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Abstract

In this paper, the radio frequency (RF) behavior of mechanically stressed coaxial and for the first time also twisted-pair
transmission lines is investigated over their service life. The main goal is to enable predictive maintenance for cables in
moving applications and avoid preventive replacement. This also reduces the use of high-cost resources. For this purpose,
stranded and solid-core variants of coaxial and twisted-pair type cables are mechanically loaded on the two-pulley apparatus
according to EN 50396. Their RF transmission (S21) behavior is measured using a vector network analyzer and presented
over bending cycles. For the first time, the phase response of mechanically loaded transmission lines is evaluated with
respect to their service life. Two significant causes for the increasing attenuation and altered phase response are identified:
breakage in foil screen and increasing surface roughness on the copper conductors. The identified causes are supported with
literature evidence. Through measurements and theoretical calculations, it is proven that the phase is much more suitable for
an assessment of the remaining service life than the amplitude. The findings can be used to implement a cable monitoring
system in industrial environments which monitors the lines in-situ and reminds the user to replace them, whenever a certain

wear-level is reached.

Keywords RF attenuation - Coaxial - Twisted-pair - Transmission phase - Surface roughness - Wear-level monitoring

1 Introduction

Cables in moving applications have a limited service-life.
Thus, failure is merely a matter of time. Such breakdowns
imply downtime of the application and usually mean
loss of productivity or other economic damage. As a
countermeasure, cables are replaced on a regular basis
before their end-of-life (EOL) is reached. This creates
downtime and cost that can be averted if a monitoring
system is in place. A further environmental benefit is the
reduced need for copper. As with many mineral resources,
it is known that the extraction of copper has caused dire
ecological consequences [1] and continues to do so [2, 3]. In
summary, economic and ecological potentials can be raised
if the replacement of lines, which are still in working order,
is prevented. Demand for copper is at an all-time high and
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will continue to rise in perspective [4, 5]. Therefore, and
due to the increasing environmental impact of copper [5],
preventive replacement is ecologically and economically not
advisable. In the future, a predictive maintenance approach
will be used to make optimum use of the service life of a
cable in its application. For the successful application of this
approach, a measured value that provides information about
the current/actual wear condition of the cable is a mandatory
prerequisite.

The transmission properties of conductors can be
measured in-situ with appropriate methods and can thus
be used to evaluate the condition of the conductor during
operation. In addition, a combination of an embedded
conductor and evaluation electronics can serve as a sensor
system to evaluate the condition of the surrounding material
such as natural fiber composites [6].

As a solution, the evaluation of the transmission properties
at high frequencies is presented here. For connectors, it is
known that the RF parasitic phase modulation originating from
mechanical movement increases over the connectors mating
cycles [7]. However, this damage is limited to a small section
of the transmission line compared to the utilized wavelength
and is thus only partly comparable to a cable which is loaded
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over a wide area. While [8] states, that parasitic amplitude and
phase modulation occur for cables under motion, the long-term
behavior over the conductors service-life was not regarded yet.
The idea for monitoring the RF amplitude of a mechanically
stressed cable over its service life was first proposed by Ehlenz
[9] as part of his doctoral thesis. An initial verification of the
approach using RG58 cable indicated measurable changes in
transmission under bending load [10]. While [9] only suggests
roughness as a cause, in this paper more comprehensive
investigations of the lines are conducted to provide a holistic
view of the mechanical wear behavior and thus the causes
of attenuation. Consequently, two main reasons for increase
of transmission attenuation are identified. In addition, the
influence of the measurement frequency used will be presented
in more detail to investigate a possible “ideal” measurement
frequency for future applications.

Measurements are conducted on two selected coaxial
conductors and the behavior is confirmed on two types of
twisted-pair conductors. The refined measurement setup
allows for the failure behavior to be characterized more
precisely. In addition to transmission loss, transmission phase
is shown for the first time for evaluation in complex wear
situations and explained based on theoretical calculations
and practical observations. As already shown several times
on different examples such as coaxial lines and PCB traces
[11-15], especially the roughness of conductor materials
has a proven influence on the RF properties. Therefore, the
measurement results are particularly contrasted with the
measured RMS roughness Sq, which is evaluated as a potential
cause, alongside a detailed optical inspection.

