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Application and processing of Time Domain Reflectometry: a model-based
approach

by Giuseppe Maria D’ AUCELLI

In this thesis a full featured workflow for the implementation of integrated diagnosis
and monitoring systems based on Time Domain Reflectometry (TDR) is proposed.

First it is shown how TDR probes installed in TDR-based setups can be adopted
with simpler and cheaper techniques, then newly developed DSP algorithms for
direct reflectogram analysis are presented.

Afterwards, the TDR inverse problem, i.e. estimating the profiles of Transmis-
sion Line parameters from reflectograms, is dealt with. LineLab, a custom, reflec-
tometry oriented frequency and time domain Transmission Line simulator is pre-
sented as simulation tool, and the jDE optimization algorithm is applied to success-
fully solve the inverse problem in both synthetic and real life scenarios.

Both synthetic and experimental results are illustrated. The proposed techniques
are of immediate practical application in a number of fields, such as leakage detec-
tion, concrete structures monitoring, precision agriculture, cable soft-fault detection,
etc. Besides, they pave the way towards the realization of an integrated low-cost
TDR instrument capable of continuous monitoring with both on-device and in the
cloud processing and profile reconstruction features.


HTTP://WWW.POLIBA.IT
http://dei.poliba.it




ix

Acknowledgements

So, this is the part where things get dramatic, and even somehow melancholic.
This is where doctoral candidates express their most sincere gratitude toward the
institution(s) that brought them to the coveted goal of adding “PhD” to their email
signature. But this, dear readers, is an engineering PhD thesis, is it not? And one
written by someone who notoriously likes to tell and listen to stories. As an obvious
convergence between these two points, I would like to state some facts.

First, I would like to turn back the clock to three years ago, when I took this
fateful decision. I have always been an engineer on the inside: I wanted to know
how things worked, to customize tech and, of course, to make it work (almost) as
intended. One may ask himself what does “almost” mean, but this is a long story.
Just stick to the fact that research is a lot of things, but it is seldom about making
stuff actually work: as I learned, it is mostly about proving that stuff can work, but
in the end, and deeply, you are not required to produce something that someone
could install behind his couch and use on a daily basis.

Science, baby.

So why a PhD course? Because my advisor means it differently: stuff must work,
otherwise there is no purpose in writing a paper about it, right? Whether it is uncer-
tainty assessment or sensor prototyping: you write about tech that works. This is on
you, Professor, and I promise that, as long as I am a researcher, this assumption will
hold.

Besides, many things have changed during these three years, and many a thun-
derstorm has roared. Fact is that I grew up as a man as much as a professional,
however my focus here goes to the human side of it. Disenchantment is what has
been lurking in the shadows, and from time to time it comes out to take its toll. Think
of it as the overabused darkness in that Simon & Garfunkel song but, in this case, it
comes to me. I swear I always try to act as candidly as I can, implying that I always
play by the rules. Some may say that this, sometimes, results in a naive attitude or,
quoting a good friend of mine, that I am (literally) clueless. This is not (entirely) true.
I'have, in fact, also been taught to read unwritten rules, but what I did not learn is to
abide by them. Therefore, I hereby state that I terribly hate unwritten rules. Thank
you, academy, and thank you, music business, for enlightening me.

Final fact: it does not end here. And that, dear science, is a threat. Whatever
happens, I will always remember how good it tastes to have a good idea and prove
that it actually works: that is what I'm yearning for.

For me, for my friends, for my family.

I'managed to find Uno and Checkers, and Battleship
and most of the pieces of Candyland. Which I figure,
we can mix together to create a fabulous new game,
Candyship Battleland. War never tasted so good!

Lorelai Gilmore






Contents

Declaration of Authorship

Abstract

Acknowledgements

1 Introduction

1.1
1.2
1.3

Distributed measurements with Time Domain Reflectometry . . . . . .
TDR waveform processing . . . . . ... .. ... ... .. .. L.
Purposeof thisthesis . . . . ... ... ... .. ... .. .. .. ...,

2 Diagnostics on TDR probes with TDR-related techniques

2.1
2.2

2.3

24

2.5

2.6
2.7

Introduction . . . .. ... L L
Preliminary theoretical analysis . . . . ... ... ... ... ......
221 Cand ToF variations with the presence of water . . . . . .. ..
2.2.2 Cand ToF variations with temperature . . ... ... ... ...
2.2.3 Numerical computations and simulations . . . ... ... ...
Experimentalsetup . . ... ... ... .. ... ... .. . ..
2.3.1 Measurement methods and instrumentation . . .. ... .. ..
2.3.2  Setup for Determining the Sensitivity to the Presence of Water
2.3.3 Setup for Determining the sensitivity to temperature varia-
tions . . ... ..
Experimental results for the sensitivity to the presence of water
241 Capacitance measurements . . . ... .. .............
242 Time of flight measurements . . ... ... ... .........
Sensitivity to temperature variations . . . . ... ... oL 0L
25.1 Capacitance measurements . . . ... ... ... ... ......
2.5.2 Time-of-Flight measurements . . . . . ... ... .........
2.5.3 Effect of temperature on water sensing . . . . ... ... ....
Discussionofresults . . ... ... ... ... .. .. ... .. ... ...
Conclusions . . . .. ... ... ... .. e

3 Time-of-Flight estimation from TDR waveforms

3.1
3.2
3.3

Introduction . . ... ... .. L
Signal preconditioning and errormodel . . . ... ... ... ... ...
Materials, methods and measurement protocols . . .. ... ... ...
3.3.1 Experimental setup for measurements on cables with known
parameters. . . . . ... L.

xi

iii

vii

ix

14
14
15
18
22
22
22
23
23
24



xii

3.3.2 Experimental setup for water level measurement application
3.3.3 Time-of-Flight estimation criteria . . . . . ... ... .......
3.4 Experimental results and repeatability study . . ... ... .......
3.4.1 Measurements on cables with known propagation velocity . . .
3.4.2 Repeatabilitystudy . . . .. ... ... .. 00 L.
3.4.3 Measurements on cables with unknown electrical parameters .
3.5 Test application: water level measurement. . . . . .. ... ... ....
3.5.1 Analytic ToF model for two layered materials . ... ... ...
352 Experimentaldesign . ... ......... ... . ... ...,
3.5.3 Water level measurements as ToF estimation benchmark . . . .

Theoretical background and TL simulation algorithms
41 Introduction . .. ... .. ... .. .. ...
4.2 Simplified measurementsetup . .. ... .. ... ... ... ...
4.3 TEM propagation mode and its equivalent circuit . ... ... ... ..
4.4 Telegraph equations in the timedomain . . . .. ... .. ... .....
441 Finite Difference Time Domain algorithm . . .. ... ... ...
442 Modeling losses and dispersion in the time domain . . . . . ..
4.5 Telegraph equations in the frequency domain . . ... ... ... ...
45.1 Modeling losses and dispersion in the frequency domain . . . .
4.6 TDR simulation with arbitrarily profiled parameters . ... ... ...
4.6.1 Thenodal analysisapproach . ... ................
4.6.2 Fasttridiagonalsolver . . ... ... ................
4.6.3 Final remarks about the simulation algorithm . ... ... ...
464 Simulationoutputs ... ....... ... .. 0 0 L.
4.6.5 Reference transmissionline . . ... ... ... ..........
4.6.6 Frequency domainresults . . ... ... ... ... ........
4.6.7 Timedomainresults . ... ... ... ... ... . ... .....
47 Casestudies . . ... ... ... .. ... e
47.1 Concentrated capacitivefault . . . ... ..............
4.7.2 Distributed Gaussian profile of capacitance . . . . .. ... ...
473 Step-like capacitivefaults . . . ... ... ... . oo 0L
474 Distributed rectangle-like resistive fault . . . . . ... ... ...

Calibration of the TDR setup for simulation-based measurements

5.1 Overview of the time domain calibration problem . .. ... ... ...

52 Stimulus calibration . ... ... ... ... ..o o oL
52.1 Experimental resultsforvs . ... ... ... .. ... .. .. ..

5.3 Full featured calibration procedure . . . .. ... ... .. ... ...,
5.3.1 Connectors network calibration . . ... ... ..........
5.3.2 Generator internal impedance calibration . . . . . ... ... ..
5.3.3 Shifting the referenceplane . . . . ... ... ... ........



6 Simulation-based reconstruction of distributed parameters
6.1 Introduction . .. ... ... ... .. ...
6.2 Choice of the parametersset . .. .. ... ... .. ... .. ......
6.2.1 Concentrated capacitance faults . . . ... ... ... ... ...
6.2.2 Profile of capacitance as sum of Gaussian curves . . . . . .. ..
6.2.3 Staircase-like profile of capacitance . . . . . ... ... ... ...
6.24 Generic smooth profile of capacitance . . . . ... ... .....
6.3 Targetfunction . ........... .. ... .. ... .. .. ... ...
6.4 Synthetic optimizationresults . . . . ... ... ... .o 0oL
6.4.1 Simple Gaussianprofile . . ... ... ..... ... ... ..
6.42 Two overlapping Gaussian profiles. . . . . .. ... ... ....
6.5 Experimentalresults . ... ... ... .. .. ... .. .. .. ... ...

7 Conclusions and future work

A MATLAB implementations of the simulation algorithm
Al Foreword . ... ... ... . . ... e
A2 Linebuildermodule ... ... ... ... .. ... .. ... .. .. ...
A.3 LineLab frequency domain simulationmodule . . . .. ... ... ...
A4 LineLab time domain simulation module . . ... ... ... ......
A.5 Subroutines and other utilities . . . . . . ... ... L Lo
A.5.1 Base values for the primary parameters . . . ... ... ... ..
A5.2 Primary parameter profile composition . . .. ... ... ....
A.53 Transverseimpedance . .. ... ... ... ............
A5.4 Longitudinalimpedance . . . . . ... ...............
A.55 Frequency domain parameters . . ... ... ...........
A5.6 Tridiagonalsolver . .. ... ... ...... ... .. .. ...,

Bibliography

xiii

93
93
94
95
96
97
99
99
102
103
106
110

115

117
117
117
118
125
127
128
130
133
134
135
137

139






XV

List of Figures

1.1

1.2

1.3

1.4

2.1
2.2

2.3

24

2.5

2.6

2.7

2.8

2.9

2.10

211

3.1
3.2

Voltage measured at the reflectometry port on a TL loaded with an

arbitrary impedance Z, . . .. ... ... L oL 2
Voltage measured at the reflectometry port with an impedance mis-
match in the middle of theline . ... ... ... .. ........... 2
Example of distributed sensing: a TDR probe in presence of an arbi-
trary dielectric constant profile. . . . . .. ... ... ... 00 L. 3
Block diagram representation of a generic TDR setup for distributed
measurements . . .. ... ... e 5
Simplified schematization of the cross section of the used bi-wires. .. 9

