

X-Ray imaging

Photography

Next?: Light Detection

Telephony

+ SOFTWARE !
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> 100 years of light detection: From Photomultiplier Tubes 
(PMTs) to Photodiodes (PDs), Avalanche Photodiodes (APDs) to 
Arrays of Geiger-Mode APDs (Silicon Photomultipliers (SiPMs)

Lenard,          Hertz

1980‘s
Saveliev & colleagues

19341887 1905

http://en.wikipedia.org/wiki/File:Pmside.jpg
http://en.wikipedia.org/wiki/File:SiPM_IRST.JPG
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“Therefore, while the APD is a linear amplifier for the input optical signal with 
limited gain, the SPAD is a trigger device so the gain concept is meaningless.” 
(source: Wikipedia)

The DPC Takes Advantage of the Binary Nature
of the Geiger-Mode APD 

Digital Photon Counter (DPC)
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DPC: Front-end Digitization by Integration of
SPAD & CMOS Electronics 

Digital Photon Counter (DPC)
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DPC: Now Photons are Counted Directly 

Output:   > no. of photons
> time stamp(s)

No analog post-processing necessary!
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DPC: Die structure 

Per Pixel:
3200/6400
SPAD‘s
50 x 60/30 µm²

1 Line-TDC:
19.5 ps timing
resolution
Serving 4 pixels
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DPC: Front End Digitization Significantly
Reduces Temperature Sensitivity   

0.33% / K
Without bias correction !

• 24 ps full-width at half-maximum timing resolution of ps-laser
• Photopeak changes 0.33% per degree C due to changing PDE
(values of analog SiPM’s are ranging from 2-8%)

• Time changes 15.3 ps per degree C (TDC + trigger network drift)
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DPC: CMOS Integration Enables Active
Quenching  

Graphics from 
Spanoudaki & Levin, Stanford,
in: Sensors (10), 2010

Cell layout of
Digital SiPM cells:
Digital electronics
take up only 3-6%
of active area.

Digital SiPMs
show reduced
afterpulsing (0.3%)
and crosstalk.
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DPC: CMOS Integration Allows Active
Control of Dark Count Rate (DCR)  
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DPC: Enables Easy Linearity Correction   

( )N
kNp −⋅−= 1ln

N: active cells (6400)
k: triggered cells
p: # of photons

• Experiments taken 
at room temperature

• No temperature 
stabilization

• Correction more 
difficult with 
analog SiPMs
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DPC: Integration of TDC on Chip Provides 
Superior Timing Across Whole Arrays  

Contribution of:  TDC network TDC network + diodes
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DPC: Higher PDE than PMT is Possible  

DPC3200-22-44DPC6400-22-44

• 3.3V excess voltage, -20°C, randomly selected diodes
• Measured one diode at a time, 50 cm slit
• Parallel measurement with PIN photodiode
• Transmission window not optimized yet → strong

decline towards dark blue/UV
• no ARC → strong interference patterns
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DPC: Timing Resolution with Single Short
LSO:Ca Crystal  
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DPC is an Integrated “Intelligent” Sensor 
FPGA
• Clock distribution
• Data collection/concentration
• TDC linearization
• Saturation correction
• Skew correction

Flash
• FPGA firmware
• Configuration
• Inhibit memory maps  

DPC3200-22-44
DPC6400-22-44
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DPC: Typical Acquisition Sequence (example)
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• fully integrated
• fully digital signals
• no ASIC needed
• fully scalable

Digital SiPM 

• discrete, limited integration
• analog signals to be digitized
• dedicated ASIC needed
• difficult to scale

Analog SiPM 
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Sub-Summary: Advantages of Philips’ DPCs 

• significantly reduced
temperature sensitivity (~10-1)

• active quenching reduces
afterpulsing & crosstalk (~10-1)

• individually addressable
cells enable DC control (~10-2)

• better linearity (&correction)
• better intrinsic timing 
resolution due to integrated
TDCs (~ factor 5)

• no analog electronics, no
ADCs, no ASICs
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DPC technology is SCALABLE

2 x 2 pixels in ceramic package
with Peltier Cooling

8 x 8 pixels in frames 

Coolable Detector Modules (256 pixels)

Coolable Detector Rings/Areas
(any number of pixels)
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Philips DPC Technology: Detector Modules  

• 4 DPC sensor arrays (tiles)
• ~ 6.6 x 6.6 cm²
• usable with or w/o
scintillator crystals

• variable scintillator geometries
• Module board with 
FPGA, pre-processing capability &
simple interface

• experimentally cooled to - 40°C
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PDPC Technology: Test PET-Ring (@FZ Juelich)  

• Inner Diameter (face-to-face): 20 cm

• 10 modules a 4 sensors

• LYSO 4 x 4 x 22 mm²
• Coolable down to 0°C

• Sensor temp. : ~ 5-10°C
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Timing Coincidence Resolution