2 Methods
2.1 Fundamentals

As [16] shows, it is assumed that the skin effect has a purely
resistive effect. Therefore, a sensitivity analysis is conducted
to show the theoretical influence of an increasing resistance
per unit length R on the complex propagation constant y. The
equation for a general transmission line is given by:

Y= VR +jol')G +joC’) (1)

Equation 2, for the case of a lossless transmission line
(R"'=G'=0), is reduced to:

Yo = VjoL - joC = jo

In this case the characteristic impedance Z,, is given by:

L'C =jBy 2
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For high frequencies and low losses (R'<< oL, G'<<»C’),
acommon [17, p. 17, 18, p. 170, 19, p. 63] approximation for
the real part o =0 + 0 is:
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According to [17] the phase constant can be identified for
the lossy transmission line case by using the 1% order terms of
a Taylor series expansion of the propagation constant and the
characteristic impedance:

1 R IR
= I+>— ) =0Z,C' + ==
p ﬁo( 2mL’> wZg 27, (6)

The sensitivity of a and f to variations in R’ (caused by an
increasingly rough surface e.g.) can be evaluated by forming
the partial derivative with respect to R":
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Thus, attenuation and phase-shift are to be expected
in transmission measurements of rough conductors. The
mathematical solution suggests that an increase in surface
roughness in combination with the skin effect equally affects
phase and attenuation constant, but phase alterations are
easier to detect than amplitude alterations. This can easily be
demonstrated, when the propagation constant of a conductor
(decomposed for attenuation constant a and phase constant [3)
is compared to the uncertainty of the measurement equipment.
For the CLF200 specimen (Z,=50 €, 1=0.6 m, C'=80.3
pF/m, L'=0.2 pH/m, R"=33.7 Q/km, G’'=13.5 mS/km)
described later, the following values can be calculated (cf.
Egs. ()—(6)):
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arg(S,,) = pl ="72.6rad = 4,163° (13)

The datasheet of the utilized VNA (described later) states
a measurement uncertainty (transmission, >2 MHz, Level
Range -40 dB to 0 dB) of 0.14 dB and 1.4°. Thus, even
if the sensitivity of alpha and beta towards changes in the
resistance per unit length is equal, the impact on beta is
more valuable, as phase alterations are easier to detect. This
hypothesis will be discussed in the following results.

2.2 Specimens

Impedance-controlled lines of different configurations were
used as test subjects: In accordance with [10] coaxial cables
with a characteristic impedance of 50 Q were used. While
measurements on rigid conductors usually yield faster
results and show less scatter, stranded conductors must
also be considered for more generally valid statements. The
coaxial test subjects therefore include CLF200 [20] with a
solid inner conductor and Hyperflex 5 [21] with a stranded

inner conductor. Both subjects have a foil shield and at least
one braided shield as return path in a coaxial arrangement.

For twisted-pair cables (Z,=100 Q), the procedure is
similar: Cables with S/FTP construction and four pairs of
Category 7 conductors are used. “Helukat 600 has solid
inner conductors of approximately 0.259 mm? consisting
of pure copper (S/FTP 4 x2Xx AWG 23/1) [22]. The test
specimen with stranded inner conductors “Helukat 600 flex”
has a total electrical cross-section of approximately 0.128
mm? consisting of seven wires (S/FTP 4 x 2x AWG 26/7)
[23].