Schematization of the SE detecting the presence of a wetting medium
surrounding a portion of length Al. The quantities e.r1 and e.rf2
are the effective permittivities when the wetting medium is absent or
present. . . ... e 10
Effective relative permittivity €. of the SE surrounded by a cylindric
volume with given radius (0.5, 1, 2, 5, 10, 20 cm) and given permittiv-

ity ¢, (inthe50-100range). . . . ... ................... 12
Sketch of the positioning of the bi-wire inside the container: top view

(left) and lateral cross section (right). . . . . ... ... ... ... .... 14
Positioning of the bi-wire in the thermally-controlled box (TCB). . . . . 15

Capacitance measurements for the 20 m-long bi-wire, water addition
every 300 seconds (left vertical axis). The behavior of the ambient and
of the water temperatures is also reported (right vertical axis). . . . . . 16
Time-of-flight measurement for the 20 m-long bi-wire (water addition
every 300 seconds). The behavior of the ambient and of the water

temperaturesis alsoreported. . ... ... ... .. .. ... ... ... 17
Measured and fitted values of the capacitance (C), as function of rela-

tive wetlength (Al/lp). . . ... ... . o 19
Measured and fitted ToF values as function of relative wet length
(Alflg). o o o e 21
Percentage capacitance variation as function of temperature for dif-
ferent lengths of thebi-wire. . . . . . ... ... ... ... .. ..., . 24
Percentage ToF variation as function of temperature for different lengths
ofthebi-wire. . ... ... ... ... ... .. .. .. 25
Reflectogram denoising with Nicolson’s technique . . . . . .. ... .. 31

Sketch of the experimental setup for water level measurement . . . . . 33



XVi

3.3

34
3.5
3.6

3.7

3.8
3.9
3.10
3.11
3.12

4.1
4.2
4.3
44

4.5
4.6
4.7
4.8

49

4.10

4.11

4.12
4.13
4.14

4.15

4.16

51
52
53
54

55

Rising edge of the reflectogram acquired on a 15 cm long coaxial cable,

its derivative, and POIs. . . . . . . . . . . . .
Measured reflectograms for different cable lengths . . . . . . ... ...
Set of 100 noisy reflectograms (! =30cm) . .. ... ... ... .....
Repeatability analysis for a 10 cm long cable in terms of average mea-

sured length (a) and standard deviation(b) . . .. ... ... ... ...
Repeatability analysis for a 30 m long cable in terms of average mea-

sured length (a) and standard deviation(b) . . .. ... ... ... ...
TDR (step-like) signal on a completely dry probe . . . . . .. ... ...
TDR (step-like) signal ona wetprobe . . . .. ... .. .. .......
ToF versus wet biwire length: compared calibration curves . . . . . . .
Reflectogram flattening in presence of high wetlengths . . . . . .. ..
Water level measurement calibration curve for the TC criterion . . . . .

Two port model of a TDR measurement apparatus . . . . ... ... ..
Transmission line elementary cell . . . ... ................
Generator and load sections of the TL equivalent circuit . . . . ... ..
Convolution-free approximation of frequency-dependent primary pa-
rameters as proposedin [69] . . . . . .. ..o oL
Simplified elementary cell . . . ... ... ... ... .. ... .. ...,
Simulation times for fixed number of elementary cells IV, = 1000
Cross section of the simulated coaxialline . . . ... .. .........
Reflection coefficient at reflectometry port (S11) for a simulated 1 m
long coaxial cable left open-ended . . ... ... ... .. ... .. ...
|S11| simulation for a 1 m long coaxial cable (RG-58 CU) performed
in different simulation environments. . . . ... ... ... ... ...
Time Domain Reflectometry on a 50m long coaxial cable, using a syn-
thetic Gaussian pulse as stimulussignal . . . ... ... .........
Time Domain Reflectometry on a 50m long coaxial cable with step-
like stimulus, obtained by numerical integration of the pulse response
Case studies for the analysis of non-homogeneous Transmission Lines
Concentrated capacitive fault in a 50m long line, centered at /[y = 25m .
Distributed capacitive fault in a 100m long line, centered at [y = 50m .

Interfaces between materials with different ¢, located at l(fl) = 0.25]

and I{) = 0.750, with | = 100m . . ... ............ .. ...,
Distributed resistive fault in a 100m long line, centered at [y = 50m . .

Realistic model of a TDR measurementsetup . . . . ... ........
Campbell Scientific CS605 3-Rod TDR Probe with RG58 Cable [75]
Basic TDR setup with negligible interconnections . . .. ... ... ..
TDR network model and calibration circuit (negligible interconnec-
HONS) .« . o o o e
Calibration of an 8ns pulse stimulus supplied by Agilent 33250A AWG
through a short RG58-CU cable . . . ... ........ ... ... ...



5.6 TDR waveform measured on a ~50m long RG58-CU coaxial cable
with a ~10ns wide pulse-like stimulus (Fig. 5.5) . ... ... ... ...
5.7 |S11| for a 40 cm long RG316-U cable: model versus actual measure-
ments . . . . ... e e
5.8 Calibration equivalent circuit for the estimation of vg and Zg . . . . .
5.9 Two configurations for vg and Zg calibration . . . ... ... .. .. ..
5.10 Measured (NI PXIe-5632 VNA) terminator impedance . .. ... ...
5.11 Measured derivatives of the step-like stimulus signal from the fast
edge generator of Tektronix MSO71254C oscilloscope and its calibrated
counterpart . . . ... ... Lo
5.12 Compensated and uncompensated reflectograms simulated with a Im
long coaxial line preceding a 10m long bi-wire. The solid line simu-
lates the time domain response taken by shifting the reference plane
to the interface between thelines . . . .. ... ... ... .. .. ...,

6.1 Capacitance profile with three concentrated faults . . . . ... ... ..
6.2 Composing a generic capacitance profile using Gaussian curves . . . .
6.3 Staircase-like capacitance profiles . . . .. ... ... . L oL
6.4 Generic smooth profile of capacitance . . . ... .............
6.5 A conventional Differential Evolution flowchart [91] . . . . .. ... ..
6.6 Synthetic measurement data for the reconstruction of simple Gaus-
sian profiles: profiles to be reconstructed and simulated TDR mea-
surements ... ... L.
6.7 Best fitness versus number of evaluations in jDE for the reconstruction
of the Gaussian profiles of Tables 6.1, 6.2and 6.3 . . . .. ... .....
6.8 Best fitness versus number of evaluations in jDE for the reconstruction
of the Gaussian profiles of Tables 6.4, 6.5and 6.6 . . ... ... .. ...
6.9 Intermediate optimization results for the problem outlined in Table
6.6 .
6.10 Junction between 5 m long RG58-CU coaxial cables . . .. ... .. ..
6.11 “F1” (left) and “F2” (right) capacitive fault devices . ... ... .. ..
6.12 Measured and reconstructed reflectogram on the 30 m long coaxial
line withoutfaults . . .. ...... .. .. ... .. .. .. ... .. ..
6.13 Measured versus reconstructed TDR waveforms for the first dataset,
detail on relevant reflectogram features . . . ... ... ... ... ...
6.14 Target function values for the first dataset . . . . . ... ... ... ...

xvii






Xix

List of Tables

2.1
2.2

2.3

3.1
3.2

3.3

34

3.5

4.1

4.2
5.1

6.1
6.2
6.3
6.4
6.5
6.6

AWG-18 electrical parameters. . . ... ... ... ... ... ... 9
Measured capacitances (C) for different lengths (ly) of the bi-wire and

for different wetted lengths (Al). . . . ... ... ... .. .. ... ... 18
Measured ToFs for different lengths (ly) of the bi-wire and for different
wetted lengths (Al). . ... ... ... .. oo 20
DUT electrical parameters . . . .. ... .... .. ... ... ...... 32
Gain, Offset and Nonlinearity errors in the estimation of cable length

with the three considered criteria . . . . ... ... ... ... ...... 35
Propagation velocity estimated with the three considered criteria (nom-

inal velocity: 0.83c) . . ... ... ... 35
Gain, Offset and Maximum errors in the estimation of the length of
biwires with the three considered criteria . . . .. ... ... ... ... 37
Nonlinearity errors for each criterion . . . . . ... ....... .. ... 43

Frequency dependent resistance and inductance in coaxial lines and

twinleads . . .. ... ... ... ... L 55
Simulator features comparison . . .. .. ... ... .. 0oL 63
Simulation parameters for a ~50 m long RG58-CU coaxial cable . . . . 82
Optimization results for simple Gaussian profile1 . . .. ... ... .. 106
Optimization results for simple Gaussian profile2 . . .. ... ... .. 106
Optimization results for simple Gaussian profile2 . . .. ... ... .. 106
Optimization results for two overlapped Gaussian profiles (1) . . . . . 108
Optimization results for two overlapped Gaussian profiles (2) . . . . . 108
Optimization results for two overlapped Gaussian profiles (3) . . . . . 108

Al Available profileshapes . . . ... ... ...... .. ... .. .. ... 130






xxi

List of Abbreviations

TDR
FDR
TL

TE
™
TEM
FDTD
DUT

Time Domain Reflectometry
Frequency Domain Reflectometry
Transmission Line

Transverse Electric

Transverse Magnetic

Transverse ElectroMagnetic
Finite Difference Time Domain
Device Under Test






xxiii

To my beloved Valentina
To Minerva






Chapter 1

Introduction

Going out of your door. You step onto the road, and if
you don’t keep your feet, there’s no knowing where
you might be swept off to

THE HOBBIT OR THERE AND BACK AGAIN. By BILBO
BAGGINS

1.1 Distributed measurements with Time Domain Reflectom-
etry

Time Domain Reflectometry (TDR) can safely be assumed to be the cheapest and
simplest technique for distributed sensing applications in a very broad range of sens-
ing element (SE) sizes, from a few centimeters [1] to several tens of meters and more
[2] and, therefore, for an even broader range of applications.

Basically, TDR consists in stimulating a suitably designed Transmission Line (TL)
with a wideband voltage stimulus, usually a step or pulse-like burst and monitoring
the incident and reflected voltage waves at a specific point on the line. Figure 1.1
schematically depicts the simplest possible TDR configuration, where a TL loaded
with an arbitrary impedance Zy, is stimulated by a step-like signal. The voltage wave
travels along the line and, if the load impedance does not match its characteristic
impedance, is partially reflected. The amplitude of the reflected wave depends on
the impedance mismatch and the time interval At after which the reflected wave is
detected at the reflectometry port is proportional to the length of the line. Typically,
in TDR application, the measurement port is coincident with the stimulus port and
the line is left open ended, i.e. Z;, — oc.

Impedance mismatches can also occur at some point in the middle of the line,
as shown in Figure 1.2. In this case, the traveling wave is partially reflected before
reaching the load, and such reflection(s) are immediately visible as features on the
measured waveform. The time elapsed between the forward wave and the partial
reflections can also be considered proportional to the physical distance of the mis-
matches.