0x00 validation setting

CRT (Trigger 1, CPI array) ~277 ps
CRT (Trigger 2, CPI array) ~362 ps

Trigger 1 

CRT = 277 ps
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• Fillable rods (44 mm diam. / 34 mm length)
• 90 min acquisition (25 MBq of 18F) 
• Trigger 2 at 7‐9°C (internal tile temperature)
• Energy (ER 13% & clustering) and time (TR 390 ps) 
calibrations applied

• Energy window of [440;660] keV and time 
window of 3 ns [‐1.5;1.5] 

Image Quality Overview

PURE/OSEM (0.5 mm voxels), no norm., no decay time, all 
corrections applied.
15.2% randoms, 5.0% scatters

2.4 mm

3.4 mm

4.0 mm
4.8 mm
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Image Quality Overview
• Hot rod phantom (70 mm diameter)
• 1h data acquisition (10‐15 MBq 18F) 
• Trigger 2 at 7‐9°C (internal tile temperature)
• Energy (RE 13% & clustering) and time (TR 390 
ps) calibrations applied

• Energy window of [440;660] keV and time 
window of 3 ns [‐1.5;1.5] 

With TOF (266 ps)

3.2 mm4.7 mm

Without TOF 

3.2 mm4.7 mm

PURE/OSEM (0.5 mm voxels), no norm., no decay time, all other corrections applied.
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DPC in High Energy Physics: FARICH Detector 
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DPC in High Energy Physics: FARICH Detector
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Preliminary results from FARICH Detector 
Prototype @ CERN

• Intrinsic timing resolution of full (20 x 20 cm²) detector: σ = 48 ps

• Discrimination of protons, kaons and  pions with high angular resolution

• Curable damage of sensor at primary beam spot

Intrinsic timing
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Scalable Technology Maintains Intrinsic
Performance

* Using 4x4x22 mm³  LYSO crystals !!

Many first time rights

PDPC-Moore‘s law
CRT ~ 270 ps*

CRT ~ 270 ps*

CRT ~ 270 ps*

CRT ~ 270 ps*

CRT ~ 270 ps*



TEK 1  ‐ POP
(tile TEK)

TEK 2 ‐ POC
(module TEK)

Rapid
prototyping

Application
Business

PDPC technology to business approach
In
te
gr
at
io
n

POP ‐ proof of principle

POC ‐ proof of concept



Diode technology, CMOS, 
layout, fab processes, ARC, 

wafer level testing…

DPC6400‐22 DPC3200‐22 DPC3200‐44 DPCXXXX‐YYDPC‐line 

Dicing, Grinding, Packaging, sensor level 
testing….Sensor readout architecture, test boards, firmware 

library…tile‐TEK

DPC‐imager 

DPC3200‐22‐44DPC6400‐22‐44 DPC3200‐other form factor

Packaging, Cooling, module level testing….

Module readout architecture, firmware library… module‐TEK

WB‐PET Highres‐PETSPECT CerenkovPET‐MR

DPC3200‐MR compatible

microscopy

System mechatronics, system cooling, system level testing and calibration

Data concentration and transfer architecture, firmware library, software

Large bore PET ring Small bore PET ring Cherenkov array Any detector / Any size

existing
planned/prototype
potential
skill/workflow synergies
component synergies

Technology
Level

Sensor
Level

Detector
(module)Level

Systems
Level

Silicon
Level

The Philips tree of scalable DPC technology
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PDPC Technology Evaluation Kit (TEK) 

> 30 kits installed so far 
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The future: what direction to go?
DPC:  current parameters are optimized for TOF-PET

λ

sens.

res.

speed

timing
dyn. range

size

price
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Summary

• DPC is a disruptive technology that will induce changes in 
applications.

• DPC development was triggered by ToF-PET abut can be 
expanded to other applications.

• DPC has shown superior performance and ease of use vs. analog 
SiPM technology (> 15 papers & posters @ IEEE2013).

• DPC demonstrated  scalability of technology in maintaining 
intrinsic performance over larger systems:

- PDPC PET test ring
- FARICH detector prototype

• As a CMOS based technology DPC needs volume to succeed, 
therefore a systems architecture concept was developed.

• New application areas for DPC are explored by adapted designs.
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Outlook
• Expansion of Scale of technology:

- detectors with larger number of pixels
- additional building blocks of scalable architecture

• Improved performance of DPCs (2nd generation):
- higher PDE 
- less dead time 
- better intrinsic timing resolution 
- sub-pixel (2 mm²) readout
- radiation hardness improvements

• New designs for new applications
- line- and image sensors (FLIM, Spectroscopy)

• New technologies/materials are under investigation
- TSV
- WLP
- ARC
- 3D technologies
- Graphene and other 2D materials (further out)

http://www.youtube.com/watch?feature=player_embedded&v=dTSnnlITsVg

http://www.youtube.com/watch?feature=player_embedded&v=dTSnnlITsVg
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