2.3 Generation of Defects

The two-pulley apparatus according to EN 50396 [24] was
used to induce homogeneous mechanical load to all test
subjects. The standard describes non-electrical tests on
moving cables and lines. The associated apparatus enables
homogeneous loading of the test subjects over at least 60 cm
with scalable test speed. Because of the two-pulley setup,

Fig.1 Block diagram of the
measurement setup; a. shows RemmnmeEsey a
the setup for 50 Q subjects, b { Portl L )
e setup for subjects, b. i
for 100 Q subjects { JpeM | | NsBNG
or subjects | connector
Z=50Q Z=50Q
e T
" | PRI Py L
I 1 Ca. 2x 65cm
v 1 !
N " 6m 1 <= pulley mp | 1 Two-sided bending zone
A 1 Z=50Q | apparatus | 1 Ca. 60cm
I I
L | o |
i Port2 ||
v TypeN N < BNC
| connector
| R -
Z=50Q Z=50Q
\ Port | [ | — A b'
E Type N N < SMA SMD Pad
| connector
Z=50Q Z=50Q 50Q < 100Q
(Balun) I— = wmimp g
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three sections with different loading exist (see Fig. 1). The
specimens experience a single-sided bending in the two
outer sections resulting in a partially loaded conductor. The
inner section is bent in both directions and is thus damaged
more. All analysis focus on the inner section as breakage
occurs here first. However, it should be noted, that during
electrical measurements, the partially damaged areas cannot
be excluded and are therefore measured alongside the inner
section.

The setup allows a reproducible and scalable assembly of
wear patterns, especially by adjusting the roller diameters to
suit the respective test subjects. Comparability of the damage
behavior is given, since according to the Euler—Bernoulli
beam theory there is a correlation between specimen
diameter and radius of curvature [25, p. 171]. Specifically,
smaller rolls should be used on the bending machine for
stranded inner conductors to ensure comparable mechanical
bending stress between specimens.

Since specimens on the two-pulley apparatus are
subjected to a tensile force by the loading weights,
elongation of the specimens is to be expected. Therefore,
a length measurement is made by means of a wire-draw
encoder at both ends of the specimen. The elongation 1 is
calculated from the sum of the two measured values 1,, 1,
minus start value 1

I=1+1 -1 (14)

To systematically record causes of the measured
attenuation, all test specimens are dissected layer by layer
according to their structure from the outside to the inside.
This is done in a graded manner according to cycles to
document the temporal progression of the damage and is
captured pictorially.

2.4 Definition End-of-Life (EOL)

For this paper, the electrical properties are to be plotted
against the mechanical wear condition of the conductor. To
enable this, it is first necessary to define the EOL condition
corresponding to 100% wear or 0% remaining service life.
This point is determined by loading the test specimen with
the appropriate parameters on the two-pulley apparatus
until electrical continuity is interrupted. All conductors
of each specimen are connected in series for this purpose.
The continuity measurement is carried out with the Bender
GM420 loop monitor [26] at 20 mA DC current. Since the
resistance of thin data lines alone can already reach a few
10 ohms including connectors etc. and in order to guarantee
tripping only in the event of breakage, the trigger threshold
is set to 50 Ohm for the loop resistance and a trigger delay
of 0 s is set. Monitoring of the DC continuity is adequate
because with the smallest interruption in energy or data

transmission at the latest, the cable is no longer considered
functional in the application and needs to be discarded.
The number of completed cycles of the apparatus, in the
moment when loop monitoring is triggered, is then set as
100% mark (EOL). Since there is some variance from test
to test even within the same batch, the values from multiple
measurements are averaged. The number of subjects from
which the EOL value is calculated is given in each case
along with the standard deviation. Gradations between a new
conductor and a defective conductor are created according to
percentage of the maximum number of cycles.

2.5 RF Setup

The block diagram of the electrical measurement setup
for lines with a characteristic impedance of 50 ohms is
shown in Fig. 1a. A PicoVNA 106 from Pico Technology
[27] is used as vector network analyzer (VNA). The
widest possible frequency band from 10 MHz to 6 GHz
was chosen to acquire the values. Within this frequency
span, 5001 frequency points are resolved. No averaging
is performed, but all values were confirmed mesuring a
second sample. The VNA is calibrated in advance using the
FSH-Z28 standard from Rohde & Schwarz for open, short
and load. A 1.829 m long test lead of type Sucotest 18 [28]
serves as through standard. The calibration plane is thus
at the level of the connectors of the VNA. For all result
plots, a measurement of the respective new subject is used
as a reference and all subsequent measurements are shown
relative to it.