Such mismatches can be introduced by a broad range of physical phenomena,
from the compression of a coaxial cable [3] to the change in the dielectric constant
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Transmission line (Z = Z;) AV (0, 1)
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FIGURE 1.1: Voltage measured at the reflectometry port on a TL
loaded with an arbitrary impedance Z,

A Loy < 4 Z1 V(ant)
| | A
O . -
| | ZLEJ At gy
o ‘ j 1 1
Al
>t

FIGURE 1.2: Voltage measured at the reflectometry port with an
impedance mismatch in the middle of the line

of the material surrounding a twin lead (Figure 1.3) or any other appropriate Trans-
mission Line [4]. Generally and theoretically speaking, therefore, this technique can
be used to measure any physical quantity that somehow modifies the properties of
a suitably designed TL [5].

1.2 TDR waveform processing

Although much effort has been spent on developing efficient and robust TDR pro-
cessing techniques, still the most widespread algorithms are based on direct reflec-
togram processing. For example, if the stimulus signal is a voltage step, the time
instant where the derivative of the reflectogram reaches its apex is associated to the
group velocity of the incoming wave packet and, therefore, can be used to infer the
dielectric permittivity of the transmission line [6]. Time of Flight (ToF) Estimation
algorithms based on direct reflectogram processing have been developed and char-
acterized [7], achieving excellent results in terms of accuracy. Such algorithms can
provide a simple and quick yet preliminary interpretation of the reflectograms, and
can be used for real-time diagnostic applications or for applications that require, e.g.,
the detection of abrupt changes of characteristic impedance along the line [8].
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€r

2.25

22 | | | | | | | | | | J
0 10 20 30 40 50 60 70 80 90 100 110

TDR unit

FIGURE 1.3: Example of distributed sensing: a TDR probe in presence
of an arbitrary dielectric constant profile.

Nevertheless, much more information can be inferred from TDR waveforms,
provided that an accurate and detailed model of the probe under working conditions
is available. TDR is, in fact, closely related to more expensive and complex mea-
surement techniques based on vector network analysis or impedance spectroscopy
[9]. Interesting results can be achieved by analyzing the frequency content of re-
flectograms with Fourier domain algorithms, allowing to characterize the dielectric
properties of materials [10] without actually carrying out vector network analysis,
which is usually unfeasible in harsh or uncontrolled environments (i.e. petrochemi-
cal industry, waste processing plants etc.).

Other approaches to TDR processing based on system identification and echo
modeling are also available in literature [11]. However, these techniques are not
suitable to applications where the material surrounding the probe is not homoge-
neous or made up by discrete layers of homogeneous materials, e.g. in precision
agriculture, building health monitoring, pipe leak detection [12] and so forth.

An interesting technique for the restoration of the incident signal from the tran-
sient response of Transmission Lines by means of compact Green functions has been
presented in the 90s by Lundstedt [13]-[15]. This approach has also been recently
applied to the non-destructive diagnosis of wiring networks [16], where the appli-
cation requires finding and characterizing concentrated faults on long lines.

Finally, the most advanced techniques for reflectogram processing currently avail-
able rely on optimization algorithms [17]-[19] or identification techniques [20]. The
approaches presented in literature, however, are always highly application-specific,
thence being hardly reproducible and lacking versatility.

1.3 Purpose of this thesis

In this thesis, an integrated approach to distributed sensing employing TDR and
TDR-related measurement techniques is presented. The work is organized as fol-
lows.

First, the fact that TDR probes can be used even independently from the Time Do-
main Reflectometry itself for extremely cost-effective diagnostic purposes is consid-
ered. Simpler and cheaper techniques than TDR, i.e. Time-of-Flight (ToF) measure-
ments and capacimetry are investigated, as they can straightforwardly be applied to
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the same sensing elements employed in TDR measurements, and can trigger alerts
in case of anomalies [21].

Then an automated procedure for basic TDR processing is presented [7] that ac-
curately computes the ToF and can be employed for real-time diagnostics in leak
detection systems [22] and sibling applications. A simple application to water level
measurement is also discussed to assess the accuracy of the proposed method.

Going further, it is considered that TDR waveforms virtually embed any needed
information on the Transmission Line used as a probe in the spectrum defined by
the frequency content of the stimulus signal. Two important facts, however, need to
be stated:

¢ It is impossible to infer every line parameter from a reflectogram, i.e. some
parameters need to be considered known

¢ Measurement systems need to be rigorously modeled, and model constraints
must hold under well defined working conditions.

This means that a well-established and straightforward workflow needs to be de-
fined for distributed measurement applications. Design steps that need to be defined
are:

1. Distributed probe design and optimization

2. Characterization of transitions and/or cables connecting the TDR instrumen-
tation to the probe

3. Definition of the typical operating conditions
4. Definition of a suitable electromagnetic model of the TL
5. Choice of a reconstruction algorithm for the parameter(s) under test

For the purpose of this thesis, focus is given especially to steps 4 and 5. A Trans-
mission Line simulation approach to advanced TDR processing, designed for the
estimation of distributed quantities is proposed and its applicability to both tradi-
tional and cheaper TDR setups is demonstrated.

From the measurement point of view, the idea behind this work consists in mod-
eling the setup as a generic (dispersive and non homogeneous) Transmission Line,
stimulated by the actual TDR signal. The building blocks of a general reflectometry-
based system, also depicted in Figure 1.4 are:

¢ Test signal generator

Acquisition and digitizing instrumentation

Intermediate cables, connectors and transitions

TDR probe

Material under test



1.3. Purpose of this thesis 5

Material under test

Signal TDR
sha Cables/connectors >
generator probe

Y

Digitizer

FIGURE 1.4: Block diagram representation of a generic TDR setup for
distributed measurements

The proposed approach consists in accurately modeling each of these blocks and
implementing an integrated simulation algorithm capable of reproducing measured
waveforms based on theoretically sound equations and physically reasonable pa-
rameters. The proposed software implementation of this algorithm, based on a cus-
tom made TL simulator [23], is also verified on real life, although perfectly controlled
experimental conditions.

Afterwards, actual measurements are performed following the recently intro-
duced principles of "TDR inversion" [17], [18] on fully characterized measurement
systems. Traditional optimization algorithms are compared in different case studies
of increasing complexity, and finally a stochastic approach based on Markov chain
Monte Carlo algorithms is presented that enables taking into account the uncertainty
of the estimated parameters.

The estimation algorithms hereby presented are fairly heavy from a computa-
tional cost perspective, therefore a simple client-server architecture that processes
data acquired from on-site TDR instrumentation and provides a user interface for
the analysis of the results is also briefly outlined.






Chapter 2

Diagnostics on TDR probes with
TDR-related techniques

It has long been an axiom of mine that the little things
are infinitely the most important

ARTHUR CONAN DOYLE, THE MEMOIRS OF
SHERLOCK HOLMES

2.1 Introduction

Real-time monitoring and diagnostics have become increasingly important, coher-
ently with the growing interest towards a smart city-oriented approach to monitor-
ing. However, since most monitoring solutions rely on point sensors, it becomes
difficult to quickly obtain comprehensive information when the areas to be moni-
tored are large and extended. In fact, in these cases, a large number of point-sensors
should be employed, with all the related consequences in terms of interrogating such
a multitude of sensors. Typical examples of such situations is the monitoring of wa-
ter infiltrations in a large area, e.g. in the structure of a building [24]-[27] or moisture
content determination in generic materials [28]-[30], and in soils [31]. In addition to
this, many commercial sensors often work on battery, thus requiring periodic main-
tenance.

On the other hand, in recent works (e.g. [12], [2] and [32]), it has been demon-
strated the usefulness of passive, wire-like sensors (e.g. bi-wires) to accurately locate
the presence of water in large areas, employing specific measurement techniques
based on the analysis of time domain reflectometry (TDR) waveforms. In these ap-
plications, SE’s may be tens of meters long and can follow any desired path in the
system to be monitored, thus allowing to obtain a diffused profiling with a single
SE, also when monitoring interfaces between multiple materials [33]. Additionally,
the bi-wire SE’s are passive, hence, they do not require batteries nor maintenance.

However, while bi-wires are inexpensive, TDR instrumentation is not. Cost is an
issue when a large set of bi-wire sensors (as a sensor network) must be monitored, to
promptly detect the presence of water in a large region. Coupling TDR instruments
to each bi-wire of the network is clearly unfeasible.
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Therefore, it is justified to investigate the possibility of employing an alternative
and less expensive measurement methodology for the same SE’s. In practice, such
a methodology could be used to trigger an “alert’, which prompts further investiga-
tions involving more expensive and accurate TDR instrumentation.

Since the presence of water increases the dielectric constant of the medium sur-
rounding the bi-wire, there are two major candidate methods. One method is based
on the TDR technique itself, but does not require the high-speed sampling and A/D
conversion typically associated with TDR measurements; basically, the idea is to
measure the time of flight (ToF) of the signal propagating along the bi-wire [12].
ToF measurement can be accomplished using simple devices of limited complexity,
based on fast comparators and clock counting hardware [34].

The second method consists in the measurement of the capacitance of the bi-wire,
a cheap technique already used, for example, to determine its length [35]. As a mat-
ter of fact, at the state of the art, there are capacitance sensors for monitoring water
presence or moisture content [36], and also sensors based on inductor-capacitor res-
onant circuits [37]; however, these are essentially point sensors, unlike the bi-wire
SE. The capacitance of a bi-wire can be measured using a number of inexpensive
methods, e.g. on the basis of the response to a single-tone sinusoidal signal, or with
more complex impedance metering algorithms [38], or simply measuring the charge
time with a DC current, or also the frequency it determines when put in an oscillat-
ing circuit, etc.

The paper examines the performance of the considered methods in terms of

¢ the (desired) sensitivity of ToF or capacitance to the presence of water; and

¢ the (undesired) sensitivity of ToF or capacitance to changes in the ambient con-
ditions and, in particular, to temperature variations.

2.2 Preliminary theoretical analysis

The characteristics of the bi-wire used as SE in the present work are summarized in
Table 2.1, whereas Fig. 2.1 shows its cross-section.

Before presenting and discussing experimental results, in this Section the sensi-
tivity of the bi-wire to the presence of water, and to temperature variations, is ana-
lyzed theoretically. To this purpose, we make use of the notion of effective relative
dielectric permittivity, which considerably simplifies electromagnetic equations in
complex systems, e.g. multi-layer systems [39]. In the present case, a bi-wire sur-
rounded by a coating with relative permittivity e. and a medium with relative per-
mittivity €., is modeled as a a couple of conductors surrounded by an homogeneous
medium of (effective) relative permittivity e.y.

2.21 C and ToF variations with the presence of water

Consider a SE of length [y, where a portion of length Al is immersed in a wetting
medium (e.g. water), and the remaining portion, of length Iy — Al, is immersed in a
"normal" medium (e.g. air). This configuration is schematized in Fig. 2.2. Let e.f;
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e~ 3dmm-——— ~ lmm

FIGURE 2.1: Simplified schematization of the cross section of the used
bi-wires.

TABLE 2.1: AWG-18 electrical parameters.

