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Abstract—Transfer impedance is a main characteristic to
describe the shielding performance of shielded cables at least
up to 1 GHz. Traditionally, methods like line-injection and
triaxial cell have been used to characterize it at ambient
laboratory conditions. While the ambient laboratory conditions
might represent appropriate environmental conditions for some
industries, in others, like automotive, they are only a small subset
of the real conditions. Thus, there is a need to characterize
the transfer impedance over different environmental conditions.
In this article, the authors present and verify a new triaxial
cell design that is aimed to provide reliable measurements
during high thermal and mechanical stresses. First, the cell
performance is compared to a commercial cell at laboratory
ambient conditions. Then, measurements are performed with
the new cell at highly accelerated life testing conditions. Under
these high thermal and mechanical stress conditions the cell
performance is verified, and results on typical shielded cable
performance under the same conditions are given.

Index Terms—Electromagnetic compatibility, cable shielding,
transfer impedance, aging, reliability.

I. INTRODUCTION

HIELDED CABLES have been used for data transmission

for over a hundred years after Heaviside’s first patent of
a coaxial cable [1]. While some modern data transmission has
shifted to unshielded twisted pairs (UTP) and optical links,
a major part of high-speed data transmission still relies on
shielded cables.

In automotive, the future trends of electrification and ad-
vanced driver-assistance systems (ADAS) still rely heavily
on the use of shielded cables in one form or other: shielded
twisted pairs, twinaxial (an impedance controlled non-twisted
shielded pair) or traditional coaxial cables for data [2] and
shielded power cables for electrification.

In aerospace, data transmission is moving towards fiber
optics [3], but electrification keeps shielded cables on the
agenda. Especially, shielding the new medium-voltage power
distribution systems remains a concern [4].
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In the manufacturing industry, the fourth industrial rev-
olution is increasing data usage that drives communication
needs. Some of those communication links will be wireless,
some optical, but some part will remain in shielded cables.
Similarly to mobility industry, the advent of power electronics
is constantly increasing the amount of variable frequency
drives that will have applications that need shielded cables
for EM disturbance [S] and bearing current control [6].

With the aforementioned advent of the increased electri-
fication on many industries, it has become more crucial to
characterize the performance of shielded cables over their
lifetime to ensure that systems using them remain reliable.
One important performance parameter of a shielded cable is its
transfer impedance [7]. Transfer impedance of typical shielded
cables can be defined per unit-length as

zr =rp + jwlr (D

consisting of transfer resistance rp and transfer inductance I,
where both rr and [r are complex, frequency dependent
variables due to skin-effect. This model covers all the cables
studied in this paper. For solid shields, only r is relevant [8],
and I = 0. In case they have openings, /7 is not zero, and de-
pends on the shape and amount of the openings [9]. For helical
shields, as most foil shields are wound, r7 and [ are derived
from solid shield’s r7 and its internal impedance with some
helix specific coefficients applied to them [9]. For braided
shields, both terms can be defined for a single braid [10]
or a combination of two braids [11]. A theory to combine
arbitrary shield configurations is also available [9]. Often,
accurate definitions add unnecessary complexity, and both r1
and /7 are commonly treated as frequency independent real
values without significant loss of accuracy [7]. However, this
approach is not valid for shields with low 1 as skin-effect
reduces rp before the inductive impedance is large enough to
compensate for it.

Many methods have been used to characterize transfer
impedance along the years, the most important ones being line-
injection [12], triaxial [13], and reverberation chamber [14]
methods. A fairly recent listing of other methods can be found
in [15]. While it has been shown that the line-injection method
has the widest frequency range starting from DC [16], the
triaxial method has been a go-to method for many practitioners
due to its robustness and homogeneous field excitation. The
aforementioned methods have been complemented by the
reverberation chamber method that is valid from a few hundred
of megahertz to at least 10 GHz.
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Fig. 1. Overview of the triaxial measurement principle

The effect of environmental stresses to shielded cables
has been studied on the level of dielectrics to understand
the dependency of RF losses [17] and dielectric strength on
temperature [18], and other stresses like radiation [19]. Now,
the authors extend these studies to evaluate the dependency
of shielded cable transfer impedance on thermal and vibration
stresses.

