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ABSTRACT

The focus of this thesis is the impact and use of crosstalk and coupling when testing for
electrical wiring faults using reflectometry. This thesis describes a method for detecting and
locating faults on cable shields using an adapted reflectometry system. A signal transmitted
on the inner conductor is coupled to the outside through the fault, a small aperture in the
cable shielding. This very small signal is then detected and correlated with the original
signal transmitted on the inner conductor. The signals that leak out of the aperture, the
damaged shield, and propagate down the outside of the cable are quantified as a function of
the aperture size and frequency. A ferrite loaded toroidal sensor design is also proposed for
receiving this external signal in order to both detect and localize the shield damage. Both
simulations and measurements validate the effectiveness of this method.

Unshielded discrete wires are another common type of transmission line. While un-
shielded wires are primarily used for DC power, they are still subject to degradation over
time and require maintenance. Unlike shielded cables, there is a significant amount of
coupling that occurs between adjacent wires during a reflectometry test. This coupling is
quantified and evaluated for two applications. The first is simultaneous testing of multiple
adjacent wires in a bundle. In this case, minimizing the coupling is desirable in order to
reduce noise in the reflectometry signature. The second is the exploration of the potential
for a single reflectometry test to locate faults on adjacent wires without directly testing
them. When a single test is performed in a multiwire bundle, the reflectometry signature
will be a superposition of reflections from all nearby conductors. This thesis addresses
the testing of a multiconductor wiring structure with a common signal reference as well as
a similar structure with an isolated signal reference. In order to accurately detect faults
on multiconductor wiring structures, both testing methods must be considered. A fault
between a conductor and its reference conductor is easily detectable. A cross fault between
two nonreference conductors is not. For cross fault consideration, the only method for

detection is using a common signal reference and analyzing the data on adjacent lines.
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CHAPTER 1

INTRODUCTION

Despite the large move to optical and wireless systems in recent years, the majority of
today’s modern electronic systems still rely on old-fashioned conductor transmission lines.
Over time, these lines age, decay, and fray, which will affect the performance and safety of
the systems they support. Locating these wiring faults is an increasing problem in many
industries today with the age of most wiring systems exceeding their expected lifetime [1].
Aging aircraft wiring is an area of critical national concern [1]. Electrical faults on large,
vibrating vehicles and machinery, such as an aircraft, are often intermittent. Problems occur
in flight and often disappear before the plane lands, creating the frustrating maintenance
challenge of No Fault Found (NFF) [2]. In order to find these intermittent faults, sequence
(STDR) or spread spectrum time domain reflectometry (SSTDR) has been developed [2].
These methods send a high frequency pseudo noise (PN) code down the wire, where it
reflects off of impedance discontinuities, including the fault, and returns to the test point.
The incident and reflected signals are correlated using an analog correlator, which provides
an S/SSTDR reflectometry signature that is similar in nature to a pulsed TDR signature
and can be evaluated in much the same way. The time delay between the incident and
reflected signals (multiplied by the velocity of propagation (VOP)) tells the distance to the
fault. The magnitude and polarity (positive/negative) of the reflection tells the value and

nature of the fault.

1.1 The Wiring Problem

Reflectometry is a tested method for locating hard faults in wiring structures that works
on a large variety of transmission lines and even live wires [1][2][3]. A soft fault occurs when
a transmission line is damaged but still operational, such as an aperture in coaxial shielding.
Traditional reflectometry methods are not sufficient for detecting such faults as the reflection
is often too short in duration and smaller in magnitude than the noise within the system

[4]. These types of soft faults comprise a considerable amount of the faults observed in



wiring structures [5]. New methods for detecting soft faults, such as shield apertures, are
necessary.

Coaxial cables are shielded against environmental noise, and since their geometry is fixed,
they are a controlled impedance transmission line. Unlike coaxial cables, discrete wires are
not controlled impedance and that impedance can vary from vibrations and other physical
stresses [4]. They are also subject to environmental noise, including coupling crosstalk from
adjacent wires, which can corrupt any existing signal on the line [7][8][9]. When these
lines degrade and breakdown, maintenance becomes necessary. Using a discrete wire and a
reference conductor, reflectometry can be used to diagnose these wiring faults [1][2][6][4][10].
S/SSTDR is a relatively new method of reflectometry that is less susceptible to this type of
environmental noise unlike traditional methods such as time domain reflectometry (TDR)
and frequency domain reflectometry (FDR) [2][10]. During reflectometry testing in the
proximity of multiple wires, the transmission lines are still subject to coupling crosstalk and
the signal can become corrupted. S/SSTDR signals have a very low correlation value with
other signals; however, the correlation value with other S/SSTDR signals is significant. A
detailed analysis on this type of coupling crosstalk in reflectometry is not currently available.
If two or more transmission lines are each carrying a similar reflectometry signal and this
coupling crosstalk occurs, these reflectometry signals can become corrupted and interfere
with the ability to accurately locate a wiring fault. This thesis will address such crosstalk

in the application of S/SSTDR fault detection on unshielded discrete wiring bundles.

1.2 Contributions of This Work

The contributions of this thesis are a novel approach for locating coaxial cable shield
apertures and an analysis of coupling crosstalk on unshielded discrete wire transmission
lines, specifically pertaining to S/SSTDR testing. This thesis will address a new method
for locating small apertures in coaxial cable shielding by means of a ferrite loaded toroidal
sensor. This will include characterization of the frequency response of coaxial apertures as
well as an analysis of the characteristic of a toroidal sensor. This work will also address
coupling crosstalk in S/SSTDR for two separate configurations: 1) using a central ground
plane as a common reference for multiconductor bundles and 2) simultaneous testing of two
or more wiring pairs without a common reference. The goal of this analysis is to determine
the effects of crosstalk coupling in S/SSTDR waveforms. This thesis is organized into the
following sections.

e The following chapter, Chapter 2, will provide background information on the different



types of coupling pertinent to this work: aperture coupling and transmission line to
transmission line coupling. S/SSTDR waveforms and methods are also discussed.
FDM and FDTD simulation methods will also be summarized to explain the applica-
tion of calculating the transmission line to transmission line coupling as well as the
crosstalk from one line to another. A more in depth explanation of the methodology
is detailed in Chapter 4.

Chapter 3 will discuss the method of localizing small shield apertures. This will
include an analysis of the apertures and their frequency response. A sensor design
and characterization are also included for the use of localizing the apertures. This will
conclude with the localization of several small apertures in a section of RG58 coaxial
cable using the proposed sensor.

Chapter 4 details the numerical methods used to obtain the crosstalk coupling pa-
rameters as well as the method for simulating multiconductor transmission lines with
S/SSTDR. A Finite Difference Method simulation was used in calculating the coupling
between discrete unshielded wires. After the coupling parameters were calculated,
a Finite Difference Time domain algorithm was then implemented to calculate the
amount of crosstalk on adjacent wires subject to electromagnetic coupling. Two
reference configurations are discussed: using a common reference, such as the use of an
airframe or a single reference conductor within a bundle, and testing multiconductor
bundles without using a common reference between pairs.

The final chapter will summarize the results of the entire works performed and include

final thoughts on this research topic.



CHAPTER 2

BACKGROUND

The objective of this thesis is to analyze coupling in reflectometry applications, specif-
ically with shield apertures and crosstalk between conductors due to electromagnetic cou-
pling. The first section of this chapter will focus on coupling in general and move into
the specific types of coupling to this thesis (Section 2.1). The coupling is necessary to
understanding how signals are affected as they move through an aperture, or are coupled
from one transmission line to another. When this coupling occurs, the signal undergoes
filtering effects that will affect the spectra of the signal. This can degrade the fidelity of the
signal used in the system under test. Section 2.2 will discuss S/SSTDR, how to create the
PN codes, and the difference between STDR and SSTDR. The correlation method used for
analyzing the S/SSTDR waveforms will also be discussed. It is important to understand how
S/SSTDR waveforms behave in terms of filtering, as well as how to interpret the waveforms.
A mistake in waveform interpretation can lead to assigning a fault location to a false peak in
the waveform where no fault is present. Section 2.3 will provide the background information
on the simulation methods used in this thesis. In order to calculate the coupling parameters,
accurate numerical methods are required for performing the simulations. Time domain
effects must also be considered when crosstalk occurs since high frequency signals couple
very differently from low frequency signals. The final section of this chapter (Section 2.4) will
summarize the proposed method for locating shield apertures and testing multiconductor

wiring bundles while accounting for crosstalk coupling using S/SSTDR.

2.1 Coupling
Electromagnetic coupling occurs when power is transferred from one structure to an-
other. While this transfer of power can occur intentionally, it is often undesired as the power
from the coupled signal (the aggressor) gets superimposed onto the existing signal (the
victim). The victim transmission line signal is now corrupted by the aggressor. There are

two types of coupling that will be examined: the coupling of a signal from one transmission



line to another through a small aperture, and transmission line to transmission line type

coupling via mutual inductance and mutual capacitance.

2.1.1 Coupling Through a Shield Aperture

Locating faults in shielded cables is a difficult task. Cables are shielded to protect their
sensitive signals from external noise or to prevent their signals from leaking out into the
environment. A fault in the shield generally has minimal impact on the ability of the cable
to carry the desired signal, but rather its ability to shield or be shielded from noise. As
such, cable shield faults often show up only intermittently and to varying degrees in the
electrical and diagnostic systems.

This thesis presents a new method for detecting and locating damaged cable shields. The
proposed method, while being based upon reflectometry, is slightly different. Reflectometry
is a very effective technique for finding faults on a cable by sending a high frequency signal
down the line and receiving reflections off of impedance changes such as those caused by
wiring faults. The distance to the fault is found from the time delay between the incident and
the reflected signals. The nature of the fault is found from the polarity (positive/negative)
of the returned signal and its magnitude. The magnitude of the reflection is controlled by
the size of the fault. Large faults (often called hard faults) such as open and short circuits
return a reflection of +1 times the incident signal magnitude. Small faults (often called
soft faults) such as chafed wires, corroded connectors, or holes in wire shields return very
small reflections, often on the order of 107% of the original signal. The length of the fault
also controls the detectability of the fault. A reflection occurs at the front of the fault, and
another of approximately equal and opposite magnitude occurs at the back end of the fault.
These two reflections overlap and cancel each other out for faults that are small in length
even if they are significantly large in impedance change [4].

Reflectometry systems can be made sufficiently sensitive to detect hard faults and many
soft faults. However, normal background variation in the impedances of unshielded wires
such as water on the wires, variation in the orientation of the wire within a bundle, or
vibration against a metallic structure can cause reflections that are as large or larger than
the reflection from soft faults, thus making it impossible to detect the soft fault within the
larger background reflections [4].