Diameter Cross-section Copper Nominal
area resistance capacitance
1.024 mm  0.823 mm? 20.95Q/km 50 pF/m

the effective relative permittivity of the dry portion of the SE, and €.y 2 the effective
relative permittivity of the wet portion. The capacitance of a generic length | with
effective relative .y may be written as:

C=k-e-eypy-l (2.1)

where ¢, is the absolute permittivity of vacuum, and % is an adimensional con-
stant, which depends only on the geometry of the SE: for the geometry in Fig. 2.1,
marccosh(D/d) where d is the diameter of the conductors, and D the separation be-
tween the centers of the conductors. On the basis of (2.1), the total capacitance of the
SE is given by:

C = keolloeerp1 + Al(ecrrr — €crr1)] (2.2)

Therefore, the capacitance variation of the SE, due to the presence of the wetting
medium, may be written as:
AC Al
[
where C is the capacitance of the dry SE (i.e. for Al = 0), and ac is a sensitivity
coefficient, which is given by the relative variation of effective permittivity due to
the wetting medium:

(2.3)

ag =2 2.4)

€effl
A similar equation also applies for ToF variations. Under the hypothesis of non-
magnetic dielectric materials, the velocity of an electromagnetic wave propagating
in the SE is v = ¢/, /écsy, being c the speed of light in vacuum. The round-trip ToF,
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€eff1 I Al | €eff1

[ |
Ceff2

-0
____0O

lo

FIGURE 2.2: Schematization of the SE detecting the presence of a wet-

ting medium surrounding a portion of length Al. The quantities €. ¢ 1

and e s are the effective permittivities when the wetting medium is
absent or present.

7, for a wave transmitted and reflected is

l
T = 25,/eeff (2.5)

Therefore, the total ToF of an electromagnetic wave for the SE in Fig. 2.2 is given by

2
T=- [lo/€crfi+ AL (\Vecrra — \/€cff1)] (2.6)

hence, the relative ToF variation due to the wetting medium is given by the following

equation:

A A
AT _ 20 2.7)

where 7y is the ToF in the dry SE, and «; is a sensitivity coefficient. The value of
o is the relative variation of the square root of the permittivity due to the wetting

medium:
L= 2 (2.8)
€effl

2.2.2 C and ToF variations with temperature

It must be considered that, since effective permittivities depend on temperature, also
the actual values of capacitance and ToF will depend on it; as a result, temperature
variations can mimic or mask the presence of a wetting medium. Let us consider a
dry SE, and let us assume a linear variation of the effective relative permittivity e
with temperature:

€eff1(T) = €epp1(To)[1 + ar(T — Tp)] (2.9)

The capacitance variation in the dry SE due to a temperature variation AT =T —Tj

1S:
A
AC AT (2.10)
Co

while the ToF variation is

A STt arAT 1= AT (211)

70
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In practical applications, in (2.11), the quantity a7 AT is expected to be small; there-
fore, the first-order term should be dominant (generally, a7 is in the order of 0.01 °C™1).

On the basis of the above equations, the sensitivity of the capacitance to tempera-
ture is about twice that of ToF. Since the temperature variation is a disturbance quan-
tity, it appears that, from this point of view, ToF measurements should be preferred.
On the other hand, when e.fro > €.rf1, which is the situation of common practi-
cal interest, capacitance is more sensitive to the presence of the wetting medium
(ac > ar).

2.2.3 Numerical computations and simulations

A more quantitative prediction of the behavior of the SE may be obtained with some
further considerations and computations, necessary to obtain estimates of €.y and
€cf 2. A specific problem that must be solved is that the relative permittivity €. of the
coating is not declared by the manufacturer, who instead gives the capacitance of the
wire in air (50 pF/m). Therefore, the workflow for the computations is as follows.

1. Computation of €. 1 using (2.1), given the nominal capacitance per unit length,
and the actual %k derived on the basis of the SE’s geometry.

2. Estimation of €., using a COMSOL simulation. The SE’s capacitance is eval-
uated by the simulation for different values of e, and with ¢,, = 1 (case of
bi-wire in air). The value of €. yielding C' = 50 pF/m is determined.

3. Estimation, using another COMSOL simulation, of C' when the SE is immersed
in water (e, = 80) with the previously found value of ¢..

4. Computation of €. s o from 2.1, using the capacitance value of the SE in water.

In order to assess the technique’s sensibility in different practical conditions, step
n. 3 has been performed by simulating different values of ¢, (in the [50,100] range)
and with the SE surrounded by a cylinder of water with increasing diameter (in the
range 0.5 - 20.0 cm).

In step n. 1, from the actual geometry of the SE (d ~ 1 mm, D ~ 3 mm) comes
the value k = 7/arccosh(D/d) ~ 1.782, and therefore the capacitance per unit length
of the conductors in vacuum (without the insulating coating) is ¢, = C,/l = 15.78
pF/m. Since the nominal capacitance of the dry SE is C/l = 50 pF/m, its nominal
permittivity is e.; s = C//C, ~ 3.16.

In step n. 2 the value of the coating permittivity e, which produces the capaci-
tance C'/l = 50 pF/m in the geometry of 2.1 was determined in the COMSOL Mul-
tiphysics environment; it is achieved by setting €. >~ 5.7. The results of step n. 3 and
4, in terms of the final effective relative permittivity e.¢ro = C/C,, are depicted in
Fig. 2.3. They lead to the following considerations:

¢ The effective permittivity is substantially constant for volumes with cylindric
radius > 2 cm;
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FIGURE 2.3: Effective relative permittivity €. of the SE surrounded
by a cylindric volume with given radius (0.5, 1, 2, 5, 10, 20 cm) and
given permittivity e, (in the 50 - 100 range).

¢ For a medium with ¢, = 80 (approximate permittivity of water) and radius >
2 cm, the resulting effective permittivity is e,y o = C/C,, ~ 8.65 (derived from
the COMSOL computed capacitance value C'/l ~ 132.47 pF/m).

According to these computations, for the SE used in the simulations (which mimics
that actually used in experiments) the ratio €. s 2 /€. 1 is approximately 2.74, and the
sensitivity coefficients are ac = €.rfa/€crp1 —1 ~ 1.68 and ar = \/€cpra/€crp1 — 1
0.64. As a consequence, even if the (undesired) sensitivity of the capacitance to tem-
perature is twice that of ToF according to (2.11), the desired sensitivity to the pres-
ence of water is about three times that of ToF. On the basis of simulations, therefore,
capacitance measurements appear slightly preferable.

This preliminary analysis yields only indicative conclusions about the actual sensi-
tivity and usability of the SE. Rather than trying to obtain a more accurate charac-
terization of the SE using full-wave simulations, in the following Sections an exper-
imental study of the SE is reported.

2.3 Experimental setup

2.3.1 Measurement methods and instrumentation

All the tests were performed on a set of four bi-wires (devices under test - DUTs)
with different lengths (Ip), namely 5 m, 10 m, 15 m and 20 m. The bi-wires are
always left open-ended by simply cutting off their endings. The considered bi-wires
exhibit an inductive behavior at high frequencies (in the order of a few megahertz)
and a predominantly capacitive behavior at lower frequencies, as demonstrated in
[40].
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The capacitance measurements were performed using a portable capacitance me-
ter (Escort EDC-128) equipped with a serial interface for data logging. This instru-
ment operates on the principle of measuring the charging time of the DUT (a capac-
itor of 1 nF is measured by charging it for about 5 - 10 ms).

ToF measurements were performed using an arbitrary waveform generator (Ag-
ilent 33220A), which was used to generate a 100 kHz square waveform with a rise
time ¢, ~ 3.4 ns, corresponding to a bandwidth B ~ 0.35/t, ~ 100 MHz. This
waveform was generated using the sync output rather than the signal output, since
the rise time of the square waveform generated by the latter would have been higher
(approximately 6.1 ns). The reflectograms were acquired using a 350 MHz-bandwidth
digital oscilloscope (LeCroy LT262) in random interleaved sampling (RIS) mode.
The equivalent sample rate was 50 GS/s.

In the set of experiments related to the assessment of the sensitivity to temper-
ature, the temperature of the DUT was regulated using a simple hand-made ‘cli-
matic chamber’, i.e. a thermally-controlled box (TCB) made of an insulating material
(polystyrene) with a Peltier cell, used for both heating and cooling cycles, and a tem-
perature control system implemented through the Arduino prototyping board. The
TCB can provide temperature cycles ranging between 17 ° C and 70 ° C in about 40
minutes (both heat-up and cool-down rates). The TCB is controlled via a GUI written
in C#, which exchanges information with the hardware through a serial port.

In the experiments, the ambient temperature (outside the chamber) was con-
stantly measured and monitored through a Pt100 resistance temperature detector
(RTD); whereas the temperature of the water and the temperature of the air in the
chamber were monitored through two K-type thermocouples. The resistance of the
RTD sensor and the voltages of the thermocouples were acquired through a multi-
meter (Agilent 34401A), in the 4-wire configuration for the resistance measurements.

2.3.2 Setup for Determining the Sensitivity to the Presence of Water

Starting at 1 m from the electrically accessible terminals, each bi-wire was attached
to the inner wall of a 28 cm-high plastic container. Each bi-wire was positioned
following a curvilinear path inside the container, as schematized in Figure 2.4.

As will be detailed later in this Chapter, the plastic container was progressively
filled with water, in different steps. The bi-wire was positioned in the container so
that a total length of 2.9 m would be subjected to watering, while the remaining ca-
ble was laid on the work bench. Ticks were traced on the container wall so that each
addition-of-water step always wetted a prefixed length of the bi-wire. During these
experiments, the ambient and the water temperatures were constantly monitored,
and it was verified that their values were close to each other and approximately
constant (within +1 °C) during the whole set of measurements. The ToF values
were measured as the time intervals between the two rising edges of acquired re-
flectograms.

It is worth mentioning that the accurate estimation of the ToF from a TDR reflec-
togram is, in general, a non-trivial issue [41] [42], which, indeed, is not the focus of
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FIGURE 2.4: Sketch of the positioning of the bi-wire inside the con-
tainer: top view (left) and lateral cross section (right).

the problem analyzed in this Chapter. For our purposes, however, locating the ris-
ing edges using pre-established thresholds on the reflectograms is as good as using
other, more sophisticated methods.

Finally, with regards to the capacitance measurements, the capacitance values
were acquired directly from the EDC-128, without further data-processing.

2.3.3 Setup for Determining the sensitivity to temperature variations

In this set of experiments, each dry bi-wire was rolled up in order to fit into the TCB,
as shown in Fig. 2.5.

During each test, a 1 m-long portion of bi-wire, with the electrically accessible
terminals, was intentionally left outside. The temperature in the TCB was raised
with an approximately linear law, from 25 °C to 45 °C in approximately 15 minutes.
The ToF and the capacitance of the dry bi-wires were measured continuously while
the bi-wires were subjected to the temperature variation.

2.4 Experimental results for the sensitivity to the presence of
water

To quantify the sensitivity to the presence of water, the ToF and the capacitance of
the bi-wire were measured, with the setup described in Section 2.3.2. In particular,
water was added to the container five times, once every 300 seconds (i.e. 5 minutes),
for a total 30 minutes. After the first watering step, the length of the wetted portion
of bi-wire was Al=0.67 m. The wetted length increased by 0.32 m on each successive
watering step (up to a total wetted length of Al=1.95m).
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FIGURE 2.5: Positioning of the bi-wire in the thermally-controlled box
(TCB).

