
Information
Band / Volume 61
ISBN 978-3-95806-489-8

Information
Band / Volume 61
ISBN 978-3-95806-489-8

Digital Signal Processing and Mixed Signal Control  
of Receiver Circuitry for Large-Scale Particle Detectors
Pavithra Muralidharan



Forschungszentrum Jülich GmbH
Zentralinstitut für Engineering, Elektronik und Analytik (ZEA)
Systeme der Elektronik (ZEA-2)

Digital Signal Processing and Mixed Signal 
Control of Receiver Circuitry for Large-Scale 
Particle Detectors

Pavithra Muralidharan

Schriften des Forschungszentrums Jülich
Reihe Information / Information Band / Volume 61

ISSN 1866-1777  ISBN 978-3-95806-489-8



Contents

List of Figures vii

List of Tables xii

Zusammenfassung xiii

Abstract xv

1 Introduction 1
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Structure of this work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Jiangmen Underground Neutrino Observatory 3
2.1 Physics Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1.1 Neutrino Mass Hierarchy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.1.2 Supernova Event . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.2 Neutrino Observatory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2.1 Detection Principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2.2 Energy Resolution and Key Features . . . . . . . . . . . . . . . . . . . . . . 5
2.2.3 Photomultiplier Tubes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2.4 Intelligent Photomultiplier Tubes for JUNO . . . . . . . . . . . . . . . . . 7

2.3 Requirements for the Electronics Readout . . . . . . . . . . . . . . . . . . . . . . . 9

3 Readout Solution for JUNO 11
3.1 Input Stage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.1.1 Transimpedance Amplifier . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.1.2 Phase-Locked Loop . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.1.3 Analog to Digital Converter . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.2 Control Unit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.3 Configuration Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

4 System Model 19
4.1 Top-Down Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.2 Overview of the System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

iv



CONTENTS v

4.3 Non-Idealities in Analog Signal Processing . . . . . . . . . . . . . . . . . . . . . . 22
4.3.1 Overshoot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.3.2 Impact of Overshoot in JUNO . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.3.3 Transfer Function of Combined Systems . . . . . . . . . . . . . . . . . . . 25

4.4 Parasitic Effects of the RC Time Constant . . . . . . . . . . . . . . . . . . . . . . . 25
4.5 Mixed Signal Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.6 Model of the System in MATLAB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.7 Overshoot Compensation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
4.8 Residual Overshoot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.8.1 Impact of Mismatches in Overshoot Compensator . . . . . . . . . . . . . 33
4.8.2 Mitigation Strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.8.3 Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.9 Baseline Shift . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.9.1 Effect of AC Coupling on the Baseline . . . . . . . . . . . . . . . . . . . . . 35
4.9.2 Effect of the RC Time Constant on the Baseline . . . . . . . . . . . . . . . 36
4.9.3 Effect of High Event Rates on the Baseline . . . . . . . . . . . . . . . . . . 36
4.9.4 Passive Baseline Restorer . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.10 Active ADC Baseline Regulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.11 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

5 Integration of The Data Processor 43
5.1 Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.1.1 Data Rate of Events . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
5.1.2 Supernova Event . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
5.1.3 Clock . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5.2 Data Processor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.2.1 ADC Encoder and Designator . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.2.2 ADC Analyzer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.2.3 Bus Mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
5.2.4 Decision Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
5.2.5 Counters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
5.2.6 Trigger Generator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.2.7 Ring Buffer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

5.3 Header Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.3.1 Data Transmission Format . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
5.3.2 Data Transmission Block . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

5.4 Double Data Rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

6 System Integration of Vulcan’s Digital Circuits 61
6.1 Faults . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

6.1.1 Terminology and Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 62
6.1.2 Fault Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

6.2 The Testing Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
6.2.1 Examples Test Pattern Generation . . . . . . . . . . . . . . . . . . . . . . . 64
6.2.2 Fault Propagation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65



vi CONTENTS

6.3 Design for Test - Scan Chain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
6.3.1 Scan Chain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
6.3.2 Waveforms of Scan Chains for Stuck at Faults . . . . . . . . . . . . . . . . 68
6.3.3 Waveforms of Scan Chain for Transition Faults . . . . . . . . . . . . . . . 71
6.3.4 Test Pattern Generation Using EDA Tool . . . . . . . . . . . . . . . . . . . 71

6.4 Scan Chain Architecture in Vulcan . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
6.5 Scan Chain Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
6.6 Area and Timing of the Digital Control Unit . . . . . . . . . . . . . . . . . . . . . . 75
6.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

7 System Validation 77
7.1 Pre-Silicon Verification of the Data Processor . . . . . . . . . . . . . . . . . . . . . 77

7.1.1 ADC Analyzer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
7.1.2 Noise Compression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
7.1.3 Trigger and Data Formatting of the Data Processor . . . . . . . . . . . . . 79
7.1.4 Underflow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

7.2 Laboratory setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
7.2.1 Order of Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
7.2.2 Configuration of Registers . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