Shielded wires, on the other hand, offer a unique opportunity to locate small faults. Their
impedance is far more controlled than unshielded, loosely bundled wires, thus dramatically
decreasing the background reflectometry noise, and potentially making it possible to detect

small faults in shielded cables such as coax or twisted shielded pair (TSP) wires [10]. A



W tquir=3mm wide hole, Lyfqyu; =10mm in length, in the shield of an RG58 cable would
return a reflection of less than 0.01%, for instance. Detecting and analyzing this small
reflection requires a very high dynamic range test system, which must either detect or
ignore the large initial signal and then detect and analyze the smaller returned signal.
This thesis presents a potentially superior method. The incident signal is sent on the
inside of a shielded cable, where it will leak out of a shield aperture. Then, the detection
system can receive the signal on the outside of the cable, and compare it to the original
signal (on the inside of the cable) to determine the location and nature of the fault. This
system would not require as large a dynamic range, since it would receive the (large) internal
signal separately from the (small) external signal. It can, in fact, use a unique signal such
as the pseudo noise (PN) code used in spread spectrum reflectometry systems (S/SSTDR),
[3] which should not be found on the outside of the cable at all. The system can be built
to be extremely sensitive, therefore making it possible to locate a small fault in the cable

shield.

2.1.2 Coupling of Discrete Pairs in Wiring Bundles

While many transmission line types exist for the purpose of signal integrity, waveguides
and shielded coaxial cables for example, the use of unshielded discrete wires is widespread.
Discrete wires are typically used for low voltage applications, such as telephone lines or for
DC voltages in aircrafts [11]. Over time, all systems are subject to environmental stress and
may degrade or break down and maintenance is necessary. A robust method for locating
damage to wiring systems is reflectometry [4] [10] [3] [12] [2] [13] [9]. In reflectometry, a
signal is transmitted down a transmission line and that signal is subject to environmental
effects. While discrete wires, which are often implemented in long bundles, will act as
a standard transmission line, the signal integrity decreases as the frequency of operation
increases. Along with dispersive effects, these lines are usually in very close proximity to
other structures, such as other wires or a ground frame.

Previous evaluations of reflectometry systems have typically neglected cross coupling
between the signals on nearby wires. Most aircraft wires are unshielded bundles of tens
to hundreds of wires, all randomly bundled together. Coupling and crosstalk is inevitable
in these bundles, and is the subject of this paper. When a transmission line is in close
proximity to another transmission line or structure, electromagnetic coupling occurs. In
microwave engineering, a parallel line coupler allows for power to be transferred from one
transmission line to an adjacent one for the purposes of splitting a signal (for power division,

use in a mixer or modulator etc.) [14]. A similar type of coupling occurs on adjacent discrete



wires in a bundled structure. This type of coupling is known as crosstalk [6]. Crosstalk is
when an unwanted signal is coupled from the transmitting line, the aggressor, to a quiet
adjacent transmission line, the victim. In reflectometry, this presents a very unique problem
as well as a unique opportunity. If the coupled crosstalk signal on the victim wire reflects
off a fault or normal impedance discontinuity and is coupled back onto the aggressor wire
(the actual wire under test) the measured reflectometry signal is now a superposition of the
desired fault signal and the signal due to the reflections on the victim line. The problem
is that this can potentially create false peaks in the waveform that could appear as fault
locations while no fault exists on the wire under test. The opportunity is that it could
potentially enable faults in multiple wires to be seen from a single test point. If there are
4-parallel wires, a 4-wire ribbon cable for example, crosstalk can occur between the first
pair transmission line and the second pair transmission line. When this coupling occurs,
the signal will travel down the transmission line and reflect off any unmatched endpoints
or faults.

There are two configurations of interest: common reference coupling, and isolated
reference coupling. Common reference coupling will be investigated by using a single
structure (a wire within the bundle, an airframe, or the shield of a bundle) as the reference
for all tests on a wiring structure. Isolated reference coupling utilizes differential testing of
individual pairs of wires. In this case, any signal that is common to both wires should be
negated; however, since the geometry of the structures is often not symmetric, there will
still be a measurable amount of crosstalk (Figure 2.1).

This thesis evaluates both the problems caused by crosstalk coupling and also its po-
tential application for simultaneously testing multiple wires from a single test point. This
S/SSTDR evaluation is performed for two reasons. First, by using multiple PN codes on
different wires, S/SSTDR can control the coupling and crosstalk between various nearby
test systems. Second, the S/SSTDR can be made extremely sensitive by expanding the
length of the PN code that is used for testing, thus enabling location of smaller faults and

also potentially of faults on nearby lines.

2.2 S/SSTDR

Sequence Time domain Reflectometry (STDR) and Spread Spectrum Time domain
Reflectometry (SSTDR) are relatively new types of reflectometry. These methods utilize a
pseudo noise (PN) code. STDR transmits a PN code, while SSTDR uses a modulated PN

code, as shown in Figure 2.2. There are several advantages of using SSTDR over a more
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Figure 2.1: STDR correlation coefficient of the main correlation lobe due to coupling vs.
distance between two pairs of wires in a 4-wire bundle.

conventional method, such as TDR, which typically utilizes a fast rise step [9]. The first
advantage is the fact that the PN code is modulated with a high frequency signal (Figure
2.2). This allows for the signal to be injected onto a live line, 400 Hz power for example,
without interfering with the system. The other major advantage is the signal to noise ratio
with these methods. When correlating these PN codes, they have a very small correlation
coefficient for any lag that is not a periodic multiple of its length; however, this coefficient
is dependent on the type of PN code used [2].

There are several types of PN codes: Kasami, Barker, Maximal Length, and Gold codes
are some of the common codes used [15]. This thesis will focus on the use of Maximal
Length PN codes, or ML codes. An ML code is created by a linear feedback shift register
using D-type flip-flops and an XOR gate (Figure 2.3). The input to the shift register, which
needs an initial value of 1, is an XOR gate, where the inputs to the XOR gate are specified
register tap locations. The choice behind using an ML code lies in its correlation properties.
Due to the inherent characteristics associated with the creation of ML codes, they possess a
two valued correlation. One value is a 1, when the lag is either 0 or some periodic multiple

of its length, and the other is —%, where N is the length of the PN code (Figure 2.4). In this
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regard, the processing gain obtained by using this type of code increases as the length of

the code increases. This is also an advantage in a noisy environment where false faults are

observed in conventional reflectometry methods. If a system under test is in a high noise

environment, the autocorrelation lobes are still easily detected in the waveform

, since noise

is often uncorrelated with such a signal (Figure 2.5). As the length of the code increases, the

variance of the noise floor (¢2) decreases. With a longer PN code, faults or perturbations in

the waveform become easier to identify. To correlate these PN codes, a circular correlation
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2.2.1 Correlation Methods
In order to correlate a PN code, a circular correlation must be performed. The general

correlation coefficient (p) is defined by a normalized integral of the product of two signals

(Equation 2.1).

o) = [ @+ e (2.1)

T=—00

This can also be thought of as a sliding integral. It is similar to a convolution; however, the
second sequence is not flipped in time. Many algorithms will zero pad the beginning of the
sequence; however, this is a problem for correlating a PN code (Figure 2.6). The PN code

has unique correlation properties that will not be preserved unless a circular correlation

is performed rather than zero padding either sequence. In order to accurately perform

this circular correlation, the S/SSTDR signal must be transmitted continuously. That is
when the excitation reaches the end of the sequence, the sequence must start over and
transmit again. This algorithm is easily accomplished by simply shifting the longer of the
two sequences, and performing a dot product on the two sequences. While this is a simple

and straightforward method of correlation, as a recursive operation in postprocessing, it can

------ Zero Padded Correlation
—e— Circular Correlation

Correlation Coefficient

Lag (samples)

Figure 2.6: Comparison of performing a zero padded correlation on an STDR sequence
(blue dashed line) vs. a circular correlation (red solid line).
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be quite slow. The correlator used for the analysis in this paper is an fft implementation of

the correlation (Equation 2.2).
p(t) = FL(X(w) - V(W) (2:2)

Using this correlation technique, the correlation is still circular (ensured by taking an N
point fft for an N length excitation) but is much faster than the brute force method of shift,
multiply, and sum. This correlation can take place in either software or hardware. For this

thesis, all correlations and other postprocessing takes place in software.

2.3 Simulation Methods

This thesis models two separate systems: a shielded coaxial cable (coupling via aper-
tures) and an unshielded discrete wiring bundle. These systems were modeled using different

software.

2.3.1 Modeling Shield Apertures

To simulate a shield aperture, a prepackaged full wave solver was used. Using CST,
Computer Simulation Technology, a 3D model was constructed of a coaxial cable with a
shield aperture and simulated via FDTD. This software is an FIT solver which has desirable
convergence behavior; however, it is very time and resource intensive. An accurate method
was needed to model the fields accurately, both internal and external to the cable, in
order to obtain the electric and magnetic fields associated with propagation through this
small aperture. Once the fields were obtained from the simulation, postprocessing was
performed on the internal and external (transmitted through the aperture) fields to obtain
the frequency spectra of the shield apertures. This information is applied to the design of
the toroidal sensor for localizing the apertures. The sensor is optimized to operate in the
frequency range that is applicable to the signal escaping from the aperture when the cable

is excited. This sensor and the aperture characteristics are described in Chapter 3.

2.3.2 Modeling Discrete Wiring Structures
Transmission line coupling occurs through two mechanisms. When these lines are in close
proximity to one another, they share a mutual inductance, L,,, and mutual capacitance, C,,
[6] [16]. These mechanisms dictate the magnitude and frequency response of the coupling.
At low frequencies, the mutual inductance will be the dominating factor, while at higher
frequencies, the mutual capacitance will be the stronger contributing factor. This type of

coupling can be detrimental (increased noise and interference in picking a fault signature
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in the correlation waveform) or advantageous (coupling to adjacent wires can allow for
simultaneous testing of multiple wires). Another issue is the length of the transmission
lines. In aerospace applications, a bundle of wires can contain tens of feet of parallel wires
or longer. Two parallel structures will have a capacitive coupling effect that is proportional
to the length of the wires [13]. As the wires become longer, the capacitive coupling becomes
greater. For long bundled structures, the crosstalk can be significant.

The frequency spectra of the test signal is very important in this evaluation of trans-
mission line coupling since this type of coupling is frequency dependent. Higher frequencies
will couple well while low frequencies will couple poorly or not at all. This filtering effect
is similar to a high pass filter, which is also a differentiation of the signal in time. While
both S/SSTDR are broadband signals, STDR has a DC component whereas SSTDR, does
not (Figure 2.2). Since the SSTDR signal has less low frequency content and the coupling
from one transmission line to the other is a high pass filtering effect, more of the SSTDR
signal will couple to adjacent transmission lines and structures than the STDR signal.

To obtain the coupled signals from one transmission line to another, an advanced forward
model was used. A packaged full wave 3D electromagnetic solver is not preferred for this
modeling due to the time consumption and resources needed to perform the computations.
For the modeling of discrete wiring structures, MATLAB was used to develop the algorithm
employed. Previous work to model complex wiring faults has been performed by using
forward models. The method employed for this thesis is similar to that of [12]. The wiring
structure is modeled using an FDM solver, Finite Difference Method. This will solve the
system for the necessary coupling parameters, L,, and C,,, as well as the characteristic
transmission line L and C parameters by modeling a 2D cross-sectional area of the wiring
structure. Once known, the transmission line parameters can then be used to model the
wiring structure in the time domain by means of a 1D FDTD model, Finite Difference Time
domain, derived from the telegrapher’s equations. FDTD is a very robust and versatile
method for simulating time domain systems [17]. The other advantage of using this 1D
model is the computational simplicity compared to a 3D full wave solver. Using this 1D
model, both STDR, and SSTDR waveforms can be simulated for analysis of the coupling
effects due to the presence of multiconductor structures. Wiring faults are easily simulated
by implementing a short circuit or open circuit. These faults can occur between a single
wire and the system reference conductor or between one nonreference conductor and an
adjacent one. Discrete wiring coupling and reflectometry crosstalk is the topic of Chapter

4.
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2.4 Proposed Method of Fault Location

In order to localize a small shield aperture, the signal is placed on the internal connector
of a shielded cable, propagates down the cable, and escapes through a hole in the shield. It
then propagates along the outside of the cable (in both directions), where it can be picked
up by a toroidal coupler (Figure 2.7). The delay between the internal and external signals
is used to determine the distance to the fault. The size of the fault can be detected by both
the magnitude of the external signal and its frequency spectra.