Measurements were performed on all four DUTs and, for each DUT, the ToF
and the capacitance values during watering operations were acquired. Two typical
measurement runs for capacitance and ToF are shown in Fig. 2.6 and Fig. 2.7, re-
spectively. The ambient and the water temperatures are also reported, showing that
their variation is practically negligible during these experiments. On a side note, it
is worth mentioning that in both Figure 2.6 and Figure 2.7, the water temperature
is missing from the first 300 s long portions of the plot, because water had yet to be
added.

2.4.1 Capacitance measurements

Measured capacitance values are summarized in Table 2.2, where the quantity Al
indicates the length of the wetted portion of bi-wire.

First of all we focus on the measurements on dry by-wires (first row of the table).
Not surprisingly, the measured values of capacitance follow a law of the kind

Crm = co - lo+ Cogs = Co + Cog (2.12)

where ¢ is the capacitance per unit length, and C,; is a positive offset error, due to
the instrument and to parasitic effects in the setup (connection cables, etc.). Linear
fitting on the measurements yields C,yy = 89.7 pF and ¢y = 65.9 pF/m, with a
difference between measurements and model (2.12) lower than 0.65 %.

After subtraction of the offset C,,s; from the data in Table 2.2, the capacitance
variations (AC) due to the wetting of the bi-wires are expected, of course, to follow
the proportional law described by (2.3) in Section 2.2. As a matter of fact, measure-
ment results fit better a slightly different model, i.e.

AC = C(Al) = Cy = ac - % [Co—C,). (2.13)
0
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FIGURE 2.6: Capacitance measurements for the 20 m-long bi-wire,
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of the ambient and of the water temperatures is also reported (right
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TABLE 2.2: Measured capacitances (C) for different lengths (ly) of the
bi-wire and for different wetted lengths (Al).

Al [m] C|[pF] C [pFI C [pF] C [pF]
(l0= 5 1’1’1) (l[) =10 m) (l0=15 m) (l0= 20 1’1’1)
0 420.2 744.0 1084 1405
0.67 470.0 808.0 1139 1471
0.99 499.0 842.0 1168 1510
1.31 535.0 873.0 1203 1544
1.63 563.0 898.0 1232 1572
1.95 598.0 935.0 1270 1607

From a physical point of view, C), represents a capacitance quota which is not in-
fluenced by water (related, for example, to the portion of the bi-wire that were in-
tentionally left outside the container). The model described by (2.13) is nonlinear
in the parameters ac and C),; therefore, these parameters were evaluated through a
nonlinear fitting procedure on the data, obtaining

ac = 15675
Cp = 50.87 pF

It can be observed that the obtained sensitivity value agrees with theoretical com-
putations and numerical simulations reported in Section 2.2 (in particular, equation
(2.4)), and confirmed by the numerical simulations discussed in Section 2.2.3. The
comparison between measurement results and the fitted model is shown in Figure
2.8, where it can be seen that the obtained values for ¢ and C), provide an excellent
fitting for each considered bi-wire length, lo. The maximum fitting error occurs for
lo = 15 m and is C,, = 15 pF. One can also invert (2.13) in order to estimate the
wet length from the measured capacitances. Maximum estimation errors resulting
from the application of (2.13) are 10 cm for the 5 m-long bi-wire and 9 cm for the 20
m-long bi-wire.

Equation (2.13) also allows assessing the minimum length of wetted bi-wire that
can be detected for a given resolution of a capacitance meter. For instance, if Cp >
(), a resolution of 10 pF allows sensing approximately 10 cm of wet bi-wire.

2.4.2 Time of flight measurements

Measured ToFs values are summarized in Table 2.3. Also in this case, first of all we
focus on the measurements on the dry cables (first row of the table), which follow
the linear model:

Tm = 80 * lo + Toff = T0 + Toft (2.14)

where 7,/ is an offset error and sq is a time per unit length, of course related to
the propagation velocity by the relationship vy = 2/s (the factor 2 being due to the
round-trip of the e.m. wave). Fitting the model to the measurements yields an offset
error 7,7y = 80.30 ns and a time per unit length sq = 10.43 ns/m, corresponding to
a propagation velocity of the test signal in the bi-wire equal to vy = 0.639 - ¢, where ¢
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TABLE 2.3: Measured ToFs for different lengths (Io) of the bi-wire and
for different wetted lengths (Al).

Al [m] ToF [s] ToF [s] ToF [s] ToF [s]
(l0= 5 1’1’1) (lg =10 m) (l0=15 m) (l0= 20 1’1’1)
0 6.038E-08 1.118E-07 1.648E-07 2.165E-07
0.67 6.430E-08 1.165E-07 1.683E-07 2.215E-07
0.99 6.616E-08 1.182E-07 1.700E-07 2.235E-07
1.31 6.770E-08 1.204E-07 1.711E-07 2.247E-07
1.63 6.940E-08 1.214E-07 1.727E-07 2.250E-07
1.95 7.092E-08 1.231E-07 1.754E-07 2.271E-07

is the speed of light in vacuum. The fitted model reproduces the data with a relative
error below 0.5%.

As a second step, the offset value was subtracted from the data and the result fits
very well a model similar to (2.13):

g [0 — Tp) (2.15)

AT =7(Al) — 10 = ar -
lo

where 7(Al) is the ToF measured for a Al wet length of bi-wire, while 7,, is a constant,
which may be interpreted as a ToF quota which is not influenced by the presence of
water. The values of a, and 7, were evaluated through a nonlinear fitting on the
measurement data:

ar = 0.5415
7p = 0.26 ns

Also in this case the measured o, is very close to the expected theoretical value,
predicted from equation (2.8). The quality of this fitting operation is shown in Figure
2.9, which clearly shows that the two parameters o and 7, are characteristic of the
ToF variation, and are independent of the total length of the bi-wire. The maximum
fitting error is of 1.4 ns, occurring for [y = 20 m.

Similarly to the capacitance measurements, (2.15) can be inverted in order to
estimate the wet length of the bi-wire from the measured ToFs. The maximum es-
timation errors are 8 cm and 25 cm, for the 5 m long bi-wire and for the 20 m-long
bi-wire, respectively. They are slightly higher than those associated to the use of the
capacitance model (2.13).

Equation (2.15) also allows evaluating the minimum wet length of bi-wire that
can be detected for a given resolution of a ToF-measuring instrument. For example,
if a bi-wire is long enough to ensure that 7y > 7, a resolution of about 800 ps for the
ToF measurements allows sensing wet length of bi-wires that are at least 10 cm.
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2.5 Sensitivity to temperature variations

As described in Section 2.3.1, the DUTs were tested with controlled thermal cycles in
a thermostated box, thus controlling the box internal temperature. During these
tests, also the ambient temperature was monitored so as to verify that its varia-
tions (which affect the instruments) were below 1 °C. In this set of experiments, the
measurement results consisted of some thousands of temperature-capacitance and
temperature-ToF couples; therefore, they are reported only in graphical form.

2.5.1 Capacitance measurements

In principle, the same operation of offset removal described in section 2.4.1 could
be applied to capacitance measurements with varying temperature. However, this
post-correction is not needed, since, in this case, the goal is to quantify the effect
of temperature variations as a disturbance (and not to measure temperature on the
basis of the capacitance). Therefore, the simplified model (2.10) for AC' can be used
to fit the experimental data.

Figure 2.10 shows the very good agreement between measurements and the fit-
ted model: it can be seen that there is a very good agreement between the measure-
ments and the model. It also shows that the sensitivity coefficient a7 is actually
different for the four examined cases: it ranges from ar = 0.0015°C~! for [y = 5m
to ap = 0.0046°C~! for I, =20 m. The different sensitivity to temperature may be
attributed to the fact that longer cables were wound. In other words, the different
amassing of the coils for the different tested bi-wires leads to different sensitivity to
temperature.

This outcome of the experiments points out that the sensitivity of the capacitance
to temperature in the practical use of the bi-wire as a sensor is not accurately pre-
dictable, since it will be partly determined by the actual dielectric surrounding the
wire. On the other hand, the sensitivity can be expected to be in the same order
of magnitude obtained in the reported experiments, i.e., of the order of 0.001-0.005
°Cc L

2.5.2 Time-of-Flight measurements

The same considerations made for capacitance apply to ToF measurements. The
main difference between ToF and capacitance, as regards the sensitivity to tempera-
ture variations, is that data can be fitted better by using a quadratic law:

f:A-ATJrB-AT? (2.16)

70
The result of the fitting is shown in Figure 2.11. Also in this case, the actual values
of A and B are different in the experiments with different bi-wire lengths, and the
20 m long bi-wire is the most sensitive to temperature variations, while the 5 m long
bi-wire is the least sensitive. These results are in agreement with those obtained for
the capacitance, and the same explanation apply: the plastic dielectric surrounding
each portion of the wire is greater in the experiments with the 20 m-long bi-wire.



2.6. Discussion of results 23

Even if the law is quadratic, and not linear, the ToF sensitivity to temperature is
lower than that of the capacitance: the maximum ToF variation is in the range 1%-
4.5%, while that of the capacitance is in the 3%-9% range. The lower sensitivity
of ToF to temperature, with respect to capacitance, is in agreement with theoretical
predictions.

2.5.3 Effect of temperature on water sensing

The capacitance method is more sensitive both to the presence of water and to tem-
perature variations, with respect to the ToF method. Therefore, it is not immediately
clear which of the two methods is less affected by temperature, in terms of false wa-
ter detection. For quantifying the influence of temperature on water sensing, it is
possible to compute the apparent fraction of wet length emulated by a given tem-
perature variation. For the capacitance-based method, the apparent fraction of wet
cable is

Al ot \p (2.17)
lo ac
while for the ToF-based method, this fraction is
Al A gy Barp (2.18)
lo o fom

Considering the difference between a linear law and a quadratic law, it is intu-
itive that the ToF method can be preferred for small temperature variations, while
the capacitance-based method is preferable for larger variations. This fact is better
detailed in the next Section.

2.6 Discussion of results

On the basis of the obtained results, both methods are able to detect the presence
of water, but they have different advantages and drawbacks. With the ToF method,
the measurement hardware must be equipped with a fast clock. For example, in
order to detect 10 cm of wetted bi-wire, it must be able to resolve a time variation of
about 800 ps, and considering a clock period equal to half the required resolution,
the minimum clock frequency is approximately f = 2.5 GHz.

With the capacimetric method, the measurement hardware does not need to meet
exceptionally strict requirements. In order to detect 10 cm of wetted bi-wire, one
must be able to resolve a capacitance variation of about 10 pF. However, it must be
underlined that the relative capacitance variation (with respect to the capacitance
of the dry wire) depends on the overall length of the SE. For example, for a 20 m
long bi-wire, the relative capacitance variation is about 7.5%, while for a 100 m long
bi-wire the variation is only 1.5%.