For the adaptation of the measurement equipment to
twisted-pair lines with a characteristic impedance of 100
ohms, an impedance matching element is required. This
is formed by a balun (type Macom MABA-011100 [29])
located on a custom PCB (cf. Fig. 2) inside a shielded
enclosure near the two-pulley apparatus. An O-type
attenuator of 6 dB is also located on the PCB to suppress
reflections. The associated block diagram is shown in
Fig. 2c. This PCB is also used to ensure proper contacting
of a pair of conductors from the twisted-pair composite. This
is done by clamping the conductors onto the exposed pads
with a PTFE block (see Fig. 2b). Since this connection is
not exposed to movement or mechanical forces and remains
unchanged until the end of the tests, the evaluation of the
repeatability of the electrical connection was omitted.

Both magnitude and phase of the forward wave gain (S21)
are evaluated for this paper. To compensate for inadequacies
in the setup, all measured values are presented relative to
the reference measurement. This is carried out with a new
conductor, which is placed in the ready-to-use apparatus at
the beginning of the measurement series. Compromising
of contact points is excluded by maintaining the contact
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Fig.2 Impedance matching PCB with attenuation network for measurement of 100  specimens

over all measurements and not moving the setup (except
for the moved conductor section). After every n cycles, the
movement sequence is briefly stopped for the time of the
measurement and then continued.

2.6 Optical Inspection

For the systematic analysis, specimens are disassembled step
by step after 100% of the cycles on the two-pulley apparatus.
In the corresponding figures, the individual stages of the
disassembly are shown for the new conductor and for the
loaded conductor side by side.

The development of roughness on the surface of
mechanically loaded conductors is known to be a key wear
mechanism [6]. In this paper, the measured attenuation
is compared to the roughness at the conductor surface.
Corresponding measurements are carried out with the
aid of the confocal Microscope Confovis Toolinspect S
[30]. Evaluation of the 3D data of the surface texture are
performed with MountainsMap software from Digital-Surf.
The surface is first aligned to remove possible errors caused

@ Springer

by tilting of the specimen relative to the image plane. Areas
with insufficiently dense datapoints are excluded from the
measurement. Subsequently, the shape is removed from the
dataset with a fourth-degree polynomial. The roughness
parameter Sq is subsequently calculated for the processed
surface. Compared to popular line-based roughness Rq, the
choice of the area-related value Sq offers the advantage that
the choice of the underlying line profile is omitted and thus
has no influence on the measured values.

Sq = \/%//Azz(x, y)dx dy

The definition of the area-related RMS roughness is
shown in (15).

Macroscopic pictures are acquired using a Leica M205 C
stereo microscope [31].

s5)
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3 Results
3.1 Attenuation of Transmission

Loading of all specimens was carried out on the two-pulley
apparatus according to EN 50396 as mentioned in chapter
II. Cables with solid (inner) conductor (CLF200, Helukat
600) are treated with a roller diameter of 80 mm and samples
with stranded (inner) conductors (Hyperflex 5, Helukat 600
flex) with 35 mm rollers. For all subjects, 1.5 kg of loading
weight was applied, acceleration was set to 4 m/s?, velocity
to 0.5 m/s and a current of 20 mA was applied for continuity

Table 1 EOL mean cycle count for all test subjects, number of sam-
ples tested and standard deviation

Subject No. of Mean cycles  Standard
samples to EOL deviation of
tested mean cycles

CLF200 3 731 29 (4%)

Hyperflex 5 4 1126 90 (8%)

Helukat 600 3 1753 121 (6.9%)

Helukat 600 flex 5 803 135 (16.8%)
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measurement. Results of the determination of the EOL cycle
count are shown in Table 1.