To qualify the effects of coupling crosstalk on discrete wiring structures in S/SSTDR, a
signal will be excited between a single wire and a system reference conductor. The signal
will then be measured on all nonreference conductors. These signals will then be correlated
with the original excitation in order to isolate the fault signatures that appear on adjacent
wires within a bundled structure. This analysis will be performed for a bundled structure
while using a common reference to all conductors. Additionally, a separate analysis in which
the conductors do not share a common signal reference with one another will be conducted

on the same wiring structure.

Figure 2.7: RG-58 coaxial cable with a toroidal sensor for detecting signals leaking from
a fault.



CHAPTER 3

LOCATING SMALL APERTURES IN
CABLE SHIELDING

This chapter describes a method for detecting and locating faults on cable shields using
an adapted reflectometry system that transmits a signal on the internal conductor and
senses the very small signal leaking to the outside of the shield, correlated with the original
signal inside the cable. The signals that leak out of the hole as in the damaged shield
and propagate down the outside of the cable are quantified as a function of hole size and
frequency. A ferrite loaded toroidal sensor is also designed and quantified for receiving
the external signal and relating it to the internal signal in order to both detect and locate
the shield damage. Both simulations and measurements validate the effectiveness of this
method. An example configuration demonstrates the ability to locate 5mm long x 4mm

wide fault on RG58 coax to within +2cm on a two meter cable.

3.1 Fields Leaking from a Shield Aperture

When a small hole in cable shielding occurs, electromagnetic fields can leak from the
fault, as shown in Figure 3.1. To find the frequency range and magnitude of the fields that
will escape these small holes, such as jacket and shielding frays, Bethe’s hole theory can
be applied [18] [19]. Frays acting as these small holes, which have a poor low frequency
response and a stronger response at high frequencies, act like high pass filters, where only
high frequencies are coupled onto the outside of the cable. This, in effect, differentiates the
original signal that was on the inside of the cable.

This interesting effect can be seen in the simulation of a signal propagating down
an RG58 coaxial transmission line, and then escaping through a Wy, =4mm wide by
Lfqu:=10mm long aperture in its outer jacket and shielding. The transmission line was
excited by a 1 watt Gaussian pulse with a 3GHz bandwidth. The magnetic field was
evaluated at various points along the length of the cable, shown in Figure 3.2, as marked

with an ”x” starting at z=0mm directly over the fault.
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(b)

Figure 3.1: Circulating magnetic field propagating down an RG58 coaxial cable due to a
shield fault W ¢4,s=4mm wide and L f4,;;=10mm long. The field was sampled at the fault
location, z=0mm (a), and at z=250mm away from the fault (b).

Field Sample Locations \
\4 \ E
P ~

Cross
Sectional
Area (A)

Sensor
Height (H)

Effective
Magnetic
Length (L)

Figure 3.2: Toroid sensor for picking up the signal that leaks out of the fault and
propagates down the outside of the cable shield.
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Prior to reaching the fault, the magnetic field strength is 30 A/m. At the fault location,
even near the center conductor, the magnetic field strength is 22.1 A/m, over 25% lower.
Directly above the fault, z=Omm and r=5mm, the magnetic field strength is less than
A4A/m, only 1% of the original field strength. The magnetic field strength is of particular
interest since the toroid acts as an inductive pickup and will be measuring the magnetic
field. The signal just above the hole (r=5mm above the shield) retains its original Gaussian
shape, as shown in Figure 3.3 (the z=0mm curve).

However, as the signal moves away from the hole, towards the end of the cable in the
direction of propagation, it transforms into the derivative of the original signal (the z=4mm
and z=6mm curves, for example). The signal also decays very quickly. Prior to incident
on the fault, the electric field strength is approximately 7000V /m. At the fault location,
z=0mm, and immediately above the cable, r=5mm, the electric field strength is less than
50V /m, less than 1% of the original field strength. Once the signal has coupled to the
outside of the cable, this differentiated signal propagates until it attenuates or is reflected.
Once in the propagating region, the attenuation is minimal for this cable and environment,
as the jacket material is low loss. If the cable were in a lossy environment (water for

example), the expected attenuation would be more significant. For any lossy environment,

50
45
40
35
—30

2 2.2 24 2.6 28 3 3.2 34
Time (ns)

Figure 3.3: Observed waveform along the cable r=5mm above the shield. z=0mm marks
the fault location, and the other curves are further from the fault, as shown in Figure 3.2.
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we can expect the attenuation on the cable to act like a low pass filter, attenuating the
higher frequencies more than the lower frequencies.

The magnitude of the reflected signal and its frequency response are controlled by the
size of the aperture in the shield. The ratio of the aperture width to the incident wavelength
will impact the magnitude of the signal exterior to the fault [20] [21]. The fault width will
determine the characteristic impedance of the fault section of cable and will have very little
impact on the magnitude of the transmitted signal through the aperture while the length
of the fault dictates how much signal is coupled to the exterior of the cable and contributes
very little to the change in impedance [20] [12].

In order to demonstrate the frequency response of the fault, an L y4,;;=10mm long fault
was made in the shield of an RG58 cable and the width was varied from W f4,;;=1mm to
approximately the width of the cable, W ¢4,s~5mm. The radial electric field, E, (external),
was sampled at a distance of r=5mm above the center of the cable and z=250mm away from
the fault. Another sample, E, (internal), was taken at r=1mm (at the inner conductor) and
z=250mm away from the fault location. The ratio of the frequency spectra was computed
for the two samples to obtain the fault response. The observed effect (Figure 3.4) shows an

increase in magnitude of the external signal as the fault width is increased and a stronger
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Figure 3.4: Fault response of an L,,;;=10mm long fault for various fault widths from
Wigue=1mm to 4mm.



19

response at higher frequencies for all aperture sizes, as expected. A similar case was
investigated for a W ¢4, =3mm wide fault but with different lengths, shown in Figure 3.5.
As the fault becomes very large, lower frequencies have a stronger presence. The aperture
acts as a high pass filter, as expected, with the specific frequency response being dependent
on the size of the fault. The fault responses shown in Figure 3.4 and Figure 3.5 are for

rectangular chafes. Results for oval chafes are similar.

3.2 External Propagation

The fault location system described in this paper is a modified version of reflectometry.
Rather than detecting the reflected return signal, the signal that escapes from the cable is
detected and compared to the incident signal on the inside of the cable to determine the
distance to fault. The measured time delay is converted to distance using the velocities of
propagation (VOP) on the inside and outside of the cable, which are different.

The velocity of propagation on the inside of the cable is a function of the size, shape,
and materials in the cable, and is well known for standard types of cable including coax
[22]. For most practical cables, it is about % the speed of light. The velocity on the outside

of the cable is not as well documented, and it should be nearer to the speed of light, since
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Figure 3.5: Fault response of a W ,,;=3mm wide fault for various fault lengths from
Lfqu¢=1mm to 20mm.
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most of the signal is propagating in the air around the cable. The VOP for this application,
where the signal propagates down the cable and then escapes and propagates on the outside
of the shield, is a linear combination of the two.

To determine the VOP, both simulation and measurements were performed. To measure
the VOP, an undamaged section of cable was used and two toroidal sensors, as described in
Section 3.3, were placed around the cable starting 0.5 meters apart. Using a 500ps rise time
square pulse, 0.5 volts in amplitude, the signal was transmitted with one toroid and received
with the second. The transmitted pulse was used to trigger an oscilloscope to capture both
waveforms. RG58 coaxial cables of the same length were used for both sensors and to trigger
the oscilloscope in order to ensure the delay was equal from the generator to the toroid and
the oscilloscope to the toroid. Measurements were taken at 12.7 cm intervals, shown on the
vertical axis of Figure 3.6. The corresponding time delay, shown on the horizontal axis of
Figure 3.6, was determined using a sliding correlator to accurately identify the rising edge
of the pulse [15]. Using a linear fit, the measured VOP was found to be 0.92¢, where c is
the speed of light in free space. The median value of the raw data was 0.937¢. Both of these
measured values are close to the simulated value, 0.94¢ [23]. The simulation was performed

using CST, Computer Simulation Technology. A 3GHz 1 watt Gaussian pulse was used to
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Figure 3.6: Measured velocity of propagation for a signal traveling along the outside of an
RG58 cable.
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excite the system. The radial electric field component was sampled at several points on the
outside of the cable. Based on the time delay calculated from one measurement to the next,
the simulated VOP was 0.94c.

In order to facilitate future modeling of the propagation behavior on the exterior of a
coaxial cable, a parameter extraction method was used to determine the RLGC parameters
for external propagation from simulated data. The method of the parameter extraction
used is described in [24]. To perform the extraction, the fields external to the cable were
measured at r=bmm above the cable and at A\/8 increments. Time harmonic sinusoidal
signals were used to excite the cable stepping from 100 MHz to 1 GHz. From the field
data, the wave impedance Z, the attenuation constant «, and the propagation constant 3
are calculated. The RLGC parameters in Figure 3.7 can then be found from Z, «, and S.
Table 3.1 contains the values at 200 MHz (a 200 MHz sinusoidal signal was used for aperture
detection). The velocity of propagation from the parameter extraction was calculated using:

2 t
vop = 21 meters (3.1)

B seconds
where f is the frequency in hertz and (3 is the propagation constant in radians/meter.
The median value of the velocity of propagation calculated this way was 0.927c. This

falls between both the measured values; however, it was almost 1.5% lower than the value
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Figure 3.7: Calculated RLGC parameters for external RG58 propagation.
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Table 3.1: Extracted RLGC Parameters

Z,() | 396
R (Q) | 280
L(uH) | 14
G(zg) | 1.8
C(pF) | 8.9

observed in previous simulations, 0.94c. This section has described and quantified the fields
that escape through an aperture in the shield and how they propagate down the cable. The

next section will describe a toroidal sensor that can be used to pick up these fields.

3.3 Sensor Characterization

In order to receive the fields that have leaked to the outside of the cable, and return
them for processing, a direct connection to the cable could be made (making metal-to-metal
contact), or a noncontact sensor could be utilized. The direct contact system could certainly
be made to work well; however, it would be more invasive and therefore require more
specialized connection to the system under test. For this study, the noncontact toroidal
sensor was used, as shown in Figure 3.2.

