
Energie & Umwelt / Energy & Environment
Band / Volume 635
ISBN 978-3-95806-767-7

Energie & Umwelt / Energy & Environment
Band / Volume 635
ISBN 978-3-95806-767-7

In Situ Time Calibration for Stationary Multichannel  
GPR Monitoring Systems
Leon Steinbeck



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

In Situ Time Calibration for Stationary  
Multichannel GPR Monitoring Systems

Leon Steinbeck

Schriften des Forschungszentrums Jülich
Reihe Energie & Umwelt / Energy & Environment Band / Volume 635

ISSN 1866-1793    ISBN 978-3-95806-767-7



Contents

Abstract vii

Zusammenfassung ix

Abbreviations and symbols xi

1 Introduction 1

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 GPR calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Novel GPR applications and systems . . . . . . . . . . . . . . . . . . . . . 5
1.4 Structure of this work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 Fundamentals 9

2.1 Electromagnetic wave properties . . . . . . . . . . . . . . . . . . . . . . . 9
2.1.1 Derivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.1.2 Reciprocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2 Time- and frequency-domain analysis . . . . . . . . . . . . . . . . . . . . 13
2.2.1 Linear time-invariant system analysis . . . . . . . . . . . . . . . 13
2.2.2 Ricker wavelet . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3 Materials and Methods 19

3.1 AgraSim . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.2 GPR monitoring system . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.2.1 Tile GPR system . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.2.2 Simpli�cations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.3 Calibration of simpli�ed GPR system . . . . . . . . . . . . . . . . . . . . 23
3.3.1 Preliminary considerations . . . . . . . . . . . . . . . . . . . . . 24
3.3.2 Pairwise calibration . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.3.3 Mesh calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.3.4 Random timing errors . . . . . . . . . . . . . . . . . . . . . . . . 30

3.4 Calibration of tile GPR system . . . . . . . . . . . . . . . . . . . . . . . . 33
3.4.1 Preliminary considerations . . . . . . . . . . . . . . . . . . . . . 35
3.4.2 Internal re�ection measurements . . . . . . . . . . . . . . . . . . 38

3.5 Reciprocity analysis with synthetic soil model . . . . . . . . . . . . . . . 42
3.6 Picking of arrival times . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

xv



Contents

4 Simplified GPR system analysis 49

4.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.1.1 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.1.2 Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.2.1 Simulation of mesh calibration . . . . . . . . . . . . . . . . . . . 52
4.2.2 Trigger o�sets and instrumental delays . . . . . . . . . . . . . . . 56
4.2.3 Mutual coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5 Tile GPR system analysis 67

5.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5.2.1 Analysis of reciprocal measurements . . . . . . . . . . . . . . . . 72
5.2.2 Analysis of internal re�ections . . . . . . . . . . . . . . . . . . . 74
5.2.3 Determination of time-zero . . . . . . . . . . . . . . . . . . . . . 77
5.2.4 Material in�uence on re�ections . . . . . . . . . . . . . . . . . . 78
5.2.5 In�uence of antenna position . . . . . . . . . . . . . . . . . . . . 79

5.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

6 Verification at prototype system 83

6.1 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
6.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

6.2.1 Temporal stability . . . . . . . . . . . . . . . . . . . . . . . . . . 85
6.2.2 Transmission and internal re�ection measurements . . . . . . . . 87
6.2.3 Time-zero estimation . . . . . . . . . . . . . . . . . . . . . . . . . 90

6.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

7 Summary and Outlook 95

7.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
7.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

Bibliography xvii

Publications related to this work xxix

Curriculum Vitae xxxi

xvi



Energie & Umwelt / Energy & Environment
Band / Volume 635
ISBN 978-3-95806-767-7

Energie & Umwelt / Energy & Environment
Band / Volume 635
ISBN 978-3-95806-767-7

In Situ Time Calibration for Stationary Multichannel  
GPR Monitoring Systems
Leon Steinbeck


	Front page
	Abstract
	Zusammenfassung
	Abbreviations and symbols
	1 Introduction
	1.1 Motivation
	1.2 GPR calibration
	1.3 Novel GPR applications and systems
	1.4 Structure of this work

	2 Fundamentals
	2.1 Electromagnetic wave properties
	2.1.1 Derivation
	2.1.2 Reciprocity

	2.2 Time- and frequency-domain analysis
	2.2.1 Linear time-invariant system analysis
	2.2.2 Ricker wavelet

	3 Materials and Methods
	3.1 AgraSim
	3.2 GPR monitoring system
	3.2.1 Tile GPR system
	3.2.2 Simplifications

	3.3 Calibration of simplified GPR system
	3.3.1 Preliminary considerations
	3.3.2 Pairwise calibration
	3.3.3 Mesh calibration
	3.3.4 Random timing errors

	3.4 Calibration of tile GPR system
	3.4.1 Preliminary considerations
	3.4.2 Internal reflection measurements

	3.5 Reciprocity analysis with synthetic soil model
	3.6 Picking of arrival times
	4 Simplified GPR system analysis
	4.1 Experimental setup
	4.1.1 Simulations
	4.1.2 Measurements

	4.2 Results
	4.2.1 Simulation of mesh calibration
	4.2.2 Trigger offsets and instrumental delays
	4.2.3 Mutual coupling

	4.3 Conclusions
	5 Tile GPR system analysis
	5.1 Experimental setup
	5.2 Results
	5.2.1 Analysis of reciprocal measurements
	5.2.2 Analysis of internal reflections
	5.2.3 Determination of time-zero
	5.2.4 Material influence on reflections
	5.2.5 Influence of antenna position

	5.3 Conclusions
	6 Verification at prototype system
	6.1 Experimental Setup
	6.2 Results
	6.2.1 Temporal stability
	6.2.2 Transmission and internal reflection measurements
	6.2.3 Time-zero estimation

	6.3 Conclusions
	7 Summary and Outlook
	7.1 Summary
	7.2 Outlook

	Bibliography
	Publications related to this work

	Curriculum Vitae




	Leere Seite
	Leere Seite