Results of the attenuation measurements for all specimens
are summarized in Fig. 3. Selected measurement frequencies
are shown color-coded. As expected, attenuation increases
with frequency for all samples with the exception of 2.4 GHz
on the CLF200 specimen (Fig. 3a). The deviation is expected
to be an outlier caused by interference with wireless LAN
service in the test area. The observed increase in attenuation
is significant for all subjects compared to ripple in the
graphs. A separation of 2.5 dB to 3.5 dB between a new
and an EOL conductor is reached for the coax-type subjects
and 8 dB to 10 dB can be observed for twisted-pair samples
when using a test frequency of 4.8 GHz. As the most distinct
results are achieved at highest frequency of 4.8 GHz, further
analysis focuses on the data related to this frequency.

The influence of mechanical load on the transmission
loss is apparent for all graphs in Fig. 3. Unlike expected,
attenuation does not increase monotonically with cycles on
the loading machine for all specimens. A clear stagnation
of the measured values can be observed for Hyperflex 5
(Fig. 3b) and Helukat 600 (Fig. 3c). Especially the early
stagnation for Helukat 600, starting at approx. 400 cycles of
loading, may represent a challenge that cannot be neglected
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Fig.3 Magnitude of Forward wave Gain (S21) of CLF200 (a), Hyperflex 5 (b), Helukat 600 (c) and Helukat 600 flex (d) plotted against cycles

on two-pulley apparatus for different frequencies (color-coded)
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for future applications as it prevents the use of this value to
evaluate the wear-level in-situ. Notably, the stagnation is
present for all presented frequencies.

Sudden and steep increases in attenuation at high cycle
counts for Hyperflex 5 (Fig. 3b) and Helukat 600 (Fig. 3c)
are explained by breakdown of the respective conductors
(continuity interrupted).

3.2 Transmission Phase

A more significant influence of aging on the transmission is
shown in Fig. 4. The phase responses of all specimens are
plotted alongside the measured elongation. The measured
phase is composed of a mechanical and an electrical
elongation of the cable. The mechanical elongation was
measured with the above- mentioned wire-draw encoder and
the data was smoothed with a moving average filter (length
of the sliding window: 10 values). From the length, taking
into account the velocity ratio, an equivalent phase for a
frequency of 4.8 GHz was calculated and also plotted. It can
be seen for all subjects, that the measured phase by no means
solely arises from the mechanical elongation. According to
[17], the roughness has a significant influence on the phase.

S21[°]
H
elongation [mm]

0 100 200 300 400 500 600 700 800
cycles

S21[°]

12

w
elongation [mm]

11

L L 1 i 0
0 500 1000 1500 2000
cycles

150 MHz 500 MHz 828 MHz 1.6 GHz 2.4 GHz

3.2GHz

The derived gradient model shows a clear mathematical
influence of the location-dependent conductivity on beta
of the propagation constant in the transmission line model.
Analogous to the mechanical elongation, this phenomenon
can be called electrical (or virtual) elongation.

What is particularly striking is that for all specimen,
the steepest slope can be found within the first 100 cycles.
This can partly be explained by settling processes where
the cables react to the applied tension (from loading
weights) with changes in the axial and radial geometry.
As geometry of the cable mainly defines its characteristic
impedance and propagation constant, slight changes in
geometry directly translates to an altered impedance [32,
33], which is a local mismatch and thus leads to losses in
transmission. This behavior corresponds to the observed
attenuation for Hyperflex 5, Helukat 600 and Helukat 600
flex in Fig. 3.

Figure 4 also reveals the absolute elongation for the
different specimens over mechanical load. Cable types
that are intended for moving application experience a
considerably greater strain than their corresponding
counterpart. At first glance, this is contrary to general
expectation, since the thicker solid cores have a higher
strain reserve. The reason for this behavior is a shift of
the strands in the inner conductor due to the bending load

elongation [mm]

0 100 200 300 400 500 600 700 800

elongation [mm]

. . . \ . . o
0 100 200 300 400 500 600 700 800 900
cycles

Phase from elongation

48GHz = == o1culated @4.8 GHz)

4.0 GHz —elongation

Fig.4 Phase of Forward wave Gain (S21) of CLF200 (a), Hyperflex 5 (b), Helukat 600 (c) and Helukat 600 (d) flex plotted against cycles on

two-pulley apparatus for different frequencies (color-coded)
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Fig.5 Elongation of HO7V-U (one in 200 datapoints marked with a
circle) and HO7V-K (one in 200 datapoints marked with an asterisk)

according to EN 50396. The constant tensile load finally
ensures that the stranding changes and elongation of the
cable becomes possible. This behavior is not possible for
test specimens with a solid inner conductor, which is why
a significantly lower elongation of the cable is observable.
This unintuitive behavior was additionally investigated and
confirmed on conductors of type HO7V-U and HO7V-K
(see Fig. 5).