As regards the possibility of false or missed detections due to temperature vari-
ations, the two methods are comparable, the preference going to the ToF method
for low temperature variations (10 ° C or less), and to the capacimetric method for
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FIGURE 2.10: Percentage capacitance variation as function of temper-
ature for different lengths of the bi-wire.

higher temperature variations. This statement is justified by the experimental re-
sults in Figures 2.10 and 2.11, and by equations 2.17 and 2.18 that fit the measure-
ment data. In particular, for a 20 m long cable, a temperature variation AT = 10 °
C causes an apparent wet cable fraction Al/ly ~ 3% with both the capacimetric and
the ToF method. Since 2.17 is a linear and 2.18 a quadratic law, it is obvious that
for AT < 10°C the ToF method suffers less influence from temperature, while for
AT > 10°C the capacimetric method is less influenced. Therefore, considering the
influence of temperature, capacimetry can be recommended for applications with
greater expected temperature variations. It is, in any case, advisable to use bi-wires
at most few tens of meters long, since the sensitivity to temperature variations be-
comes an important effect for longer wires, e.g. 100 m long or more.

2.7 Conclusions

Bi-wires can be used as SE’s for water detection purposes, measuring the variations
of the capacitance, or of the propagation velocity of electric pulses. The advantage of
employing this type of SE is twofold: they are very inexpensive, and they can sense
water in a continuous path that can be several meters long.



2.7. Conclusions 25
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FIGURE 2.11: Percentage ToF variation as function of temperature for
different lengths of the bi-wire.

Starting from these considerations, after a preliminary theoretical analysis, ac-
tual experiments were performed using bi-wires (in different lengths) in conjunction
with the aforementioned measurement methods, thus characterizing the SE in terms
of sensitivity to the presence of water. Furthermore, also the influence of tempera-
ture variations on the performance of the SE was investigated.

The obtained results demonstrate that, in view of possible practical implemen-
tation of diffused water-detection systems, the proposed low-cost methodologies
could be used to trigger an alert regarding the monitored system and to prompt fur-
ther, more accurate control using more expensive TDR instrumentation. In practical
implementations, the great advantage would be that the concept can be extended to
complex systems, with a distributed network of sensing elements, thus allowing to
monitor large areas in real time.

The measured sensitivities agree with theoretical predictions made through nu-
merical simulations, presented in Subsection 2.2.3 and, in particular, it was demon-
strated that capacitance measurements on bi-wires are approximately three times
more sensitive than ToF measurements:

~ 1.57
ac (2.19)
ar >~ 0.54
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It is important to emphasize that capacitance metering is also simpler to implement
using inexpensive and largely available hardware for very accurate measurements
[43]. The results open the way to the development of a simple capacitance meter
tailored to the proposed SE, and of a fully-featured water presence alert system for
multipurpose environmental diagnostic systems.
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Chapter 3

Time-of-Flight estimation from
TDR waveforms

I ask people who don't fly, “How can you not fly when
you live in a time in history when you can fly?”

WILLIAM LANGEWISCHE

3.1 Introduction

In Chapter 2, two simple and cost-effective techniques for quickly monitoring the
presence of anomalies in distributed systems without actually performing TDR mea-
surements have been compared. Although such techniques employ the same sens-
ing elements as TDR setups, they can be considered standalone, since they do not
necessarily rely on actual reflectograms. However, if TDR instrumentation is al-
ready available, there is no need to implement Time-of-Flight measurements on a
standalone basis, since now full TDR waveforms can be acquired and ToF can be
directly derived from them.

In TDR, the ToF indicates the time it takes for a test signal to travel a certain
distance through a medium. The evaluation of the ToF in TDR measurements is es-
sential for a number of applications. One of the first TDR-based applications, which
is the localization of faults in electrical cables, strongly relies on measurements of
the ToF; in fact, the ToF of the TDR test signal up to the defect or fault is used to infer
the position of the fault [44], [45].

Furthermore, measurements of the ToF of TDR signals are at the basis of appli-
cations in several fields, such as leak detection in underground water pipes [46],
real-time monitoring of the flow and the liquid level in intravenous medical infu-
sions [1], crack/strain sensing in reinforced concrete structures [47], and dielectric
characterization of liquids [48], [49].

However, in spite of the widespread use of TDR, the accurate measurement of
the ToF is still an open issue [50], [51]. As a matter of fact, the estimation of the
ToF has always been considered one of the major sources of uncertainty in TDR
measurements. The traditional waveform analysis has used the fitting of tangent
lines to the waveform reflection to determine the travel time [52]-[54]; this travel
time is related to the signal phase velocity.
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Successively, Robinson et al. [6] argued that it is more appropriate to calculate the
ToF from the apices of the derivative of the waveform. In their work, the medium un-
der test is strictly divided into homogeneous segments and experimental conditions
are rigorously controlled, and therefore the S} ( f) scattering parameter can be evalu-
ated using the recursive schemes proposed by Feng et al. ([6], eq. (6)), together with
Cole—Cole equations, for each individual segment. These conditions are verified,
e.g., when measuring the dielectric constant of a perfectly homogeneous medium
by a purposely designed TDR probe. In [6], in fact, the importance of high quality
probe construction and the importance of minimizing long cables are stressed.

In [55], on the other hand, an algorithm for wire integrity analysis in helicopters,
tiltrotors, and aircrafts is considered. In this case, the probe consists of a wire run-
ning through an arbitrarily inhomogeneous medium. Moreover, faults can be wire to
wire and wire to shield, generating waveforms that usually need to be interpreted by
experienced personnel; finally, faults can be irregular. For such cases, simple deriva-
tive algorithms will not suffice in detecting the correct fault [55]; the proposed al-
gorithm is therefore completely different (with some features in common with stock
market analysis).

The authors are, instead, interested in a class of TDR applications that stands,
in some way, in between those considered in [6] and [55]. These applications re-
quire the development of cost-effective sensing and monitoring TDR systems, often
involving the impossibility to strictly control every single parameter [1], [8], [22],
[46].

Starting from these considerations and from the results reported in [42], the goal
of this Section is to demonstrate the performance of different derivative-based meth-
ods for the estimation of ToF in simple TDR signals like those encountered in [1], [8],
[22], [46].

In fact, it is worth mentioning that the presented criteria can be particularly use-
ful in applications such as TDR-based water-level measurements [8] or TDR-based
localization of leaks in underground water pipes [22]. In fact, one of the goals of this
paper is to pave the way for the implementation of fully automated algorithms that
could improve the accuracy and efficiency in TDR waveform analysis.

For this purpose, three different criteria for ToF estimation using the derivative
of reflectograms are compared, namely:

1. Maximum derivative (MD)
2. Zero derivative (ZD)
3. Tangent crossing (TC).

For a comparison of the algorithms, a large set of measurements was carried out
on cables with different lengths (from 10 cm to 30 m) and with known electrical
parameters. The accuracy of the methods is evaluated in terms of systematic (gain,
offset, and nonlinearity) and random errors (repeatability) in the presence of noise.
For the study hereby presented, step-like signals have been used as stimuli in TDR
measurements.
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After briefly illustrating the error model for the proposed estimation technique,
a general description of the methods is carried out. The accuracy of the three crite-
ria in terms of gain, offset, and nonlinearity errors is examined, and a discussion of
algorithm robustness in the presence of noise is carried out. Furthermore, the perfor-
mance of the three considered criteria is checked on twin leads with known length
and unknown electrical parameters and finally the presented criteria are applied to
water level measurements as test application, and their performance is assessed.

In a first set of experiments, the three criteria, referred to as maximum derivative
(MD), zero derivative, and tangent crossing (TC), are applied to TDR signals propa-
gating along a set of coaxial cables, with different known lengths and electrical pa-
rameters. In a second set of experiments, the same criteria are applied to twin leads
in air, with different known lengths and unknown electrical parameters. Finally, in
the last set of experiments, the criteria are applied in a more complex situation, i.e.,
on a twin lead used as a sensing element for water-level measurement.

The results show that, among the tested criteria, TC appears to provide a very
good performance in terms of systematic errors and superior performance in terms
of repeatability. The popular MD criterion appears to be more prone to random
errors due to noise and TDR artifacts. The results hereby presented are relevant to
many practical applications of TDR, ranging from fault location in cables to media
interface sensing.

3.2 Signal preconditioning and error model

From a practical point of view, the accuracy of the ToF measurement can be identified
with the following;:

1. Length measurement accuracy (for cables with known propagation velocity)
2. Velocity measurement accuracy (for cables with known length)

3. linearity and repeatability of the calibration curve, in a ToF-based measure-
ment (e.g., water-level measurement)

It is common to characterize the accuracy of length measurements with its absolute
error, i.e., the difference between the estimated length and its real value. In this
Section, the performance of each criterion is assessed by evaluating gain, offset, and
nonlinearity error components.

The estimated lengths are fitted to a straight line in the least squares sense, giving
the following error model:

l(lo) = (1 + erg)lo + eo + en(lo) (3.1)

where [ is the real length and | its estimated value. The meaning of the parameters
in (3.1) is given as follows:

erc Relative gain error (mismatch between the slope of the fitted straight line and
unity)
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eo Offset error (y-intercept of the fitted straight line)

eni(lp) Integral nonlinearity error (difference between measured lengths and fitted
straight line)

From a practical point of view, offset error is associated with the goodness of the
agreement between the estimated and the true cable length, and gain error is related
to a multiplicative factor that proportionally alters all measured lengths.

Since the three criteria considered in this paper are based on the direct analysis
of the first derivative of the signal, it is important to be able to accurately compute it.
The simple finite difference approximation is too sensitive to noise in most practical
cases, and therefore, a denoising technique is necessary.

In [56], it was demonstrated that wavelet-based denoising methods, using em-
pirically chosen thresholds, optimally adapt the denoised signal to the signal that
must be recovered. However, the wavelet denoising technique is particularly case
dependent and, although providing excellent results [57], needs to be fine-tuned for
each combination of test signal and acquisition instrumentation adopted. In order to
avoid complex and case-dependent fine-tuning, Nicolson’s technique [58] together
with high order harmonics filtering has been used for denoising, with the approach
already adopted in [22]. This denoising technique can be briefly outlined as follows:

1. Signal detrending

2. Fast Fourier Transform (FFT)

3. High-order harmonics suppression (3.1(a))
4. Frequency domain derivative evaluation
5. Inverse FFT (3.1(b))

Such a filtering routine eliminates noise without introducing undesired filter-dependent
ripple, and it also enhances peaks in the derivative, which, indeed, are not detectable

in the finite difference derivative approximation. Moreover, this technique excel-
lently performs against noise without introducing any delay in relevant features.
Figure 3.1 shows typical denoising results and, in detail, one of the signal peaks,
whose position in time is unchanged between the original noisy signal and its de-
noised version.