The two methods for noncontact coupling are capacitive coupling and inductive coupling.
Inductive coupling utilizes the magnetic field while capacitive coupling utilizes the electric
field [25]. There are several types of capacitive couplers, including the concentric ring or
cylinder, parallel wires, or coils around the wire under test [13]. Inductive coupling can be
done with toroids (Figure 3.2) and other ferrite pick-up devices, and is the method used in
this paper. A toroid is placed around the wire. The ferrite inner core receives and augments
the magnetic field circulating around the outside of the shield. The coil of wire around the
core picks up the magnetic field, and converts it to an electromotive voltage, Ve, ¢ [26].

The goal of the sensor design is to maximize the received signal. The induced signal on

the sensor is governed by Faraday’s law:

OH
Vemp = —NAMoHiE (3.2)

The induced voltage, Ve, r, will be proportional to the number of turns, N, the magnetic
permeability of the ferrite, u;, the cross-sectional area of the ferrite, A, and the derivative of
the magnetic field, %—I;I, (which is largest near the shield). In this system, the toroid acts as a
high pass filter. The parameters that can be optimized are the number of windings, N, (the

more the better, until resistive losses reduce the efficiency of the system), the gauge of the
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windings (thinner gauge wire will allow for additional turns; however, larger diameter wire
will have less resistive losses), the geometry of the sensor (a larger core, A, will concentrate
more magnetic flux), and the material of the core, p;, which will determine the frequency
response of the toroid. To characterize the sensor, each parameter was varied. The toroid
was placed around a stranded section of 6 AWG copper conductor wrapped in polyimide.
The conductor was then excited with a fast rise voltage step function (500ps at 0.5 volts)

and the toroidal sensor response was measured with an oscilloscope.

3.3.1 Windings

Theoretically, the induced emf is proportional to the number of windings, N. However,
the parasitic resistance and capacitance will increase with each turn. A CN20 core (u;=925,
L=55mm , A=64 ym?) was excited with a fast rise square pulse. The number of windings
was varied. As the number of turns increases, the received signal magnitude increases, but
the response becomes underdamped, as shown in Figure 3.8. This is because of the high
pass nature of the toroid. The high pass filtering effect will also differentiate the pulse used
to excite the material. The voltage is also on the same order of magnitude as the excitation.
While there are filtering effects from the toroid, the higher permeability of the core material

(i) will concentrate more flux and a higher than unity number of turns (N > 1) will cause

0.4 T T r r T
—— N=3 Turns

"1 -0.5 0 0.5 1 1.5 2

Figure 3.8: Step response for CN20 core with varied number of windings. p©;=925,
L=55mm, A=64 pum?.
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amplification of the fields being measured. Damping with discrete components can be
performed on the sensor to negate the underdamped effects of the additional windings;
however, resistive components would dissipate the power of the induced signal, and are

therefore not ideal.

3.3.2 Wire Gauge
As the wire diameter decreases or the frequency of operation increases, attenuation
became more noticeable. At f=200 MHz, attenuation was noticeable on 32 AWG. For the
frequencies used in this system (f < 200 MHz), the observed attenuation in measurements

were negligible with 30 AWG or larger for the windings.

3.3.3 Geometry
The Ve, is proportional to the cross-sectional area of the sensor, A, and the strength of
the derivative magnetic field, %—It{. To examine the geometry of the sensor, two parameters
were varied individually: the cross-sectional area, A, and the effective magnetic length, L,

both of which are illustrated in Figure 3.2.

3.3.3.1 Cross-Sectional Area

Two cores, one with approximately twice the cross-sectional area of the other, were
excited. The small of the two cores had an area of A=64um? while the larger core cross-
sectional area was A=128um?. The cross-sectional area of the larger core was doubled by
using a core with approximately twice the height, H. The excitation signal was a step
function with a rise time of 500ps to 0.5 volts. Since the induced signal is proportional to
the cross-sectional area, where the magnetic field will be concentrated, the signal should
have increased by a factor of two. The resulting signal, shown in Figure 3.9, was significantly
larger but not twice as large for the doubled cross-sectional area due to damping effects of
the toroid. A more underdamped response was also observed, and this contributed to the

difference in magnitude from what was expected.

3.3.3.2 Effective Magnetic Length

In order to evaluate the impact of the effective magnetic length, again two cores were
selected, one with approximately half the magnetic length of the other, and both samples
were excited using the same step function as with the previous section. The smaller core
selection had the same height, and the inner and outer diameter were approximately half the

size of the larger core. The induced signal is proportional to the strength of the magnetic
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Figure 3.9: Step response of different cross-sectional area on a CN20 (u;=925) core with
5 turns.

field. As the effective magnetic length increases, the distance from the source, or in this
case the wire under test, increases and the strength of the magnetic field decreases. The
magnetic field strength will decrease since it is proportional to % Figure 3.10 illustrates
this effect. The response was more underdamped with a smaller magnetic length, but the
magnitude of the received signal was significantly larger. The magnetic length should be as

small as possible while still allowing for enough room to accommodate the wire under test

and a layer of windings between the inner surface of the core and the wire under test.

3.3.4 DMaterials

The ideal material properties for a soft ferrite include a low hysteresis loss, a low coercive
force, high resistivity, and a high initial and maximum permeability (;) [27]. Finding a
material with all of these ideal characteristics can be difficult. A high resistivity, to reduce
eddy current losses, and a low coercive force, to allow changes in magnetization under the
influence of a small signal, were the driving characteristics in material selection for this
sensor. The two materials selected for characterization were an N40 core and a CN20 core.
While both selections are a Nickel Zinc material, the CN20 has an initial permeability of
1; =925 and a coercive force of 0.2 Oersted, while the N40 has an initial permeability of
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Figure 3.10: Step response of different magnetic lengths on a CN20 (1;=925) core with 5
turns.

wi=15 and a coercive force of 8 Oersted. Both core materials have a resistivity of 10'°Q
cm [28]. In order to characterize the material properties, both frequency domain and
time domain characteristics were considered. For time domain characterization, each core
was wound with 5 turns of 24 AWG solid core wire with magnetic length L=53mm, and

cross-sectional area A=64pm?

. The step responses are shown in Figure 3.11. While the
CN20 material does have a much larger response, it also has a very long relaxation time
and low frequency response while the N40 has much higher frequency content. The N40
will also operate at much higher frequencies. The CN20 will suffer dispersion effects at
lower frequencies and begin to choke the signal rather than detect it. Since the aperture
acts as a high pass filter, the highest possible test frequency for localization is ideal. In
order to use higher frequencies, a high frequency material must be used in the sensor core.

The N40 material was chosen because it has better high frequency characteristics than the

CN20 material.

3.3.5 Sensor Specifications
The toroidal sensor used in the remaining tests in this paper consisted of 9 turns of 24

AWG solid core wire around an N40 core (chosen for its high frequency properties and an
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Figure 3.11: Measured step response comparison of N40 (u;=15) and CN20 (u;=925)
core materials. Both core selections are of the same dimensions (A=64um?, L=53mm) and
number of windings (N = 5) using 24 AWG wire.

initial permeability p;=15). The cross-sectional area and effective magnetic length were
A = 64um? and L = 28mm, respectively. A small height was required since the faults to
be localized are small. If the sensor is too long, directly over the fault, the net flux in the
core material would have been approximately zero since the fields are going in opposing

directions on opposite sides of the aperture.

3.4 Aperture Localization

Once the sensor was characterized, a L fq;=10mm long Wy, =4mm wide fault was
made in the center of a two meter RG58 coaxial cable. The cable impedance was 502 and
excited by a 50€) generator terminated with a 50¢2 load. The toroid was placed directly
over the fault and then moved in z=0.5cm increments toward the generator. A larger V., s
was measured for higher frequencies and directly over the fault, there is a low measurement
(Figure 3.12). This will occur when the size of the sensor is close to the size of the fault.
When the fields escape the cable, they propagate in both directions, toward the generator
and toward the load. The magnetic field traveling toward the load will have the opposite

polarity as the magnetic field traveling toward the generator. If the sensor is placed directly
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Figure 3.12: Measured frequency response of a L g =10mm long Wygy=4mm wide
fault. The measurements were made by moving the toroid at z=0.5cm increments toward
the generator (TWG). z=1cm on the horizontal axis is lem away from the fault.

over the fault, both fields will interact with the ferrite core, and the net flux within the core
will be zero.

Next, a fault, L fq;=5mm long by W, =3mm wide, was made at various locations. A
200 MHz 1Vpp sinusoidal wave was used for localization. The generator, load termination,
and cable impedances were 50€2. A base line (no fault) measurement was taken, a fault
was made, and then the measurement was performed again. The results are shown in
Figure 3.13. The fault signal was calculated by taking the difference of the two measured
Vemy signals. Reflections from the generator and load ends of the cable were observed.
These reflections occur on the outside of the cable and are expected since the external
transmission line (the cable jacket) was not matched at the end points. When the fault was
made close to the load, reflections from the load made localization more difficult, but the
faults were still observable. As the magnitude of the reflections increased at the end points,
near the generator and the load, the magnitude of the fault signal was reduced beyond the
noise floor. The fault length was then increased to L fqu=15mm (Wgqyu=4mm), shown
in Figure 3.14. Strong reflections were seen again from the generator side but not as large

from the load side, and aperture localization was still obtainable. In each case, with both
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Figure 3.13: Measured Vs from L 4 =5mm long Wy =4mm wide fault.

6 . : . '
—e— Fault at 55c¢cm
AN Fault at 120cm i
——Fault at 190cm
> af ]
E 54 cm 190 cm
oo 3_ )
g 120 cm
S
2
1
0

Distance on WUT (cm)

Figure 3.14: Measured V., from L4, =15mm long Wy, =4mm wide fault.
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a Ljqui=5mm long fault and a Lfq,=15mm long fault, £2cm accuracy was obtained in
localization without additional signal processing. The worst case scenario was with a small
fault, L fqyu=5mm long by Wy =4mm wide, when the fault was located close to the load
end of the cable. Reflections from the load made localization difficult and less accurate.
When the reflections from the load become strong and lower the signal to noise ratio, the
fault waveform peaks are less sharp, as observed in Figures 3.13 and 3.14.

A novel method for localization of small apertures in cable shielding is described in
this chapter. A signal is transmitted on the inside conductor of a shielded cable, where
it leaks out of the damaged shield and is received on the outside of the cable. Through
measurements and analysis, a ferrite loaded toroidal sensor was designed and tested for
locating cable shield apertures. Several small faults L ¢4,,;;=5-15mm long and W 74,y =4mm
wide on RG58 coax were localized, and the sensor performed as expected. The accuracy of
the fault location with this particular sensor was £2cm on a two meter section of RG5S.

The minimum damage that can be detected is dependent on the noise floor of the
measurement equipment, environmental interference, and the distance of the fault from
a load or source. The worst case scenario is having a very small fault, approximately
L tquit=1mm or smaller, and the fault being located near the end of the cable, within 10mm
of a source or load. In that case, reflections from the load or source can dominate the
reflection from the fault, and localization may not be as accurate.

Additional optimization could be done in the material selection of the sensor core to allow
for optimal use at other frequencies. The optimization performed was done specifically for
a test frequency of 200 MHz; however, this sensor can be designed for other applications

and used at any frequency with the restriction of the material dispersion.