3.3 Optical Analysis of Specimens

To illustrate the causal factors, the coaxial specimens are
systematically disassembled as described in the chapter
Methods. As twisted pair specimens basically show the same
behavior, the presentation of these pictures is omitted.

3.3.1 CLF200

The first electrical layer is the screen, which is composed
of braided tinned copper braid and an aluminum foil tape.

Figure 6 shows all relevant layers of the CLF200 subject.
Pictures labeled with “a” followed by a number show a new
sample, pictures starting with “b” show a sample that has
reached EOL. The braid (Fig. 6al, bl) does not show any
mechanical wear such as abrasion or breakage. The relative
area covered by the screen (degree of coverage) remains
unchanged as well.

The foil screen as depicted in Fig. 6b2, b5 shows signs of
abrasion. However, the lack of chips and metallic dust inside
the sheath prove that no significant material removal took
place. The marks can be regarded similarly to roughness on
the surface of a conductor that originates from intrusion and
extrusion. However, these marks are facing away from the
inner conductor. Considering skin and proximity effect for
the geometry of a coaxial cable, the highest current density
can be observed on the edges of the conductor that faces
its counterpart [34, p. 389]. For the foil screen, most of the
current will flow on the side facing the inner conductor. As
the skin depth for 2.4 GHz is roughly 1.4 pm, the outfacing
roughness on an approx. 30 um thick foil will not contribute
significantly to any attenuation.

Upon inspection of the gas injected polyethylene foam
dielectric (Fig. 6a3, b3) no difference between a new and a
loaded specimen can be identified.

The inner conductors show a significant increase in
surface roughness from the new state (Fig. 6a4) to the EOL
state (Fig. 6b4). This roughness is inspected in more detail
in chapter Surface Roughness. It represents the only relevant
wear mechanism for this type of cable.

Fig.6 Sample a represents the new conductor, sample b the one after 761 cycles on two-pulley apparatus. FiguresX 1 show the braided
shield, X 2 the foil shield, X 3 the insulation, X 4 the conductor and X 5 unrolled outside of the foil shield
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Fig.7 Hyperflex 5 subject; Sample a new, sample b in EOL condition

10 cyc.

Fig.8 Breakage of the Hyperflex 5 foil screen can already be
observed after 10 cycles on the two-pulley apparatus

3.3.2 Hyperflex 5

The double braid of the loaded Hyperflex 5 specimen only
shows minor breaks in the strands of the braid (Fig. 7bl
Mark I). The foil shield is broken several times almost in a
ring (Fig. 7b2 Marks I-III). It is only partially held together
by its flexible polyethylene coating, which can be seen
particularly well in Fig. 7b5 Mark 1.

The indentations of the fractures in the foil screen
are equally found on the foamed polyethylene dielectric
(Fig. 7b3 Marks I-1V). This is a state of inhomogeneous
damage, resulting in discontinuities for wave propagation.
Due to the compromised geometry, local deviations of
the characteristic impedance are likely but small in their
influence compared to a ruptured conductor. The large
number of fissures in conjunction with the irregular
arrangement (cf. Fig. 7b5 dashed line as well as Fig. 7b3
Mark I-IV) and the small spacing (s <A/10) make these
defects appear as broadband attenuation instead of discrete

@ Springer

notches in the amplitude response when plotted over
frequency (compare Fig. 10).

