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Summary

This thesis presents a contribution in the area of the modeling of electrical interconnects

on printed circuit boards up to 100 GHz.

The physics-based via modeling is an efficient numerical method that can simulate printed
circuit boards to a high degree of accuracy. In this work its correlation to full-wave methods
up to 100 GHz is shown for a variety of interconnect models. Line coding has become an
important element of the signal integrity design and is briefly introduced. Figures of merit
that can evaluate the signal integrity performance of interconnects are discussed. The
common method is the simulation of eye diagrams in time domain. The weighted power
sums are presented and extended as a general-purpose figure of merit that does not rely
on time domain simulations.

Different types of printed circuit board models, ranging from single via models and via
arrays to more complex structures, are developed. They are the basis for parametric studies
that include several thousand model variations each. The via stub effect is investigated for
a differential via pair and a via array. The implications of using different line codings in
the presence of a via stub are analyzed. Crosstalk is a major source of noise and here
it is studied with parameter variations for isolated via arrays as well as a more complex
structure with two connected via arrays. Around 27,000 model variations are simulated to
investigate key parameter dependencies.

Optimization algorithms are an important tool to improve the design of interconnects.
Here, the Bayesian Optimization is applied to maximize the transmission through a single
via and the weighted signal-to-crosstalk ratio for a via array with multiple crosstalk aggres-
sors. The emerging technology of machine learning is applied to the design of high-speed
interconnects. The parameter variations of the generated link models as well as the weigh-
ted power sums are the basis for several studies. Different machine learning algorithms are
tested for the prediction of the transmission and crosstalk of an interconnect with two via
arrays. Different ideas to reduce the size of the training dataset are discussed. The capa-
bilities of artificial neural networks are tested for a model that includes a backplane and a
daughtercard board. The focus is on the reliability of the predictions as well as potential

error sources.

iii



iv



Acknowledgment

This thesis is the result of my time as a research assistant at the Institute of Electromagnetic
Theory (Institut fiir Theoretische Elektrotechnik) at the Hamburg University of Technology
(TUHH) from 2016 to 2020. I received support from many people during this time and
without them, finishing this thesis would not have been possible.

First and foremost, I would like to thank my advisor Prof. Christian Schuster for his support
and guidance during my entire time at the institute. His advice and honest feedback always
helped me to uncover new and interesting aspects of my research topic.

I would also like to thank Prof. Stefan Dickmann for serving as the second examiner and
reviewing this thesis, as well as Prof. Volker Turau for serving as the chairman of the
examination board.

T am very grateful for the great support of my colleagues at the Institute of Electromag-
netic Theory. It was a great pleasure working with all of them and going forward I will
remember our time together fondly. Special thanks goes to Dr. Torsten Reuschel for sup-
porting and mentoring me during the beginning of my research. I would also like to express
my gratitude to Dr. Heinz Briins for numerous discussions that deepened my understand-
ing of electromagnetic field theory. A big thank you goes out to Dr. David Dahl, Dr. Jan
Preibisch, Michael Wulff, Morten Schierholz, Omer Yildiz and Thorben Wendt for creating
a very positive working environment and joining me for many afternoon tea breaks. I am
very grateful for the support of Angela Freiberg, Heike Herder, Pelin Usta, Stefan Conradi

and Volker Paulsen who helped me with numerous administrative and technical matters.

I am very grateful for the feeback I received from Dr. Hubert Harrer and Dr. Xiaomin
Duan. I very much enjoyed my time visiting the IBM Lab in Boblingen in 2016 and 2017.
I would also like to thank Prof. Renato Rimolo-Donadio and Dr. Young Kwark who took
the time to discuss my research with them.

I appreciate that Prof. Madhavan Swaminathan was willing to serve as the third examiner
for this work. I very much appreciate that he made my visit to the Georgia Institute of
Technology in 2019 possible and T would like to thank the entire group for hosting me.
Especially, I would like to thank Dr. Hakki M. Torun for deepening my understanding of

machine learning.

T am very grateful for the continuous support of my friends and family. My parents, Dorthe
and Achim, have always supported me. Finally, I would like to thank David for his love
and patience.

v



vi



Contents

1 Introduction 1
1.1 Motivation and Context of this Work . . . . . . ... ... ... ...... 1
1.2 Organization of this Work . . . . . ... ... ... ... ... 4
1.3 Conference and Journal Contributions . . . . . . ... ... ... ..... 6

2 Interconnect Modeling for Signal Integrity 7
2.1 Numerical Methods for PCB Simulations . . . . . .. ... ... ... ... 7
2.1.1 Via Near Field Model . . . . . ... ... ... ... ... ... ... 8
2.1.2  Parallel-Plate Impedance and Contour Integral Method . . . . . . . 8
2.1.3  Striplines . . ... 11
214 Limitsof PBV . . . ... o 12

2.2 Line Coding . . . . . . . . . . e 13
2.2.1 Non-Return to Zero . . . . . . . .. ... oL 13
222 PAM4and PAMS . . . . . . 14
2.23 Duobinary . . . . . ..o 15

2.3 Figuresof Merit . . . . . . ... 16
2.3.1 Integrated Crosstalk Noise . . . . .. ... ... . ... .. ..... 16
232 EyeDiagrams . . . . . . ... 18
2.3.3 Channel Operating Margin . . . . . .. ... .. ... ... ..... 19

2.4 SUMMATY . . . o oot e e e 20
3 Interconnect Analysis with Parametric Studies 23
3.1 Interconnect Models . . . . . ... ... ... o o 23
3.1.1 Simple Via Models . . . . .. ... .. . ... .. .. .. . ... 24
3.1.2 Via Array Models . . . . . .. .. oo 24
3.1.3 Stripline Models . . . . . . ... 28
3.1.4 Combined Models . . . . . . . ... ... oo 29

vii



Contents

3.2

3.3

3.4

3.6

3.1.5 Via Stub Models . . . . ... ... .. .. ..o

Correlation of Physics-Based Via Modeling with Full-Wave Simulations . .