In this paper, the authors present a new triaxial cell de-
sign intended for environmental testing of shielding effec-
tiveness (SE) and transfer impedance of shielded cables. The
cell design is discussed in Section II. A comparison of RF
performance against a commercial cell in laboratory ambient
conditions is drawn in Section III, and in Section IV the cell
design is verified during highly accelerated life tests (HALT)
[20]. Section IV presents typical transfer impedance responses
of shielded cables to steady-state and cyclic thermal stress,
random vibration, as well as combined cyclic thermal stress
and random vibration. Finally, aging is evaluated by comparing
measurement results of fresh samples to the ones that have
undergone the environmental test cycle.

II. TRIAXIAL CELL

Different configurations of the triaxial cell for measurement
of shielded cable transfer impedance have been analyzed [13],
and some of them are standardized [21]. An overview of the
measurement principle is given in Fig. 1, where a transmission
S-parameter So; is measured between P1 and P2. Measure-
ments can be done either by using a combination of a signal
generator and a spectrum analyzer, or with a vector network
analyzer (VNA). In the measurements of this paper, a VNA is
exclusively used.

Transfer impedance can be derived from measured Soi,

length L., and termination R;,,q of the cable-under-
test (CUT) [21]
Ripaa + Zo
27 5L, 21, (2

where Z; is the impedance of the VNA. This corresponds
to the short-circuited near-end configuration assuming high
optical coverage of the shields and electrically short L., so
that transfer admittance yr and propagation effects can be
omitted.

The design of the environmental triaxial cell is shown in
Fig. 2. The main characteristics of the cell are gathered in
Table 1. The given transfer impedance measurement frequency

(d)

Fig. 2. Triaxial cell overview as (a) fully assembled and (b) cover removed

TABLE I
TRIAXIAL CELL CHARACTERISTICS

Parameter Symbol Value
Major diameter b 90 mm
Sample length L. 25 cm
Cell length - 40 cm
Temperature range - -50°C - 120°C
Vibration range - 0 — 80grms
Frequency range for

shielding effectiveness ) 0 -1 GHz
Frequency range for B

transfer impedance ) 0 - 30 MHz

range can be extended to cover the full shielding effectiveness
frequency range by extrapolating through the first resonance
points due to the sample length [22].

The cell was constructed from 3 mm thick aluminum
sheet metal with 15 mm thick end terminations. Its nominal
internal diameter was set to 90 mm. That is the same as the
one of a commercial cell available to the authors. Thus, it
enabled direct comparisons at laboratory ambient conditions.
The diameter selection is not critical to measurement results,
as the measured transfer impedance has been shown to be
independent of the triaxial cell diameter, as long as the TEM-
wave condition is sustained [23]. Critical design choices are
discussed in Sections II-A and II-B, where the cell body and
CUT termination design are respectively addressed.
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Fig. 3. E-field strength at circular and hexagonal cross-sections of the triaxial
cell at 1 GHz

A. Hexagonal cross-section and perforations

To enable fast CUT change, the triaxial cell was designed to
be split into two halves. For light weight, the cell design was
based on an aluminum sheet metal structure. After iterations,
the traditional round design was substituted with a hexagonal
design to ease the manufacturing.

The most important features of the overall cell design are:

1) Stable characteristic impedance
2) Uniform field around the cable sample

To assess these features of the hexagonal design, a 3D FEM-
simulation was carried out. There, the hexagonal design was
compared to a round one, and E-field results at 1 GHz are
reported in Fig. 3. As the simulation result ended up with
only the TEM-mode present up to the maximum frequency
of 3 GHz, the H-field magnitude can be calculated from
the presented results with the help of the free-space wave
impedance [24]. The field distribution and strength close to
the cable sample are equal with both cross-sections. The
hexagonal cross-section shows some different field strength
pattern close to its boundaries. It means that the free air-space
between the CUT and the cell wall should be larger than the
cable diameter for all CUTs. This condition is satisfied for all
the samples that the authors plan to test in this cell.