With finer grading of the cycles, it can be observed that
these fissures already appear in specimens with 10 cycles
of loading and only slightly increase in number or widen up
afterwards (see Fig. 8). In the outer conductor, the current
density becomes maximum towards the dielectric [34], so
that with the cracks the maximum layer contributing to the
conductivity is interrupted or at least to be considered as a
sectionally layered structure. Since grooves transverse to the
current direction have a stronger effect on attenuation than
those longitudinal to the current direction [35], the same
can be assumed for incomplete fissures. Hence, transversal
fissures are the dominant influence compared to the small
number of breakages in the braid. Moreover, it is known
that despite potentially different conductivities of braid and
shield, both skin and proximity effect dominate the current
distribution in multilayer coaxial setups [36]. The structure
with broken shielding resembles a “leaky cable”, where
the injected energy is partially radiated at the respective
damaged points and thus cannot be transmitted entirely.
Therefore, fissures in the foil screen are identified as cause
for the strong changes in the frequency response between 0
and 100 cycles in Fig. 3. Figure 7b4 shows a slight increase
of surface roughness, which is further investigated in section
Surface Roughness.

3.4 Surface Roughness

As shown by [11-15], roughness has a proven influence on
the RF performance of transmission lines. Therefore, surface
roughness measurements are conducted on all specimens.
Performing adequate measurements is challenging
for stranded specimens because of (partially severe)
deformation (unrounding and burrs) of the strands due to the
stranding process in the course of wire production. No valid
measurement could be performed on Helukat 600 flex due to
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its severe deformations in combination with the small strand
diameter of approx. 150 um. In order to perform comparable
measurements, the shape of all samples of Hyperflex 5 type
(diameter of approx. 300 pm) was removed by a polynomial
of the 8™ degree, in deviation from the method described.
Comparisons between the measurement results of different
samples are therefore only possible to a limited extent.
However, the values within the sample are suitable to show
the course of the development of roughness.

Examinations with the confocal microscope show a clear
increase in roughness over the number of loading cycles (cf.
Fig. 9) for all specimens. In particular, a monotonous but
non-linear progression of the roughness can be observed,
as has already been demonstrated with conductors of the
HO7V-U type [37]. Explanations for the origin of the
roughness as well as the non-linear behavior are also given
in [37] and will therefore not be further elaborated here.

For CLF200 (diameter 1.1 mm) absolute values for
RMS roughness increase from Sq=0.24 pm in new state to
Sq=1 um at EOL, which corresponds to a factor greater than
4. Measured strands from the Hyperflex 5 subject increase
in roughness from Sq=0.28 um to Sq=0.61 um. That
increase still corresponds to a factor of 2. The roughness on
solid cores of Helukat 600 specimens increase from 0.12 to
0.18 um, which is equal to a factor of 1.5.

It seems reasonable to assume that the resulting absolute
roughness after mechanical load is proportional to the
diameter of the conductor. This makes sense since larger
conductors experience higher stresses in their edge region
and more material is available for in-/extrusion. However,
this link is beyond the scope of this paper and requires
further experimentation and consultation of the relevant
literature.

In qualitative terms, approximately doubling of the
roughness parameter Sq can be observed. In comparison
with the attenuation curve, it must be concluded that the

ring-shaped cracks are the dominant influence at low cycle
numbers and that the continuous increase in roughness over
the course of loading is therefore not sufficient to explain the
significant increase of attenuation.

4 Conclusion and Discussion

The transmission behavior of mechanically loaded cables
was investigated. Transmission properties are intended
to evaluate the remaining service life of cables in
moving applications measurable in-situ. In addition, this
measurement principle enables the use of cables as a sensor
[6]. Due to the high frequencies required, the investigations
were carried out on impedance-controlled lines. For the
first time, not only coaxial but also twisted-pair types were
investigated for their transmission characteristics over
service-life. Both, lines with stranded (Hyperflex 5, Helukat
600 flex) and types with solid inner conductors (CLF200,
Helukat 600), were used as test subjects. A detailed
analysis of the coaxial cables concluded, that two different
mechanisms are responsible for attenuated transmission:
Roughness and fissures in the foil screen.