CHAPTER 4

COUPLING CROSSTALK
IN MULTICONDUCTOR
WIRING STRUCTURES

S/SSTDR is an emerging method for locating faults on wires and cables. Like other
reflectometry methods, S/SSTDR sends a high frequency signal down the wire, where it
reflects off of impedance discontinuities, including those associated with various types of
faults. The reflected signal returns to the sending end of the wire, where it is received and
analyzed. The time delay between the incident and reflected signal indicates the distance to
the fault, and the nature of the reflected signal is associated with the type and magnitude of
the fault. S/SSTDR uses a high frequency pseudo-noise (PN) code or sine wave modulated
PN code as the test signal and a PN code correlator as the receiver [2]. PN codes have
unique properties that they are highly uncorrelated with noise and other signals on the
wires. This allows S/SSTDR to be used to locate intermittent faults on live wires without
interfering with the existing signals and without being interfered with by them [3].

Testing live wires raises a very interesting question that is the topic of this paper. In
many test applications where intermittent faults are of interest (in aircraft, for instance),
it is common to find large bundles of adjacent, unshielded wires, all of which it may be
desirable to test simultaneously. For example, under the aisle of a commercial aircraft it
is common to have a wire tray that carries thousands of wires tightly bundled together,
most of which are unshielded. Long, unshielded wires running close together in parallel
provide coupling channels where high frequency signals can couple between them. This
type of crosstalk coupling is typically analyzed in the signal integrity literature for all types
of electronics, circuit boards, chips, etc. [6] [16]. It is also analyzed for aircraft during
the design phase. Several parameters affect how much crosstalk is seen between adjacent
lines: the proximity of the lines, their size/shape/configuration, materials the lines are made

of, the nature of nearby lines, and the signals themselves. High frequency signals couple
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more than low frequency signals. For our application and interest in reflectometry, this is
very significant. It is possible and in fact likely that the wires under test were designed
to carry lower frequency signals than the PN codes or other high frequency reflectometry
signals. Thus, it is possible that the reflectometry signals will experience crosstalk when the
original signals for which the wires are used do not. The ground or reference configuration
(common grounds or not) also have a significant effect on the crosstalk, which will be
discussed throughout this chapter.

This crosstalk may manifest itself in two ways. First, a signal used to test a single
line (let’s call this the aggressor line) may couple onto an adjacent line (the victim line).
Reflections from impedance discontinuities on the victim line can then couple back onto the
aggressor line, combining with reflections from impedance discontinuities on the aggressor
line itself. Typically, when using reflectometry, we would only want to see the reflections
from the impedance discontinuities on the aggressor line, so the reflections from the victim
line will show up as unwanted noise in the reflectometry signature. This paper will explore
the opportunity of utilizing those previously unwanted coupled reflections to help diagnose
faults in adjacent lines from a single nearby aggressor line. While it will typically be difficult
or impossible to determine exactly on which wire the fault occurs in that case, there are
many applications where we may not care. For example, when wires are tightly bundled,
the maintainer is going to have to access the entire bundle at the fault location in order to
affect a repair. If the wire is in a bundle that is tightly wrapped, perhaps with a fabric or
metallic braid, then it is likely the entire bundle would be replaced if a wire fault occurs any
place in the bundle. Therefore, if we can test multiple wires with a single aggressor wire,
we may be able to simplify reflectometry tests and embedded reflectometry test systems.

A second manifestation of crosstalk is seen when simultaneously testing adjacent wires.
In practice, this is rarely if ever done with traditional reflectometry methods, but it is needed
for S/SSTDR for continual monitoring for intermittent faults on live systems. Fortunately,
PN codes used in S/SSTDR are highly uncorrelated with each other, depending on the
types of codes used [2]. When multiple adjacent wires are tested simultaneously, the PN
code on the aggressor wire may in fact couple onto a nearby victim wire. A second PN
code is being used to test the victim wire, but its low cross correlation with the aggressor
PN code will substantially reduce the interference caused by the two adjacent codes. This
effect is quantified in Section 4.4 of this chapter.

The overall objective of this paper is to quantify and evaluate crosstalk and coupling

of reflectometry signatures. We will focus on PN codes used in S/SSTDR. Section 4.4.1
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will evaluate conditions when faults on adjacent lines are or are not seen on the aggressor
line. These results are applicable to other reflectometry methods as well. Section 4.4.2 will
quantify the level of cross coupling between orthogonal PN codes on adjacent wires. This is
applicable mainly to S/SSTDR testing of live wires in bundles. These two evaluations
provide a more complete understanding of the cross coupling that occurs when using

reflectometry to test bundled wires, including both its challenges and opportunities.

4.1 Simulation Methods

To analyze the effects of coupling crosstalk on adjacent wires, a forward modeling method
is needed to simulate both the signals on the aggressor wire and nearby victim wires. A
forward model for a single transmission line, [16] [12], will be extended to multiple wires.
In [16] [12], a 2D cross section of the wiring structure is simulated using the finite difference
method (FDM) to calculate the transmission line parameters (R-resistance, L-inductance,
G-conductance, C-capacitance per unit length). Single or multiple transmission lines with
or without faults can be simulated. For the case of a multiconductor transmission line,
the characteristic capacitance and inductance will be extracted as well as the coupling
parameters, the mutual capacitance, and inductance. This will be described in Section
4.1. We will consider only lossless transmission lines in this paper, because it is slightly
simpler and typically reflectometry signals are selected to be at frequencies where the lines
are low loss to facilitate testing. As in [16] [12], these values are then entered into a finite-
difference time domain (FDTD) simulator to obtain the reflectometry data from the entire
system (described in Section 4.1.1) and perform any necessary postprocessing (described in
Section 4.3) [2] [3]. S/SSTDR is evaluated after correlating the raw time domain PN code
reflectometry signature from the FDTD simulation with the original excitation waveform
[2] [3]. This correlated waveform, which we will now call the S/SSTDR signature, is then
postprocessed to determine the corresponding time delay to the fault or other discontinuity
and its nature. The end goal of the forward modeling method is to obtain the time domain

reflectometry signature for analysis.

4.1.1 Finite Difference Time Domain (FDTD) for Coupled Lines
The characteristic equations that define how voltage and current behave on a transmis-

sion line in the time domain are the telegrapher’s equations [12] [22].

~Ov(z,1) _ Ri(=.1) +L@z(z,t)
iz, t) . Jv(z,t) ’
5 = Gi(z,t)+C 5
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where R, L, G, C are the resistance, inductance, conductance, and capacitance per unit
length, respectively, and V, I are voltage and current on the transmission line at location
z (meters) and time t (seconds). A discrete form of these equations can be derived using a

numerical central difference [17].

Vi, =e (B = 1) eV, )

[ (Vk”+1 =V /2) bV
The variables, ¢;_4, are constants based on the spatial (k) and temporal resolution (n)
of the simulation domain, and the RLGC parameters of the transmission line. The finite
difference time domain (FDTD) method solves for V, I as a function of space and time. It
is a versatile and robust simulation tool with a large variety of applications [24].

When multiple transmission lines are in proximity to one another, they share a mutual
capacitance and inductance, shown by Cjo and Lis in Figure 4.1, that need to be included
in the FDTD simulation. The inductance and capacitance of a transmission line in this
bundle of wires is now defined by both the characteristic parameters as well as the mutual
parameters. These shared mutual parameters dictate how current and voltage couple from
one line to an adjacent line.

The 1D telegrapher’s equations account only for the characteristic RLGC parameters.
With multiple lines, there are more parameters to consider. Figure 4.1 shows the lumped
element schematic representation of a 3-conductor system, where one conductor acts as
a common signal reference for the system. In this system, the inductance that defines
transmission line 1 is a combination of its characteristic inductance (L;;) and its mutual
inductance with transmission line 2 (L;12). The capacitance is analogous. In a healthy
system where no faults are present, there will be no cross resistance or cross conductance
terms. If one transmission line is subject to an open circuit fault, it will have a high load
resistance term at that point. When a short circuit occurs between a conductor and its
reference, the load conductance is low at that point. A cross conductance term would
indicate a short circuit in the system between two nonreference conductors. For example,
(12 would represent a short circuit between transmission line 1 and transmission line 2 and
not between either transmission line and the common reference.

In order to account for these mutual impedance terms in the 1D telegrapher’s equations,
the RLGC coefficients become matrices rather than just scalar terms [7].

[Ln le] [Gn G12:| [011 012]
Loy Lo Ga1 Goo Co1 Ca

- - - (4.3)

R — [Rn Rlﬂ

Ro1 Roo
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Figure 4.1: Circuit diagram of a multiconductor transmission line. This schematic
represents two conductors that share a common reference conductor (a 3-wire or 3-conductor
setup). This is a good example of two conductors that are using an airframe as their
reference.

The diagonal elements will represent the RLGC values with respect to a central reference for
the system and the off-diagonal elements represent the RLGC parameters between the two
transmission lines. From Figure 4.1, Ly represents the characteristic inductance per unit
length for transmission line 1 to ground whereas Lio and Lo; will represent the inductive
coupling between transmission line 1 and transmission line 2. The off-diagonal elements of
the R matrix should be zero at all times as no cross resistance terms should be defined. The
off-diagonal elements of the conductance matrix, G, can be used to represent a short circuit
between two adjacent transmission lines, as well as defining the self-conductance term for a

short circuit from a transmission line to ground, or a load. Then the telegrapher’s equations

become,
n+l n+1/2 n+1/2 n
ijh/z =M, (Ik+1 I ) + MoV, w
n+1/2 n n n—1/2 (4.4)
I = M; ( Vk+1/2 - Vk71/2> + Myl
where,
2A
M, — _th (2C + ALG)
M, = (2C + AtG) ™! (2C — AtG) (45)
2At ’

M, = (2L + AtR) ' (2L — AtR)
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4.1.1.1 Cross Conductance

When defining a cross conductance term to emulate a short circuit from transmission line
1 to transmission line 2, a correction must be made in order to accurately model the system.
Since this system uses a central reference on the aggressor transmission line, indicated by
the ground in Figure 4.1, a short circuit between the two victim lines has little meaning in
the context of the reference. If a large self-conductance term is defined, Goo for example,
this will indicate that there is a short circuit between the third line, the second victim wire,
and the system reference. The terms to define a short circuit between the two victim lines
are G2 and Gs; . Both of these terms must be defined, and the self-conductance terms
must also be modified to ensure power conservation and stability of the simulation. This
can be better understood by examining Figure 4.1 and the voltage and current equations.

oVi(z + Az)

L(z+Az) = I1(2)+C1y 5

+Vi(z4+A2)G11+G12[V+2(2+Az)—Vi(z+Az)] (4.6)

The last term representing the differential conductance and differential voltage between the
two lines must be added to the FDTD calculation. This is done modifying the conductance
matrix to account for this extra voltage. To define a short circuit between the two victim
lines, for instance, the cross conductance terms subtracted from the self conductance terms.

Also note that the cross conductance terms are equal (Gio=Ga1).
Gl =G — G2 — Gi3 (4.7)
This can be generalized for any of the self-conductance terms as:
Gii=Gu— > Gij(j #1) (4.8)
J

This will ensure that the voltage and currents are being modeled correctly and that power

within the system is conserved.