7.3 Measurement Results of the Data Processor . . . . . . . . . . . . . . . . . . . . . . 82
7.4 Measurement Results of the ADC Baseline Regulator . . . . . . . . . . . . . . . . 88

8 Summary and Outlook 91
8.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
8.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

A Appendix 93

B Appendix 99

Bibliography 101

Publications 105

Glossary 107

Acknowledgments 109



Information
Band / Volume 61
ISBN 978-3-95806-489-8

Information
Band / Volume 61
ISBN 978-3-95806-489-8

Digital Signal Processing and Mixed Signal Control  
of Receiver Circuitry for Large-Scale Particle Detectors
Pavithra Muralidharan


	Dedication
	List of Figures
	List of Tables
	Zusammenfassung
	Abstract
	1 Introduction
	1.1 Motivation
	1.2 Structure of this work

	2 Jiangmen Underground Neutrino Observatory
	2.1 Physics Background
	2.1.1 Neutrino Mass Hierarchy
	2.1.2 Supernova Event

	2.2 Neutrino Observatory
	2.2.1 Detection Principle
	2.2.2 Energy Resolution and Key Features
	2.2.3 Photomultiplier Tubes
	2.2.4 Intelligent Photomultiplier Tubes for JUNO

	2.3 Requirements for the Electronics Readout

	3 Readout Solution for JUNO
	3.1 Input Stage
	3.1.1 Transimpedance Amplifier
	3.1.2 Phase-Locked Loop
	3.1.3 Analog to Digital Converter

	3.2 Control Unit
	3.3 Configuration Setup

	4 System Model
	4.1 Top-Down Methodology
	4.2 Overview of the System Model
	4.3 Non-Idealities in Analog Signal Processing
	4.3.1 Overshoot
	4.3.2 Impact of Overshoot in JUNO
	4.3.2.1 Photomultiplier Tube Model
	4.3.2.2 High-Pass Filter

	4.3.3 Transfer Function of Combined Systems

	4.4 Parasitic Effects of the RC Time Constant
	4.5 Mixed Signal Modeling
	4.6 Model of the System in MATLAB
	4.7 Overshoot Compensation
	4.8 Residual Overshoot
	4.8.1 Impact of Mismatches in Overshoot Compensator
	4.8.2 Mitigation Strategy
	4.8.3 Simulation

	4.9 Baseline Shift
	4.9.1 Effect of AC Coupling on the Baseline
	4.9.2 Effect of the RC Time Constant on the Baseline
	4.9.3 Effect of High Event Rates on the Baseline
	4.9.4 Passive Baseline Restorer

	4.10 Active ADC Baseline Regulation
	4.11 Summary

	5 Integration of The Data Processor
	5.1 Requirements
	5.1.1 Data Rate of Events
	5.1.2 Supernova Event
	5.1.3 Clock

	5.2 Data Processor
	5.2.1 ADC Encoder and Designator
	5.2.2 ADC Analyzer
	5.2.3 Bus Mode
	5.2.4 Decision Process
	5.2.5 Counters
	5.2.6 Trigger Generator
	5.2.7 Ring Buffer

	5.3 Header Data
	5.3.1 Data Transmission Format
	5.3.2 Data Transmission Block

	5.4 Double Data Rate
	5.5 Summary

	6 System Integration of Vulcan's Digital Circuits
	6.1 Faults
	6.1.1 Terminology and Introduction
	6.1.2 Fault Models

	6.2 The Testing Process
	6.2.1 Examples Test Pattern Generation
	6.2.2 Fault Propagation

	6.3 Design for Test - Scan Chain
	6.3.1 Scan Chain
	6.3.2 Waveforms of Scan Chains for Stuck at Faults
	6.3.2.1 Test Pattern Simulation
	6.3.2.2 Determination of the Type of Faults

	6.3.3 Waveforms of Scan Chain for Transition Faults
	6.3.4 Test Pattern Generation Using EDA Tool

	6.4 Scan Chain Architecture in Vulcan
	6.5 Scan Chain Results
	6.6 Area and Timing of the Digital Control Unit
	6.7 Summary

	7 System Validation
	7.1 Pre-Silicon Verification of the Data Processor
	7.1.1 ADC Analyzer
	7.1.2 Noise Compression
	7.1.3 Trigger and Data Formatting of the Data Processor
	7.1.4 Underflow

	7.2 Laboratory setup
	7.2.1 Order of Testing
	7.2.2 Configuration of Registers

	7.3 Measurement Results of the Data Processor
	7.4 Measurement Results of the ADC Baseline Regulator

	8 Summary and Outlook
	8.1 Summary
	8.2 Future Work

	A Appendix
	A.1 Cascading ADC
	A.2 Simulink Model of the System
	A.3 Poles
	A.4 Synchronization signal
	A.5 Bubble Errors
	A.6 Gray Coding

	B Appendix
	B.1 Measurement Tools
	B.2 Pad Connections to the Digital Circuits of the Vulcan Chip

	Bibliography
	Publications
	Glossary
	Acknowledgments
	Leere Seite
	Leere Seite
	Leere Seite