The effects of a change in resistance per unit length
(for example, due to a resistive nature of roughness) were
carried out by a brief analysis of sensitivity in chapter 2.1
Fundamentals. The result states that magnitude and phase
should be equally sensitive to changes in resistive per unit
length while phase changes are easier to detect. An effect of
the mechanical load on the magnitude of the transmission
was clearly shown in the measurements, but the specimens
(with the exception of the Helukat 600 flex) do not show
sufficient slope in the range of interest for a preventive swap
around 80% EOL for example. Thus, a robust evaluation of
the magnitude alone would be challenging for an industrially
deployed system.
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Fig. 10 3-D surface plot for
CLF200; Attenuation plotted
against frequency and cycles

S21 [dB]
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Following the argumentation of [15], the transmission
phase was considered for the first time. Although it is
superimposed by the elongation of the test subjects due to
tensile load, the graphs clearly show that this elongation
cannot be the sole cause. Thanks to the higher slope towards
the EOL it can be concluded, that the phase is more suitable
than the magnitude for determining the remaining service
life of cables in moving applications.

A detailed optical inspection revealed another wear
mechanism that is especially relevant for high-frequency
measurements. The screen of Hyperflex 5, which is relevant
for guidance of RF waves, showed distinctive fissures after
only a few cycles. These manifest in strong changes of
magnitude and phase of the transmission. The observations
are in agreement with the theoretical consideration of the
sensitivity and were confirmed (principle of a "leaky cable")
by external measurements of the shielding attenuation
according to IEC 62153—4-4 (triaxial method). Comparisons
between a new and an EOL specimen showed an average
difference of 44 dB in screening attenuation throughout the
range of 100 kHz to 3 GHz.

The gradient model developed in [17] suggests, that
especially an increased surface roughness leads to an
altered phase response. While the findings were based on
investigations of the underside of PCB traces towards the
substrate, comparable current displacement effects can occur
in coaxial and twisted-pair conductors. An examination
of the formation of roughness on the specimens showed
that this is only really pronounced for CLF200 and can be

@ Springer
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regarded here as causal for the attenuation. The Hyperflex 5
still shows a measurable increase in roughness, but the effect
of the broken screen predominates. The same applies to the
two twisted-pair test subjects. Presumably, the magnitude
of the resulting roughness is related to the diameter of
the specimen. This interesting relationship should be
investigated further.

The measurement of the transmission, especially the
phase, proves to be suitable to measure the wear-level of
transmission lines in-situ. There is a wide range of potential
applications. In addition to obvious applications such as
energy chains or robot arms, supposedly immobile cables
and lines (overhead line, underwater cable ...) are also
possible. If the cable itself is used as a sensor and embedded
in another material to monitor its condition, numerous other
fields of application arise.

Another conclusion of the investigations is that the
various influences can be described qualitatively well,
but quantified poorly. This is due to the sophisticated
architecture of the cables investigated. A better separation
of the influencing factors should therefore be achieved in
future by using a test socket. In it, individual wires can be
brought into an impedance-controlled configuration. The
influences can be separated and quantified by selectively
changing individual variables such as roughness without
influencing other variables such as geometry.

The series of measurements showed that the effects
become stronger with increasing frequency. Therefore, the
focus in the evaluation was set on 4.8 GHz. However, the
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frequency cannot be increased indefinitely. With increasing
frequency, problems with waveguiding grow as e.g. local
reflection dominate the results and higher order modes aside
TEM may arise. Higher frequencies might be helpful for
gaining a high spatial resolution for troubleshooting (see
TDR), but for imperfect transmission lines such as standard
twisted pair Ethernet cables, these frequencies are hardly
controllable. In the present case, results had to be discarded
for the twisted-pair candidates at frequencies above 5 GHz.
Ideas of matching roughness and skin depth to find an ideal
measurement frequency could not be pursued. As Fig. 10
shows, local maxima and minima exist, but don’t correlate
to the development of roughness or the cycle count despite a
frequency resolution of 1.198 MHz in a measurement range
from 10 MHz to 6 GHz.
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