4.1.1.2 Time Step Criteria
Normally a transmission line has a set velocity of propagation (Vop) that can be calcu-

lated from the characteristic inductance and capacitance [22].

1

Since the inductance and capacitance are no longer scalar values but rather full matrices,
the velocity of propagation is no longer quite as straightforward. For the 3-conductor line,

including the reference, there are three velocities of propagation at which the signal may
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travel: transmission line 1 to reference, transmission line 2 to reference, and transmission
line 1 to transmission line 2. For the 1D FDTD algorithm, the stability criteria is based on

the maximum velocity of propagation in the system: [16]

Az
At < —— 4.1
< (1.10)

For a multiconductor transmission line, the velocity of propagation for each line is calculated

by the eigenvalues (eigs) of the product of the inductance and capacitance matrices:

Vop = abs (x/eigs(LC)) B (4.11)

In order to satisfy the stability criteria for the time step, since there are multiple velocities
of propagation in a multiconductor setup, the highest value of the calculated velocities of
propagation was used in the calculation of the critical time step. This ensures stability over

the entire simulation domain.

4.1.2 Finite Difference Method (FDM) Modeling
For calculating the transmission line parameters (RLGC), a finite difference method
(FDM) solver was created for a cross section of an arbitrary wiring bundle structure, made
up of any cylindrical shaped wire [12], [29]. The FDM is a powerful numerical tool that
solves Poissons equation on a uniformly spaced 2D mesh grid (for this case of cross-sectional
evaluation).
f(zo+h) — f(zo—h)

(o) = 5 (12

This FDM simulation uses a central reference conductor for the mutual as well as self-

inductance and capacitance parameters, as shown in the schematic in Figure 4.2 and
field diagram in Figure 4.3. In this 4-wire setup, the self- and mutual-capacitance and
inductance terms are calculated by exciting the nonreference wire with a positive voltage
while exciting the reference conductor with an equal but opposite voltage. The boundary
condition is set as a Dirichlet boundary of 0 volts on the outside of the region shown in
Figure 4.3. FDM is then used to solve the Poisson equation,

ViV (r) = G (4.13)

€o€r

In order to get the charge on each wire, the electric field for the entire system is calculated
from the voltage.

E(r)=-VV(r) (4.14)
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Figure 4.2: Circuit diagram of a multiconductor transmission line. This schematic
represents 3 conductors that share a common reference conductor. This schematic represents
a 4-wire ribbon cable that uses one of the outer conductors as the system reference.
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Figure 4.3: Electric field of a 4-wire ribbon cable due to an applied voltage from an
aggressor wire. The color plot is in a logarithmic scale. From left to right: reference
conductor, aggressor, victim 1, victim 2.
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A Gaussian integral (Equation 4.15) is performed around the nonreference wires to deter-

mine the charge on the wire from the electric field coupling (Figure 4.3).

Q= fEfz‘elddl (4.15)

The integral will account for the charge on each wire induced by both the aggressor, second
wire from the left in Figure 4.2, as well as other adjacent wires. The fields will couple from
the aggressor to both victims, as well as the two victim wires influencing each other.

An intermediate term, called the P matrix, is introduced here. The P matrix is a square
matrix of size [N-1] x [N-1], where N is the number of wires in the simulation including the
reference for the system. the terms of the P matrix are given by the ratio of the excited
voltage and the charge on the wire calculated by the Gaussian Integral (Equation 4.16).
‘/;
Qj

When there is only a single wire and the reference wire, a 2-wire transmission line, the P

P, = (4.16)

matrix is a single value, which is the self-capacitance and inductance of the transmission
line. If the number of nonreference wires is two or greater, the P matrix is now holds

multiple values. The capacitance is calculated as the inverse of the P matrix [16],

Cij = Pi_jl (4.17)

while the inductance is calculated as the product of the P-matrix and the permittivity and
permeability of free space.

Lij = MoﬁoPij (418)

The diagonal terms of the L and C matrices will represent the self-inductance and self-
capacitance terms while the off-diagonal elements represent the mutual inductance and
mutual capacitance terms. To correctly obtain the inductance matrix, the simulation must
be run without dielectrics. To obtain the capacitance matrix, dielectrics must be included, as
shown in Figure 4.4. This method can be executed to obtain the inductance and capacitance
matrices for any N-conductor configuration by simply running the simulation 2(N-1) times.
The inductance matrix and capacitance matrix each require N-1 runs. Each nonreference
line in the simulation domain must be excited by a voltage individually and the charge on
the adjacent wires calculated until the entire P matrix is full. A simulation was performed
on a 4-wire ribbon cable with the specifications outlined in Table 4.1 and Figure 4.2. The
results of the simulation, the capacitance, and inductance matrices are listed in Table 4.2

and Table 4.3. Once the coupling mechanisms have been calculated, the multiconductor
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Figure 4.4: FDM system setup for a 4-wire ribbon cable. From left to right: reference
conductor, aggressor, victim 1, and victim 2.

Table 4.1: Simulation parameters for 4-wire ribbon cable in Figure 4.4

Wire Radius

(r)

0.5 mm

Wire Separation

(D)

0.1 mm

Wire Length

(L)

4.0 mm

Dielectric Thickness

(t)

0.5 mm

Dielectric Constant

(er)

3.5

Table 4.2: Inductance matrix of the 4-wire ribbon cable in Figure 4.4

0.51 pgH/m | 0.37 pH/m | 0.32 pH/m
0.37 pH/m | 0.74 pH/m | 0.55 pH/m
0.32 pH/m | 0.55 pH/m | 0.87 pH/m

Table 4.3: Capacitance matrix of the 4-wire ribbon cable in Figure 4.4

104 pF/m | -45 pF/m | -4.8 pF/m
-47 pF/m | 99 pF/m | -47 pF/m
-5.8 pF/m | -48 pF/m | 60 pF/m
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telegrapher’s equation FDTD algorithm can be executed to determine the magnitude of the
coupled signals based on the inductance and capacitance matrices calculated by the FDM

solver.

4.1.3 Simulation Validation

A comparison was made using a square wave function generator to validate the FDTD
and FDM simulation methods. The transmission line used in this test is defined from
Table 4.1, a 4-wire ribbon cable comprised of 18 AWG lamp cord 4 meters in length. The
inductance and capacitance matrices are shown in Table 4.2 and Table 4.3. The square wave
generated measures two volts in amplitude, a 100ns rise time at a frequency of 2.5MHz. The
signal was excited on the second wire while using the first wire as the reference conductor.
The signal was then measured at the load end using capacitive probes and an Agilent
Infiniium 54833A DSO oscilloscope. The voltage was measured on wires 2 and 3 (Figure
4.2) while using wire 1 as the reference conductor. A good agreement was found between
the measured and simulated waveforms (Figure 4.5). Additional capacitance was inserted
in series to the end of the line during simulation to account for the measurement probes
and oscilloscope termination impedances.

This multiconductor FDTD algorithm is effective in simulating a time domain signal on
a transmission line with multiple conductors to observe crosstalk coupling. The coupling
parameters, the mutual capacitance and inductance, are accounted for in the algorithm
by expanding the coeflicients M;_,4 into matrices as well as the voltage and current into
multidimensional arrays, rather than just a 1D scalar multiplication. In order to perform
this simulation, the coupling parameters must be known. To quantify the coupling, the L,,

and C,, parameters were calculated using a numerical solver.

4.2 Coupling Crosstalk

Crosstalk coupling from one transmission line to another is highly dependent on the
geometry of the structure as well as the signal reference for each conductor. The separation
distance between transmission lines can greatly affect the coupling/signal integrity as well
as the placement of the reference point. There are two primary configurations that will
be examined: a shared common reference between conductors (Figure 4.2) and an isolated
reference configuration. The isolated reference will address two scenarios. The two situa-
tions investigated are simultaneous tests: 1) using the same PN code and frequency, and 2)
using two different PN codes of the same length and frequency. For the common reference

configuration, only one wire will be excited, as shown in Figure 4.2.
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Figure 4.5: Square wave comparison using a multiconductor FDTD simulation on a 4-wire
ribbon cable.

Each conductor must have a signal reference. A coaxial cable for example uses the
outer conductor (shielding) as the reference. In aerospace, a possible reference point is
the airframe. By using the airframe as the reference, each conductor shares a common
signal reference and any two conductors in proximity to one another are approximately
the same distance from that reference. The advantage in this configuration is that both
wires will have very similar transmission line characteristics, specifically the velocity of
propagation will be similar. Faults that appear in the waveform due to adjacent wires will
still be in the vicinity of the observed fault. For this configuration, each wire will have
separate characteristic RLGC values with respect to the reference (the diagonal terms in
Table 4.2 and Table 4.3). They will also have a mutual capacitance and mutual inductance
between each other, as in Figure 4.2 (the off-diagonal terms in Table 4.2 and Table 4.3).
Under normal circumstances during testing in this configuration, each wire will have an
open circuit impedance at the source and the load from the wire to reference since there
is not a direct termination between a conductor and the airframe. When a reflectometry
device is connected from a wire to reference, there will be some termination impedance
at the source; however, the adjacent wires will still be open circuited. For this paper, the
generator impedance termination used for these simulations (R in Figure 4.2) was matched

to the transmission line impedance (Equation 4.19).

[Ri1 + jwLiy
Ri=27,, =/ ——""—-0Q 4.19
H G111+ jwCiy (4.19)
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The coupling parameters are dependent on the geometry and spacing of the wires. As the
distance between the pair of wires (the aggressor and victim) and the reference conductor
increases, the mutual coupling between the aggressor and victim increases and signal fidelity
decreases. For this paper, the spacing of the wires in Figure 4.2 and Figure 4.4 was defined
as D=2.5mm. This ensures some measure of signal fidelity as well as a separation distance
that reasonably represents a real-life system. The faults simulated here are also hard faults.

For all the tests performed, the wire configuration used is a 4-wire ribbon cable de-
scribed by Figure 4.4 and Table 4.1. All faults made are short circuits for visual ease of
interpretation and distinguishing the fault from the end of the transmission line, which is
modeled as an open circuit. The coupling crosstalk will be analyzed for several of the key
faults that occur in this type of configuration:

e A short circuit between the aggressor wire and the system reference. A characteristic
conductance term (Gy) is defined at a midpoint on the cable (L=2.5m). This will
mimic very low impedance, or a short circuit, between the aggressor wire and the
reference conductor for the system.

e A short circuit between a victim wire and the system reference. A characteristic
conductance term (Gag) is defined at a midpoint on the cable (L=2.5m). Unlike the
previous case, this line is not excited and also has an open circuit impedance at the
generator side of the transmission line.

e A short circuit between the aggressor wire and a victim wire. Cross conductance
terms Go; and G2 are defined at a midpoint on the cable (L=2.5m).

e A short circuit between the two victim wires. Cross conductance terms Goz and Gsg
are defined at a midpoint on the cable (L=2.5m). Unlike the first and third case,
there is no native excitation to either wire.