Step 3 includes rough low-pass filtering, by simple high order harmonics sup-
pression. The specific harmonic order to be chosen is not a critical issue, since with
Nicolson technique, any reasonably low harmonic order works very well against
noise while preserving required signal features. Therefore, the results that will be
reported have been achieved by filtering harmonics under a reasonably chose noise
floor (-60 dBc). Furthermore algorithms have also been tested against different har-
monic orders in terms of repeatability.
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FIGURE 3.1: Reflectogram denoising with Nicolson’s technique

3.3 Materials, methods and measurement protocols

As aforementioned, the algorithm and the ToF estimation criteria were tested on real
reflectograms (rather than on synthesized ideal reflectograms). In fact, although it
would have been easier to synthesize ideal reflectograms and test, for example, the
noise robustness of each criterion, it is clear that measured reflectograms exhibit un-
predictable TDR-related features, e.g., limited rise time of the test signal, artifacts
in the test signal, oscillations in the reflectogram due to multiple reflections, differ-
ent slopes between the two rising edges, amplitude noise, and sampling jitter. A
synthetic reproduction of such features and effects would be largely arbitrary.

A brief descriptions of the experimental setup and the three considered criteria
for the estimation of the ToF follow.

3.3.1 Experimental setup for measurements on cables with known param-
eters

In the first experimental setup, the reflectograms have been acquired using a Camp-
bell Scientific TDR100 reflectometer. It provides a 250 mV step-like signal in an out-
put impedance of 50€2, with nominal time response of combined pulse generator and
sampling circuit < 300 ps. In order to work in low-noise conditions, signal averaging
was also applied (128 averages per reflectogram). Such a measurement configura-
tion guarantees reliable, clean, and stable reflectograms, suitable for characterizing
the systematic errors of the algorithms. These experiments have been performed on
coaxial cables (terminated in OC), whose nominal EM propagation velocity is 0.83c,
being c the velocity of light in void. Other electrical parameters of the DUTs are de-
tailed in Table 3.1. After assessing gain, offset, and nonlinearity errors, measurement
repeatability has also been assessed by adding white noise to acquired waveforms
and applying different filtering depths.
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TABLE 3.1: DUT electrical parameters

Parameter Value
Type Coaxial
Impedance 750
Propagation velocity 0.83 ¢
Attenuation @10 MHz | 3dB /100 m
Attenuation @1 GHz | 26.1 dB / 100 m

Successively, to verify the robustness of the developed methodology, additional
tests were performed on twin leads (also terminated in OC), with unknown electri-
cal specifications. For this class of experiments, test signals with a rise time of ~ 4
ns were generated using an arbitrary waveform generator (80-MHz Agilent 33250A)
and reflectograms were acquired using a LeCroy LT262 350-MHz oscilloscope in
random interleaved sampling mode. The authors have used instrumentation with
poorer performance in order to demonstrate the performance of the developed algo-
rithms in a more cost-effective environment.

3.3.2 Experimental setup for water level measurement application

The algorithms were tested on a typical ToF-related practical application, namely,
TDR-based water-level monitoring [8]. The schematic of the setup is shown in Figure
3.2. A biwire was inserted into a graduated transparent cylindrical container. A 1
m long RG-58 coaxial cable was used to connect the beginning of the biwire to an
arbitrary waveform generator (80-MHz Agilent 33250A). This waveform generator
was used to apply a 100 kHz square-wave test signal to the biwire under test. In this
configuration, water was progressively added into the container, with a consequent
increase in the water level. As reported in [8], in such a configuration, the biwire acts
as a sensing element (or probe) for TDR-based measurements of the level of water
inside the container. Since the container was graduated, after each water addition
step, the resulting true water level could be measured by eye.

On a side note, it is worth mentioning that the choice of the interconnection
scheme described above was purposely made to introduce an impedance mismatch
between the signal source and the biwire under test, which may be accurately lo-
cated using the presented automatic processing algorithm, and will be also thor-
oughly discussed in the following Sections.

3.3.3 Time-of-Flight estimation criteria

The value of the ToF is estimated as the time interval between two critical points
detected on the reflectogram, which conventionally identify rising and/or falling
edges on the signal. These points of interest (POls), as anticipated in Section 3.1, are
detected according to different criteria (Figure 3.3): 1) MD; 2) ZD; and 3) TC.

The first criterion identifies the signal edges with the absolute maximum of the
derivative in the rising region, meaning the maximum for rising edges and the min-
imum for falling edges. The second criterion identifies the edges with the last zero
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FIGURE 3.2: Sketch of the experimental setup for water level mea-
surement

crossing of the derivative before the MD point. In other words, it is used to iden-
tify the leading edge of the test signal. Finally, the third criterion, as simple and
widespread as the first, models the rising edge as a smoothed ramp and identifies
the crossing of the tangents to the reflectogram for the MD and ZD points.

The three criteria have different features listed as follows.

1. The MD criterion evaluates the ToF on the basis of maximum energy points of
the pulses, and it is essentially linked to the group velocity

2. The ZD and TC criteria evaluate the ToF on the basis of the leading edges of
the pulses, and they are essentially linked to the phase velocity of the faster
sinusoidal component

3. By their definitions, it follows that tzp < t7¢ < typ

4. Since the MD point is the rightmost, and can never fall before the knee of the
step-like pulse, it will overestimate more often than underestimate the ToF; the
contrary happens for the ZD point

5. By simple geometric considerations, the TC point is more stable near the knee
of the pulse, and in the case of overestimation by MD and underestimation by
ZD, it represents a convenient tradeoff.

3.4 Experimental results and repeatability study

3.4.1 Measurements on cables with known propagation velocity

As mentioned in Section 3.3, preliminary tests were performed on coaxial cables
with known propagation velocity. Measurements were performed on three sets of
cable:

1. 01-05m
2.1-5m
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FIGURE 3.3: Rising edge of the reflectogram acquired on a 15 cm long
coaxial cable, its derivative, and POls.
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TABLE 3.2: Gain, Offset and Nonlinearity errors in the estimation of
cable length with the three considered criteria

0.10-0.50 m | 1.00 - 5.00 m | 10.00 - 30.00 m

Max derivative -0.475 -0.559 0.081

eo [em] Zero derivative 3.433 1.675 2.027
Tangent crossing 0.387 0.328 0.994

Max derivative 1.125 0.395 0.143

era [%] Zero derivative -2.522 0.122 0.143
Tangent crossing 0.284 0.328 0.141

Max derivative 0.28 0.29 0.28

max |ey| [em] | Zero derivative 2.13 2.40 2.27
Tangent crossing 0.27 0.41 0.59

TABLE 3.3: Propagation velocity estimated with the three considered
criteria (nominal velocity: 0.83c)

0.10-0.50 m | 1.00 - 5.00 m | 10.00 - 30.00 m
Max derivative 0.8208 0.8267 0.8288
2| Zero derivative 0.8515 0.8290 0.8288
Tangent crossing 0.8276 0.8273 0.8288
3. 10-30m

Each set encompassed nine cables of linearly spaced lengths, except for the last one,
which had five linearly spaced lengths. Measured reflectograms from two sets of
cables are shown in Figure 3.4.

Every reflectogram shows reflections of different nature: the first is weaker, de-
termined by the mismatch between the interconnection cable and the cable under
test (50775(2), and the other is stronger, determined by the open circuit termination.
Since cable lengths of largely different values ranging from 10 cm to 30 m have been
considered, different phenomena such as edges of different steepness and multiple
reflections are visible.

The performances of the considered criteria are summarized in Table 3.2, which
shows offset, gain, and nonlinearity error contributions in detail.

It must be highlighted that gain error depends on the propagation velocity, which
is given by the manufacturer with no further uncertainty specification. Propagation
velocity, however, can also be estimated from ToFs and true lengths and compared
with its nominal value for the purpose of criteria testing. Such velocity measure-
ments are reported in Table 3.3, showing an excellent agreement with the manufac-
turer specifications.

As regards gain, offset, and nonlinearity errors, the best performing criteria are
clearly MD and TC, the latter performing significantly better for short cables. From
the results in 3.3, on the other hand, the best performing criterion for propagation
velocity estimation is TC. In fact, it allows an estimation of the propagation velocity
with a 0.14% error with respect to its nominal value.
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FIGURE 3.4: Measured reflectograms for different cable lengths

3.4.2 Repeatability study

Repeatability assessment has been performed by considering six cable lengths among
the full set of DUTs previously described. One hundred realizations of white noise
have been summed to each reflectogram, and afterward, the three criteria have been
applied to noisy signals. Noise standard deviation has been reasonably chosen as
0.5% of the entire reflectogram span. An example of the resulting noisy reflec-
tograms is reported in Figure 3.5. The bias and standard deviation of the estimated
cable lengths have been evaluated as a function of filtering depth (harmonic order).
Some explanatory results are shown in Figures 3.6 and 3.7 for the shortest (10 cm)
and the longest (30 m) cables respectively, considering harmonic orders from 10 to
20. Here the bias values are, for the sake of clarity, expressed by representing the
average estimated cable lengths and the real cable length, reported as a horizontal
dashed line.

Figures 3.6 and 3.7 show that the TC algorithm outperforms the other two in
terms of repeatability (standard deviation of the estimates) and also has very good
bias properties. TC, therefore, can be, at this step, considered the most robust among
the tested criteria.

Other noise standard deviations in a range up to 1% of the reflectogram span
have also been tested, always achieving the results similar to those reported in this
Section.

3.4.3 Measurements on cables with unknown electrical parameters

Additional measurements have been performed on biwires with an AWG-18 inner
conductor, with unknown electrical specifications, in the range 5 — 30 m. These
cables are of particular interest because of their good sensitivity to changes in the
dielectric constant of the surrounding environment, which makes them suitable in
many sensing applications [46].

The results are summarized in Table 3.4, and erg was not computed since the true
value for propagation velocity was not available. Also in this case, the TC criterion
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FIGURE 3.5: Set of 100 noisy reflectograms (I = 30 cm)

TABLE 3.4: Gain, Offset and Maximum errors in the estimation of the
length of biwires with the three considered criteria

Max Derivative | Zero Derivative | Tangents Crossing
erg N/A N/A N/A
€eo -25.10 cm -25.61 cm -10.68 cm
max |ep| 48.94 cm 15.73 cm 12.66 cm
v/c 0.6379 0.6591 0.6558

appears to have better performances in terms of offset and maximum nonlinearity
error.

Propagation velocity values were also computed from the estimated ToFs. Such
values demonstrate that the three criteria behave in the same way on two different
kinds of DUTs: (i) the lowest value for propagation velocity is estimated with MD
and (ii) the highest one comes from the ZD, TC standing in the middle.

