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• Photon waveforms and feature extraction
• Analog Photon Processor (APP)

• Requirements
• Development
• Status



The Goal
• “Waveforms” in photon-based detectors are typically the sum of a small number of 

similar-looking pulses in each sensor (PMT, SiPM, etc.)
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Nyquist sampled at 50 ps
Single photoelectron pulses
=8000 samples * 10 bits
=10 kB/channel/event

This approach recovers all the 
information contained within the 
bandwidth limit.

But we only care about Nphotons 
and arrival times ti---pulse shape 
does not matter here. 

In single pe regime (Nphotons=1), 
this is just one number.



The Goal
• For multi-pe waveforms: 

Many many PMT hits (2.5 kByte)

𝑤 𝑡 = $
!"#

$!"#$#%&

𝑝(𝑡 − 𝑡!)

4 PMT hits
4 peaks 4 PMT hits

3 peaks

“Forced” uniform pileup

Shape of waveform depends on distribution dN/dt of light

“Forced” uniform pileup LAr scintillation

Are there features we can extract that give us Nphotons and ti well enough that 
we do not need full waveform digitization, even in the multi-pe regime? 



Definition of “Resolved Pulse Packet”

“Fully resolved” means pulses 
that fall below threshold and 
then have a second rising 
edge above threshold

Not resolved

Fully resolved
Analysis of fully resolved pulses 
just recapitulates analysis of 
unresolved pulses ---resolved 
pulses each can have their own 
analysis

Critical to feature extraction



Light Yield (per channel) for Solar n in LAB-PPO Theia
Light Yield/chan for 1 GeV Muon 
going through LAB-PPO in Theia

How Many Resolved Packets vs. Total Photons?
PMT-like pulses with 2.5 ns s



Analog Photon Processor Requirements
• Retriggerability – to create resolved pulse packets

• In practice this will depend on realistic bandwidths
• Integrator dynamic range 500 pe

• INL <1% after calibration
• SNR > 10-20
• Peak detection for at least two peaks/resolved packet

• Amplitude and time
• Time resolution and precision 25 ps leading edge
• 8-deep analog memory FIFO

We have worked within TSMC’s 65 nm 
process to ensure we are fast enough



Analog Feature Extraction

• Much cheaper ($40/channel for a large system?)
• ADCs can be very slow (1-10µs conversions)

• All “useful” information but with much smaller data size---faster data analysis, less storage
• Up to 8 measurements/packet (for two peaks) @ 12 bits ~ 13 Bytes/packet

• Can have better timing precision because marginal Nyquist restrictions
• Little to no deadtime

• Only during switch from one resolved packet to another---could be zero

Clearly, features could be found with FPGA operating on digitized data but:
• High-end FPGAs (e.g. RFSoCs) are not cheap
• Firmware is frustrating (or expensive)
• Fast sampling ADCs are power-hungry and expensive
• Bandwidth must be limited to sample at Nyquist---limits timing precision

Analog approaches can measure all the features and:
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TSMC 65 nm simulation



TSMC 65 nm simulation
Peak Detection



Deadtime Mitigation

1. PING/PONG on time-over-threshold integrals
2. PING/PONG on peak heights and times
3. Comparator counts --- every firing in an event is counted
4. 1 TAC for every memory location (ie, up to 8 for each measurement)
5. Long window integral 

Example:  If a third resolved pulse packet comes (PING/PONG/PING) and the first PING is not yet written, we integrate just part
 But: the third comparator firing is recorded, the time-over-threshold is recorded, and the long-window integral sees it

Hard deadtime limit is if 8-deep FIFO is filled up---rarely happens in 
a real detector, even for muon+michel



Find peak (Layout & schematic)
 



Pre-conceptual Design for APP-based DAQ for Eos

APP+ADC costs = $88/channel
(much smaller for a larger system)



Status

• Analog design complete and undergoing extensive process-corner testing
• Conceptual digital design (triggering, memory reads, metadata) complete
• Implementing RTL and testing for synthesizability now
• Pad ring design 90% finished
• Layout underway
• Expect tapeout this year



Summary

• Analog processing provides a low-cost, low-data volume option for large PMT detectors
• (Nearly) deadtimeless feature extraction retains most important information
• Chips should be in hand soon for testing
• Possibly a complete system for testing at Eos
• For a very large detector, cost and power savings should be very helpful
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The Goal

Super-Kamiokande
Sudbury Neutrino Observatory (SNO)

Water Cherenkov neutrino detectors have signals that are primarily single pe with up to 10-20 pe/channel

LAB-PPO
2 MeV e-

Scintillation or Water-based scintillation have higher occupancies, depending on energy and position

Eos
(240 PMTs) simulation

simulation



Feature List

Within each resolved pulse packet measure:
• Start of rising edge tr
• End of falling edge tf (tf-ti = time over threshold)
• Peak times and values
• Total integral

“retriggerability” necessary to start analysis of each pulse packet

MC Simulation

MC Simulation