The reference for these tests will be a wire within the bundled structure (see the caption
for Figure 4.4). A qualitative analysis will be discussed on the difference between using a
conductor within the bundle or a configuration more analogous to using the airframe as the
system signal reference. The excitation used is an STDR signal. The length of the PN code
is 31 bits. A longer code can be used; however, this will significantly increase the simulation
time and any postprocessing required. The PN code was generated using a 200MHz clock

rate. Soft faults are not addressed in the context of unshielded discrete wires.

4.2.1 Isolated Reference Testing
When testing wiring pairs separately, that is with no common reference to the 4 con-

ductors, the coupling will behave in a manner very similar to that of a common reference
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configuration (Figure 4.2). Figure 4.6 represents a configuration with no common signal
reference to all the conductors in the system. Pair 1 contains two conductors where one acts
as the reference for the other, while pair 2 has a separate reference from pair 1. However,
since these measurements are being made differentially, any common mode signal on the
pair under test is subtracted out of the measurement. As with the common reference
configuration, pair 1 does have a native termination to pair 2 and the termination between
the two (cross conductance terms) will appear as an open circuit. Each generator impedance
(Rs) was matched to its respective transmission line characteristic impedance as with the
common reference configuration.

For all the tests performed, the wire configuration used is a 4-wire ribbon cable de-
scribed by Figure 4.4 and Table 4.1. All faults made are short circuits for visual ease of
interpretation and distinguishing the fault from the end of the transmission line, which is
modeled as an open circuit. The coupling crosstalk must be analyzed for the various fault
situations that can be commonly seen in this configuration:

e A short circuit between an excited conductor and a nonnative reference wire. A short
circuit will be placed at a midpoint on pair 1 (L=2.5m) between the excited wire of
pair 1 and the excited wire of pair 2 by defining the cross conductance terms Ga; and
(G12. This fault will is not to any reference within the system, either on pair 1 or pair

2.

A'A% WA N 2e)
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Figure 4.6: Circuit diagram of a multiconductor transmission line. This schematic
represents a 4-conductor bundle with no common reference.
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e A short circuit between an excited conductor and a nonnative reference wire. A short
circuit will be placed at a midpoint on pair 1 (L=2.5m) between the excited wire of
pair 1 and the excited wire of pair 2 by defining the cross conductance terms Go; and
G12. This fault will is not to any reference within the system, either on pair 1 or pair
2.

A qualitative analysis will also be discussed on the geometrical structure when testing in this
configuration and how it pertains to testing a practical wiring bundle in the field. There is
also a brief discussion on the difference between using different PN codes of the same length
and using the exact same PN code for this method of testing. The excitation used is an
STDR signal. The length of the PN code is 31 bits. A longer code can be used; however,
this will significantly increase the simulation time and any postprocessing required. The
PN code was generated using a 200MHz clock rate. Soft faults are not addressed in the

context of unshielded discrete wires.

4.3 Analysis Methods

The test signal used in following section consists of the same STDR signal for all
simulations. An unmodulated 31 bit PN code is generated at a 200MHz clock rate. A
shorter code was necessary to keep simulation time low and to prevent instability in the
simulation domain during the FDTD tests. To correctly model a cross conductance, there
is a very small difference taking place in the voltage between the two conductors that
are faulted. If the values are very small, this can lead to a numerical instability in the
simulation. In order to analyze the output data from an STDR test, the waveform must
be interpreted and the data understood. A fault on a transmission line has an associated
magnitude and phase with its reflection coefficient. That coefficient is determined by the
characteristic impedance of the transmission line under test and the impedance of the fault.

_ 2;2 (4.20)
If a short circuit is present, the load impedance goes to Z;=0 and the resulting reflection
will be I'=-1. If an open circuit is present on the transmission line, an ideal open circuit load
impedance would approach Z;=o00 and the resulting reflection is I'=4+1. As a side note,
it can be shown that the magnitude of a real valued characteristic impedance terminated
by a complex valued load is |T'|=1. These reflection coefficients are a scaling factor of the
incident voltage. Since the generator impedance, Rs from Figure 4.2, is matched to the

transmission line, there is a 1:1 voltage divider. The incident voltage into the transmission

line is 1 volt so the maximum reflection magnitude from an ideal short or open circuit that
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should be observed is V; - |T'| ~0.5. To better understand this, Figure 4.7 shows the three
common cases. When no fault is present, the only observed waveform shape is the initial
correlation lobe at the beginning of the transmission line (blue solid line in Figure 4.7).
The magnitude of this lobe, p ~0.5, is expected with the match generator impedance to the
transmission line. For the case of a short circuit at two meters (red dashed line in Figure
4.7), the correlation value is p ~-0.5. As with the short circuit case described above, this is
the expected value for a short circuit on a transmission line. This will be the fault signature
for all of the faults present in the simulations for this thesis. For the case of the open circuit
(magenta line with circles in Figure 4.7), the correlation value is p ~+0.5. This will be
the end of line signature for all simulation waveforms since the load impedance for these

multiconductor transmission lines are modeled as open circuits.

4.3.1 Time Domain Derivatives
Coupling from one transmission line to another in effect high pass filters a signal. A
high pass filter is similar to differentiating a signal in the time domain. Since the STDR

signal is coupling from one line to another, the derivatives of the correlation should also
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Figure 4.7: An STDR response for a transmission line for 3 common cases: a matched
line with no fault, a short circuit, and an open circuit.
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be present in the STDR waveform. The presence of these anomalies could indicate a fault
on an adjacent wire. A test signal will propagate down a transmission line, reflecting off
a discontinuity. This reflection can then couple to an adjacent line. When correlating this
coupled signal with the original test signal, the derivative of the STDR fault signature will
be present. Figure 4.8 shows the correlation signature of a standard STDR waveform shape.
Figure 4.8 also shows the result of correlating with the first and second derivative in time
respectively. The magnitude of the derivative is several orders of magnitude smaller than
the desired fault response. Even if these waveform anomalies are present and observable,
due to their magnitude in comparison with an ideal fault signature, their presence should
not interfere with the ability to locate a fault. If the intent is to identify these first and
second derivative anomalies, their minute magnitude will be an issue if the signal has a

large variance.

4.3.2 Standard Deviation of Noise Floor
One method of detecting a fault is to simply look beyond +n standard deviations (+no)

of the noise floor in the correlation waveform where n is a scalar value. The correlation
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Figure 4.8: The correlation signatures of a 7-bit STDR sequence with itself, corr(F,F),

(top), its first derivative in time, corr(F,%—f), (middle) and its second derivative in time,

corr(F,a;TI;), (bottom).
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coefficient, p = (_Wl), should be small in the absence of a fault or coupling crosstalk
interference. Since this paper is focused on hard faults (short circuits and open circuits
where the reflection coefficient is ideally I" &+ 1), simply picking a large threshold beyond
p= (‘Wl) should isolate hard fault signatures while dismissing false faults.

To determine this threshold, a baseline configuration was simulated based on the pa-
rameters in Table 4.1 and Figure 4.2 with no faults present in the system. The load ends of
each conductor were assigned a high impedance (open circuit). An STDR test signal was
injected on wire 2 and measured on wire 1, wire 2, and wire 3. These recorded time domain
data were correlated with the original test signal. The standard deviation was calculated
from the correlated data on the aggressing wire, wire 1. The output for this simulation is
shown in Figure 4.9.

The end of the transmission line is visible on all wires in the bundle. There is also a
small anomaly in the middle of the waveform near 2.5 meters on the second victim wire as
well as the end of both victim transmission lines. The open circuit signature at the end of
the transmission line has as anomaly near the end of the transmission line at 5.5 meters.
This negative lobe protruding beyond o is due to the first derivative effect; however, it is

distorted and not of a square wave shape (Figure 4.8). As the transmission line is extended
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Figure 4.9: A multiconductor FDTD simulation output of a STDR test performed on the
4-wire ribbon cable described by Table 4.1 and Figure 4.2.
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in length and the distance between the point of excitation and the first observable fault
increases, the victim waveform variance decreases and the midline anomaly magnitude will
shrink below the threshold. As this distance between the source and load increases, the first
derivative shape at the end of the victim wires will begin to take on a cleaner first derivative
shape in Figure 4.8 rather than the distorted shape seen in Figure 4.9. The threshold for

determining the location of faults for this thesis is +o.

4.4 Results

Two configurations were examined: 1) a common reference configuration, illustrated in
Figure 4.2, and 2) an isolated reference configuration, illustrated in Figure 4.6. Several
cases are presented for the common reference configuration to illustrate and quantify the

effects of coupling crosstalk in STDR testing on unshielded discrete wire bundles.

4.4.1 Common Reference Configuration

For the common reference case, 4 scenarios were investigated: 1) an aggressor to reference
fault, 2) a victim to reference fault, 3) an aggressor to victim fault, and 4) a victim to victim
fault. The results for each test are illustrated in the following sections. In each case, there
are 3 waveforms. The signal is applied to the aggressor wire, wire 2 in Figure 4.2. The
STDR waveform for this wire appears as a blue solid line in each plot. The first victim
wire, wire 3, appears as a green dashed line and the second victim wire, wire 4, is a red line
with asterisks (*). A black horizontal line with circles marks +o for each waveform. The

standard deviation was calculated from the aggressor wire, wire 2, only.

4.4.1.1 Aggressor to Reference Fault

The first case examined is when there is a short circuit from the aggressor wire to the
reference conductor at 2.5 meters. When a short circuit occurs on a transmission line, the
signal should reflect off the fault entirely. For an ideal short circuit, 0% of the signal will
be transmitted through the fault. The aggressor wire, the faulted wire, waveform in Figure
4.10 supports this idea. There is some slight variation in the waveform near the end of the
transmission line. This is due to crosstalk coupling and reflections from adjacent wires. The
two victim wires also exhibit the first derivative shape at the end of the transmission line.
As with the matched case, if the transmission line length and the distance from the fault
to the end of the lines is increased, this shape becomes more idealized, as shown in Figure
4.8. Notice that the actual fault is visible beyond the threshold (£o) on all wires within the

bundle; however, it is largest (p=-0.46) on the aggressor wire, wire 2, which is where the
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Figure 4.10: STDR signatures from the 4-wire ribbon cable detailed in Figure 4.4 and
Table 4.1 when a short circuit (G11 >>1) is defined between wire 2 and the reference
conductor in Figure 4.2.

fault occurs. The distance of the fault is correct on the aggressor wire, while it is shifted
spatially on the victim wires. This is due in part to the signal traveling at a different VOP
on the victim wires than the aggressor wire, and also due to crosstalk coupling causing a
superposition of STDR signatures. Similar results are seen in the case of an open circuit on
the aggressor wire. The fault is visible on each wire within the bundle; however, the fault
signature on the victim wires is inverted from the fault signature on the aggressor wire.
The variance in this case is similar. For a short circuit ¢=0.1168, and for an open circuit

0=0.1126.