3.5 Test application: water level measurement

In order to test the three presented criteria in a different application scenario, they
were comparatively used for TDR-based water-level measurement [1], [10], with the
experimental setup described in Section 3.3. The coaxial interconnection between
the biwire and the instrumentation introduces an impedance mismatch between the
signal source and the actual probe, which may be accurately located using the pre-
sented processing algorithms, as shown in Figure 3.8.
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FIGURE 3.6: Repeatability analysis for a 10 cm long cable in terms of
average measured length (a) and standard deviation (b)
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FIGURE 3.8: TDR (step-like) signal on a completely dry probe

The two sets of features depicted with dots represent the beginning and the end
of the biwire under test according to the three criteria (ZD, TC, and MD, respec-
tively). When a certain fraction of the biwire length is submerged in water, a discon-
tinuity in the effective dielectric permittivity of the medium surrounding the probe
occurs. Therefore, another impedance mismatch becomes clearly visible in the re-
flectogram, thus enabling the algorithm to detect another set of features, as shown
in Figure 3.8. In the Figure, the variation in the position of the detected features with
regard to the increase in the wet length is also pointed out. Going from the leftmost
feature set toward the last on the right, the algorithm has been used to detect the
following:

¢ The interface between the coaxial cable and the biwire
¢ The air—water interface on the biwire

¢ The end of the biwire.

3.5.1 Analytic ToF model for two layered materials

In the proposed experimental setup, the test signal has to travel twice the length of
the biwire, which is surrounded by two different media with their respective €.
values, which represent the effective dielectric constant seen by the traveling wave.
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FIGURE 3.9: TDR (step-like) signal on a wet probe

With respect to this simple model, the overall propagation time in each media can
be computed as follows:

hi./€ ha /€

no=2 L g g2V (3.2)
c c

where h; and hy are the biwire lengths surrounded by the first and second media, re-

spectively (as in Figure 3.2), the factor 2 takes into account the round trip, ¢/, /Ecsr1/2

is the propagation velocity in each medium, and c is the propagation velocity in

void. Therefore, the total propagation time in the biwire is given by

2
T=En4Tn=- [ha (VVeerra — v/Eefr1) + L\/eerri] 3.3)

where [ is the total length of the biwire (I = hy + h»).
Equation (3.3) is clearly linear with respect to h, meaning that measuring 7
should provide an excellent benchmark for the three ToF estimation criteria.

3.5.2 Experimental design

For this specific application, the set of experiments has been designed as follows:

1. TDR measurements have been performed in order to construct calibration curves,
with confidence intervals quantifying the repeatability
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2. TDR measurements were performed by raising the water level at intervals of
about 5 cm and acquiring 100 reflectograms per level

3. True water-level values were directly read on the cylindrical container, which
was graduated at 1 mm steps. The reading error can, therefore, be neglected

4. All the measurements were performed in a period of time of the order of a few
minutes, with ambient temperature between 24 °C and 26 °C and with ambient
humidity between 50% and 55%

5. The quantity affecting the measurement repeatability is essentially the instru-
mentation noise. Other influence quantities have been kept practically con-
stant during the experiments

6. The obtained calibration curves are valid for the ambient conditions specified
above and for the specific instrumentation used, with its metrological charac-
teristics (especially in terms of frequency response and rise time)

7. Calibration curves, e.g., for other values of temperature should be obtained
with separate calibration experiments.

3.5.3 Water level measurements as ToF estimation benchmark

In Figure 3.10, measured calibration curves for each presented criterion are compar-
atively plotted.

The results in Table 3.5 reproduce and confirm those of Section 3.4 regarding the
reliability and robustness of the TC criterion.

The best performing criterion appears to be TC because of better linearity all over
the considered wet length range. The ZD criterion shows a similar performance in
terms of linearity; nevertheless, its linearity is impaired for greater wet lengths. The
reason of ZD criterion performance degradation is due to the flattening of the reflec-
togram in correspondence with high wet lengths (as shown in Figure 3.11), which
makes ZD unreliable. From a qualitative point of view, the excellent performance of
the TC criterion is a direct consequence of using information coming from the other
two examined criteria to achieve, overall, a greater robustness.

The 100 repeated measurements have been used to compute the 95% confidence
levels reported (red dotted lines) for the TC calibration curve (Figure 3.12) and sum-
marized in Table 3.5.

The overall results indicate, finally, that the MD of the signal is the information
of a comparatively poor value if used alone; on the contrary, it leads to the best and
most robust results if merged with the ZD information, i.e., into the TC criterion.
This is observable in nearly ideal situations (coaxial cables and twin cables in air)
and is particularly clear in less ideal situations (sensing applications). It is therefore
an excellent candidate for many TDR measurement applications.
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TABLE 3.5: Nonlinearity errors for each criterion

Max Derivative

Zero Derivative

Tangents Crossing

max |ey| [ns]

1.0176

1.0041

0.4716

Sensitivity [ns/cm]

0.0686

0.0300

0.0584

20 [ns]

1.3703

1.1143

0.1905
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FIGURE 3.10: ToF versus wet biwire length: compared calibration
curves
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FIGURE 3.11: Reflectogram flattening in presence of high wet lengths
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FIGURE 3.12: Water level measurement calibration curve for the TC
criterion
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Chapter 4

Theoretical background and TL
simulation algorithms

Transmission line theory bridges the gap between field
analysis and basic circuit theory [...] As we will see,
the phenomenon of wave propagation on transmission
lines can be approached from an extension of circuit
theory or from a specialization of Maxwell’s equations

DAVID POZAR

4.1 Introduction

In this Chapter the fundamentals of Transmission Line theory will be briefly recalled
paying particular attention to their application in the context of the simulation of
TDR systems and, finally, a custom made simulation algorithm, tailored for the sim-
ulation of TDR systems will be presented. TL theory is, in fact, an extremely power-
ful framework that embeds realistic and physically sound modeling tools in circuit
theory [59] that is easy to implement in lighting-fast simulation software.

As stated in Chapter 1, in fact, building an accurate and effective model of the
TDR measurement setup is crucial to be able to extract all needed information from
TDR waveforms, that is reconstructing model parameters. In other words, connect-
ing Transmission Line theory to TDR probe design and/or characterization is the
first step to achieve a simplified model with its set of parameters.

Focusing on the ultimate problem, that is simulating the most general cases of
TDR measurements (e.g. [1], [2], [4], [5]), it must be considered that the main char-
acteristic of these systems is that the primary parameters are not constant along the
TL, but are an arbitrary function of the position, which means that a Finite Elements
algorithm is required. Moreover, the losses in dielectrics and conductors are far from
being negligible, due to the typical length of TDR probes (tens of meters and more).
In the Section dedicated to FDTD algorithm, it will be stressed that such effects can
be modeled in the time domain, but it is practically too much of a challenge at least
for three reasons:
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¢ Converting frequency-dependent laws in time domain convolution kernels
or equivalent lumped networks leads to ambiguities in the perspective of a
profile-oriented model

¢ The application of convolution kernels increases the computational burden of
the simulation

¢ Using equivalent lumped networks implies heavy modifications on standard
FDTD algorithms

Furthermore, losses are customarily modeled in the frequency domain, in which
well known analytic formulae are already available. Summing up, having in mind
the goal of simulating TDR systems, the following two requirements must be ful-
filled:

¢ It must be possible and easy to specify arbitrary profiles of the primary param-
eters;

¢ It must be possible and easy to specify frequency-dependent primary parame-
ters, in order to model dispersion effects.

The MATLAB-based software LineLab, that will be presented in Section 4.6, imple-
ments a simple, scalable and lightweight algorithm for the simulation of quasi-TEM
TLs meeting these requirements. The proposed simulator produces both frequency
domain and time domain outputs, with arbitrary profiles of the primary parame-
ters, and arbitrary dispersion models. LineLab’s core engine works in the frequency
domain and handles frequency-dependent parameters of the line. Therefore, its exe-
cution time is inherently longer, with respect to simpler FDTD solvers handling only
parameters independent on the frequency. However, the frequency domain solver
is well suited for parallel computing, and can still reach outstanding timing perfor-
mances when running on multiple threads, which nowadays is not a critical issue
anymore even on mid-range laptops.

The LineLab project is freely available on-line in a public Git repository [60]
which easily allows collaborative development of the simulation core and of any ad-
ditional modules. Currently, the software package allows the simulation of standard
TDR measurements, i.e., reflectograms, and of related standard frequency domain
(VNA) measurements, namely 511, group delay and VSWR.

In the following Sections the problem of simulating TDR waveform will be thor-
oughly dealt with by means of different approaches to the solution of the telegraph
equations. The discussion will be always kept measurement-oriented and, in the last
Section, four case studies for non-homogeneous TLs (i.e. TDR probes under working
conditions) will be analyzed using the proposed simulation algorithm.

4.2 Simplified measurement setup

The classic theoretical discussion on terminated Transmission Lines will be here re-
placed by the direct applications of TL models to TDR setups. The simplest possible
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FIGURE 4.1: Two port model of a TDR measurement apparatus

setting, that is enough to develop the theoretical background, is depicted in Figure
4.1. This two-port representation deserves a few remarks. First, the TDR wave-
form is assumed to be measured at port 1, that is coincident with the generator port
where, although usually a voltage stimulus (Vs) is used to drive TDR probes, a cur-
rent equivalent (Is = Vg/Ryg) is introduced that is more suitable for the discussion
brought on in this Chapter. Moreover, in common applications Z;, — oo, however a
generic load impedance is considered for the sake of generality.

The simplified model in Figure 4.1 does not take into account some components
of TDR measurement systems, especially when such systems do not rely on com-
mercial reflectometers, that will be discussed later, namely:

* Reactive contributions to the generator internal impedance introduced by the
output connectors

¢ The impedance of the acquisition system

* The presence of intermediate transitions or cables between the instrumentation
and the TL.

4.3 TEM propagation mode and its equivalent circuit

Although from a microwave engineer’s perspective it is an extremely coarse approx-
imation, only Transverse Elecromagnetic (TEM) mode is assumed to propagate in
TLs applied to TDR measurement setups and, therefore, only the TEM mode equiv-
alent circuit will be treated in this Chapter. Anyways, other circuit representations
of TLs are also available for different propagating modes [61], [62].

There are four well known criteria for TEM propagation in a TL, that can also be
good rules of thumb when designing a brand new TDR probe compatible with the
TEM model:

1. EM fields are confined in uniform, isotropic dielectric materials
2. TEM lines include at least two conductors

3. Conductors must have infinite conductivity and dielectrics must be lossless
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FIGURE 4.2: Transmission line elementary cell

4. The cross section of the line must not change

These requirements appear quite restrictive and in contradiction with the very prin-
ciple of many TDR applications. A nonuniform profile of dielectric constant [8], e.g.,
glaringly contradicts the first requirement, whereas compression measurements [3]
contradict the last one. Moreover, only seldom in practice dielectrics and conduc-
tors can be considered lossless, because TDR is inherently a broadband technique
and high frequency components of its response can almost never be neglected. Nev-
ertheless, it will be shown that the TEM approximation holds almost perfectly for
the considered TLs.

Under the (quasi) TEM assumption, a segment of line of infinitesimal length dx
can be modeled with the lumped elements circuit shown in Figure 4.2. The primary
parameters thus introduced model, namely,

R  the non infinite conductance of the conductors

L the total self-inductance of the conductors

G the non-zero conductance of the dielectric

C the capacitance due to the proximity of the conductors

This model can be improved by introducing the frequency-dependency of all four
parameters.