3.2.1 Striplines . . . . . ...
3.2.2 Simple Via Models . . . . .. ... ... ... ..
323 ViaArrays. . . . ..o
3.2.4 Complete Interconnects . . . . . . . . ... ... ... ... ... .
Weighted Power Sums . . . . . .. ... o 0000
3.3.1 Calculation of Weighted Power Sums . . . . . ... ... ... ...
3.3.2 Influence of the Spectrum Calculation . . . . . . .. ... ... ...
3.3.3  Correlation with other Figures of Merit . . . . .. . ... ... ...
Resonant Behavior of Via Stubs . . . . . .. .. 0000000000
3.4.1 TImpact of Parameter Variations . . . . . . .. ... ... ... ...
3.4.2 Impact of Line Coding . . . . . . .. ... .. ... ... ...
Crosstalk Analysis . . . . . . . ... .
3.5.1 Crosstalk in Via Array . . . . . .. ... Lo
3.5.2  Parameter Dependencies of One-Cavity Model . . . . . ... .. ..
3.5.3 Two-Cavity Model . . . . . . . ... ... oo
3.5.4  Crosstalk in Array-to-Array Interconnect . . . . . . ... .. .. ..
3.5.5 Generalized Crosstalk Model . . . . . ... ... ... 0000,
3.5.6 Parameter Variations of Stripline Model . . . . . ... .. ... ..
3.5.7 Parameter Variations of Complete Model . . . . . . ... ... ...
3.5.8 Comparison with Transmission . . . ... .. ... ... ... ...
SUMmMAary . . . . ...

4 Fundamentals of Machine Learning and Optimization

viii

4.1

Methods and Techniques for Machine Learning . . . . . . . ... ... ...
4.1.1 Linear Regression . . . . . .. . .. .. ...
4.1.2 Decision Trees . . . . . . . ... Lo
4.1.3 Artificial Neural Networks . . . . ... .. ... ... ... ...



Contents

4.1.4 Support Vector Machines . . . . . . . ... .. ... .. ....... 88
4.1.5 Error Metrics . . . . . . ... 91
4.2 Optimization Algorithms . . . . . . .. ... .o 93
42.1 Genetic Algorithms . . . . . . ... ... oo 93
4.2.2 Bayesian Optimization . . . . . . .. ... ... ... ... ..... 93
4.3 Examples for Machine Learning for High-Speed Interconnects . . . . . .. 97
4.4 Summary ... Lo 98
Interconnect Analysis and Design with Machine Learning 99
5.1 Application of Bayesian Optimization for Interconnect Design . . . . . . . 99
5.1.1 Single Via Model . . . . ... ... ... oo 101
5.1.2  Via Array Model . . . . . ... .o 105
5.2 Machine Learning for Array-to-Array Interconnect . . . . . . . . . ... .. 108
5.2.1 Prediction of WPSXT . . ... ... ... ... . . ... ... ... 109
5.2.2 Prediction of WSXTR . . . . .. .. ... ... . .. 113
523 Analysisof Errors . . . . .. ..o 114
5.2.4 Feature Reduction . . ... ... ... ... ... ... .. ... 115
5.3 ANNSs for Backplane-Daughtercard Interconnect . . . . . . ... .. .. .. 116
531 ANNDesign. . . . . ... 117
5.3.2  Evaluation of ANN Performance . . . . . ... ... ... .. .... 120
5.4 Assessment of Machine Learning Errors . . . . . .. ... ... ... ... 127
5.5 Summary and Conclusion . . . . .. ... ... ... L. 130
Conclusion and Outlook 133
Calculation of the Williamson Via Model Parameters 135
Additional Plots and Tables 137
B.1 Additional Weighted Power Sums and ICN Results . . .. ... ... ... 137
B.2 Additional Results for the Via Stub Analysis . . . . . .. ... ... .. .. 139
B.3 Corner Frequency and Maximum Crosstalk for Via Arrays . . . .. . ... 141

ix



Contents

B.4 Contributions to FEXT . ... ... . ... ... ... ....... ... 143
B.5 Tables of Powersums for the Complete Interconnect . . . . . . ... . ... 144
B.6 Results of the Bayesian Optimization . . . . . ... ... ... . ... ... 148
B.7 Impact of Feature Reduction for Machine Learning . . . ... ... . ... 151
B.8 Parameter Distributions of WSXTR . . . . . .. .. ... ... ... ... 152
C Additional Information about Support Vector Machines 155
C.1 Linear SVM . . . . . . . e 155
C.2 Non-linear SVM . . . . . . .. .. 157
References 159