4.4.1.2 Victim to Reference Fault

The second case investigated was the case of a short circuit fault on a victim wire to the
reference conductor at 2.5 meters. When this fault occurs, it is easily visible on all wires
within the bundle beyond the threshold (+o) as is the end of the transmission line, shown in
Figure 4.11. The smallest fault signature (p=-0.21) at the fault location (2.5 meters) is seen
on the aggressor wire and is twice the threshold of 0=-0.1067. As with the previous case of

a fault on the aggressor wire to the reference conductor, the largest signature (p=-0.61) is
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Figure 4.11: STDR signatures from the 4-wire ribbon cable detailed in Figure 4.4 and
Table 4.1 when a short circuit (G2 >>1) is defined between wire 3 and the reference
conductor in Figure 4.2.

visible on the wire that is faulted, wire 3. If an open circuit occurs on a victim wire, wire
3, the fault is not visible on the aggressor wire, wire 2, or the faulted wire, wire 3. There
is a perturbation (p=+0.1167) on wire 4 that exceeds the threshold of 0=+0.1107. While
this lobe is barely over the threshold, it is visible.

4.4.1.3 Aggressor to Victim Fault

The third case that was analyzed is the occurrence of a fault between the aggressor wire
and a victim wire at 2.5 meters, a short circuit between wire 2 and wire 3 in Figure 4.2.
The end of the bundle is visible on all wires as was the case when no fault was present
on the aggressor wire, shown in Figure 4.12. In this situation, the fault is visible on both
victim wires but not the aggressor wire. This case also has the smallest standard deviation
as compared with the case of a fault occurring between a wire and the system reference
conductor. The fault signature present on the victim wires is also inverted. While wire
3 appears to be a normal signature shape, the waveform shape of the fault signature on
wire 4 has similar properties to the derivative correlation of an STDR waveform (Figure

4.8). The largest signature present on the bundle (p=+0.40) is on wire 4 where no fault is
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Figure 4.12: STDR signatures from the 4-wire ribbon cable detailed in Figure 4.4 and
Table 4.1 when a short circuit (G21 >> 1) is defined between wire 2 and wire 3 in Figure
4.2.

present. The fault signature is present on wire 3 (p=+0.29) where the fault occurs. There
is also a false peak (p=-0.19) at 1.95 meters, where no fault is present. This level is beyond
the threshold and can give a false reading. In this case, using a larger threshold (£1.50) is
desired. For this scenario, simply recording the data from the aggressor wire is insufficient
to detect a fault. The data from each wire within the bundle are required. The open circuit
case was not considered for this configuration as a cross resistance term holds no meaning.

An open circuit cannot occur between two adjacent conductors.

4.4.1.4 Victim to Victim Fault

The fourth and final case considered for this reference configuration is a cross fault
between two victim wires at 2.5 meters, a short circuit between wire 3 and wire 4 in Figure
4.2. For this situation, there is no excitation native to either faulted wire. Similar to the
cross fault case in Section 4.4.1.3, the end of the transmission lines are visible on all wires
within the bundle when no fault is present on the aggressor wire, shown in Figure 4.13.
This fault is not visible on the aggressor wire, wire 2, where there is no fault, or on the

first victim wire, wire 3, where the fault occurs. The standard deviation (o = 0.1048) is
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Figure 4.13: STDR signatures from the 4-wire ribbon cable detailed in Figure 4.4 and
Table 4.1 when a short circuit (G2 >> 1) is defined between wire 3 and wire 4 in Figure
4.2.

also smaller than when a fault occurs between a wire and the system reference conductor.
The lower threshold allows a false peak (p = —0.16) to occur at 1.7 meters. There is no
fault in the system at this location. This level is beyond the threshold and can give a false
reading. In this case, using a larger threshold (£1.50) is desired. For this scenario, simply
recording the data from the aggressor wire is insufficient to detect a fault. The data from
each wire within the bundle are required. The open circuit case was not considered for this
configuration as a cross resistance term holds no meaning. An open circuit cannot occur

between two adjacent conductors.

4.4.2 Isolated Reference Configuration
For the isolated reference configuration shown in Figure 4.6, two cases were investigated:
1) a short circuit on pair 1 while pair 2 is not faulted and 2) a cross fault between pair 1 and
pair 2. The cross fault is a short circuit between an excited conductor and a nonreference
conductor. The signal applied to each pair is an STDR test signal of the same PN code
length (31 bit) and frequency (200 MHz); however, the PN codes are different. The STDR

waveform for pair 1 appears as a blue solid line in each plot while pair 2 appears as a red
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dashed line. As with the common reference configuration, the black horizontal line with
circles represents the fault detection threshold (+o). The threshold was calculated as the

standard deviation of the correlation waveform from pair 1.

4.4.2.1 Excited Conductor to Reference Conductor Fault

For the case of a fault between an excited conductor and its reference, a short circuit
was assigned to pair 1 at 2.5 meters. The fault is easily detectable on pair 1, while only the
end of the transmission line is detectable on pair 2, shown in Figure 4.14. In this case, the
common signal to both conductors in pair 2, the coupled signal from pair 1, is subtracted
out and does not interfere with the ability to detect the end of the transmission line, and
similarly, the coupled signal from pair 2 does not hinder the ability to detect the short
circuit present on pair 1. For the case of an open circuit, the results are similar; however,
due to coupling crosstalk, the end of the transmission line is visible on the faulted pair. In

this configuration, the crosstalk is not detrimental to fault detection using STDR.

4.4.2.2 Excited Conductor to Nonreference Conductor Fault

For the case of a fault between an excited conductor and a nonreference conductor, a
cross conductance short circuit was assigned between pair 1 and pair 2 at 2.5 meters. In this
case, the threshold (o = .1607) increases significantly from the previous case (o = .1065)
of no cross faults present in the system. The end of the transmission line is visible on both
pairs well beyond the threshold as was the case in the common reference configuration when
no faults occurred between an excited conductor and its reference conductor. In this case,
there is a short circuit in the system at 2.5 meters; however, the fault is not visible on either
pair, shown in Figure 4.15. At the fault location, 2.5 meters, there is a waveform shape
similar to the second derivative (Figure 4.8); however, this is below the threshold and will
not be detected. In this case, the fault that is present in the system cannot be detected
using this testing method.

This chapter has investigated the use of STDR, for testing multiconductor wiring struc-
tures using a common reference to all conductors as well as using an isolated reference for
each conductor. When using a common reference to all conductors, the waveforms from all
wires in the bundle must be considered. For the case of a cross fault between an aggressor
wire and a victim wire, or a cross fault between two victim wires, the fault is not visible on
the aggressor wire and can be overlooked. Also in both of these cases, the standard deviation
(0=0.104) was lower than the other case of a hard fault to the reference conductor (c=0.107

and 0.117). This lower threshold introduced false faults in the waveform. This cross fault
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Figure 4.14: STDR signatures from the 4-wire ribbon cable detailed in Figure 4.4 and
Table 4.1 when a short circuit (G1; >> 1) is defined on pair 1 from Figure 4.6.

case is a worst case scenario. For the situation of using an isolated reference, the coupling
crosstalk is not sufficient to interfere with fault detection when a fault occurs between an
excited conductor and its reference, short circuit or open circuit. As with the common
reference case, the worst case scenario is when a cross fault occurs. This fault is not visible
on either conductor and will be overlooked in testing. In all cases, when a fault is not present
between the excited conductor and its reference conductor, the end of the transmission line
is visible.

In order to accurately detect faults on multiconductor wiring structures, both testing
methods must be considered. A fault between a conductor and its reference conductor is
easily detectable. A cross fault is not. For cross fault consideration, the only method to

detect it is using a common reference and analyzing the data on adjacent lines.
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Figure 4.15: STDR signatures from the 4-wire ribbon cable detailed in Figure 4.4 and
Table 4.1 when a cross conductance short circuit is defined from pair 1 to pair 2 from Figure
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CHAPTER 5

CONCLUSION

The contributions of this thesis are a novel approach for locating coaxial cable shield
apertures and an in depth investigation of coupling crosstalk on unshielded discrete wire
transmission lines using S/SSTDR. This thesis has presented a new method for locating
small apertures in coaxial cable shielding using a ferrite loaded toroidal sensor. This work
has included a characterization of the frequency response of the apertures as well as the
characterization and design of the toroidal sensor used for aperture localization. This work
has also investigated coupling crosstalk in S/SSTDR for discrete wiring structures for two
separate reference configurations: 1) using a common reference for multiconductor bundles
and 2) simultaneous testing of multiple pair transmission lines using an isolated reference.
The effects of coupling crosstalk were analyzed and quantified to determine the validity of

testing with these methods.

5.1 Summary of Aperture Coupling

A novel method for localization of small apertures in cable shielding is described in this
thesis. When a small hole in cable shielding occurs, electromagnetic fields can leak from
the fault. A signal is transmitted on the inside conductor of a shielded cable, where it
leaks out of the damaged shield and is received on the outside of the cable. Frays acting
as these small holes, which have a poor low frequency response and a stronger response at
high frequencies, act like high pass filters, where only high frequencies are coupled onto the
outside of the cable. This, in effect, differentiates the original signal that was on the inside
of the cable.

Through measurements and analysis, a ferrite loaded toroidal sensor was designed and
tested for locating cable shield apertures. Several small faults Ly,,; =5-15mm long and
W qur=4mm wide on RG58 coax were localized, and the sensor performed as expected.
The accuracy of the fault location with this particular sensor was +2cm on a two meter

section of RG58.



58

The minimum damage that can be detected is dependent on the noise floor of the
measurement equipment, environmental interference, and the distance of the fault from
a load or source. The worst case scenario is having a very small fault, approximately
Lfquit=1mm or smaller, and the fault being located near the end of the cable, within 10mm
of a source or load. In that case, reflections from the load or source can dominate the
reflection from the fault, and localization may not be as accurate.

Additional optimization could be done in the material selection of the sensor core to allow
for optimal use at other frequencies. The optimization performed was done specifically for
a test frequency of 200 MHz; however, this sensor can be designed for other applications

and used at any frequency with the restriction of the material dispersion.

5.2 Summary of Wire to Wire Coupling

When using a common reference to all conductors, the waveforms from all wires in the
bundle must be considered. For the case of a cross fault between an aggressor wire and
a victim wire, or a cross fault between two victim wires, the fault is not visible on the
aggressor wire and can be overlooked. Also in both of these cases, the standard deviation
(0=0.104) was lower than the other case of a hard fault to the reference conductor (c=0.107
and 0.117). This lower threshold introduced false faults in the waveform. This cross fault
case is a worst case scenario. For the situation of using an isolated reference, the coupling
crosstalk is not sufficient to interfere with fault detection when a fault occurs between an
excited conductor and its reference, short circuit or open circuit. As with the common
reference case, the worst case scenario is when a cross fault occurs. This fault is not visible
on either conductor and will be overlooked in testing. In all cases, when a fault is not present
between the excited conductor and its reference conductor, the end of the transmission line
is visible.

In order to accurately detect faults on multiconductor wiring structures, both testing
methods must be considered. A fault between a conductor and its reference conductor is
easily detectable. A cross fault is not. For cross fault consideration, the only method to

detect it is using a common reference and analyzing the data on adjacent lines.

5.3 Final Thoughts
Previous research has traditional used reflectometry only in controlled impedance situa-
tions for accurate fault detection while uncontrolled impedance cables are often overlooked.
The work in this thesis contributes to understanding how the coupling of S/SSTDR signals

affects fault detection for several situations: localizing coaxial cable shield apertures, and
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coupling crosstalk between discrete wiring structures. Further research is warranted in the
area of discrete unshielded cables to determine more efficient methods for detecting a cross

fault.
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