Following the successful cross-section change, the next
challenge authors wanted to address was to improve the airflow
in the triaxial cell. A traditional closed cell will trap air inside
acting as a good insulator during thermal tests. Thus, most
of the heat would be conducted to the sample through its
mounting at the terminations. However, one of the terminations
connects the cable shield just to the center pin of the N-
connector as plastic mounting hardware and dielectric insulate
the termination structure limiting any thermal conduction to
the cable. This is a very ineffective way of thermal energy
transfer resulting in long time constants to reach thermal
equilibrium.

To improve thermal transfer by introducing proper airflow
around the CUT, a 10-by-10 mm grid of 5 mm holes was
drilled on the covers of the hexagonal cell as can be seen
in Fig. 2. The effect of this perforation was also studied
with 3D FEM-simulation. The results on E-field strength at
1 GHz across the cell in Fig. 4 show that the perforations
have minimal effect on the field distribution inside the cell,
and thus, to the characteristic impedance of the cell. Only
a small difference is seen close to the cell wall, where

T T T T T T T T

®  Circular (analytical)
Circular

Hexagonal
Hexagonal perforated

0 \}
\

Field strength (dBV/m)
Cell wall
Cell wall

-20 -10 0 10 20 30 40 50
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Fig. 4. E-field strength at cross-sections of different cell designs at 1 GHz

the E-field magnitude decreases earlier than with the solid
designs. However, it will not have a practical effect on the
measurements performed. Again, the H-field results follow the
E-field as indicated above. The reference field strength for the
circular design was analytically calculated as shown in the
Appendix following an approach given in [24] to confirm the
accuracy of the simulations.

B. Terminations and ferrules

The second topic in the cell design deserving special atten-
tion is the cable shield mounting into the body of the triaxial
cell. The quality of this joint is assessed by looking at three
design parameters:

1) Stable and low contact resistance
2) Mechanically robust structure
3) Ease of changing the sample

A stable and low contact resistance is paramount at the end
where the CUT is fed as, at that end, the termination makes a
short-circuit between the cable shield and the triaxial cell body.
Any resistance of that contact will be seen as the resistance of
the braid, and thus, as error in the measured transfer resistance.
Mechanically robust structure is needed, not only to ensure the
stability of the contact resistance during environmental stress,
but also to withstand all the stresses that the hanging cable
will exert to the terminations during vibration testing. Last,
test time at environmental testing laboratories is generally
expensive. In order to exploit it the best way possible, the
CUT sample should be easy and fast to change.

Against these requirements, four termination methods are
graded in Table II:

1) Soldering the cable shield is a robust method, but it is
difficult to make and disassemble when used with parts
that have large thermal masses, like the termination
plates in Fig. 5.

2) BNC-connector or similar quick-connect type would
provide very fast sample change possibility, but would



TABLE II
COMPARISON OF THE CABLE SHIELD TERMINATION METHODS
Characteristic Soldering | Connector | Pressure | Ferrule
Initial contact
. ++ + -- - ++
resistance
Contact resistance
e ++ + --- - ++
stability
Mechanical
++ + ++ ++ +
robustness
Ease of sample
--- ++ + + + +
change
+ + + Excellent, + + Very Good, + Good, - Fair, - - Poor, - - - Bad
TABLE III
MEASURED CONTACT RESISTANCES

Contact Resistance-to-Connector

Short-circuit termination 185 pu2

N-center-pin termination 1.87 m§2

lack robustness. An N-connector could fare better, but
would still not reach the quality of the solder joint.

3) Pressure contact can be made with pressure plates like
in the commercial cell that is used as a reference in
this paper.

4) Ferrule method uses widely available hydraulic fittings
to connect the cable shield to the triaxial cell. Cable
shield is crimped and soldered into a specifically de-
signed ferrule that is then joined to the hydraulic fitting.

Grading was made by the authors to help in the selection of the
best termination, but it is not intended to be an absolute refer-
ence. Based on it, the ferrule termination method was selected.
Fig. 5a shows the exploded view drawing of the short-circuited
termination. Fig. 5b shows the floating termination, where a
similar structure is used with the exception that the adapter is
now replaced with a blind termination that is supported with a
high-temperature (HT) plastic isolating it from the termination
plate. Note, that the thin copper rod is subject to vibration
stress, and for the sake of longevity of the test setup, a small
part of it should be replaced with a braid to provide sufficient
stress relief.

Measured contact resistances of both termination assemblies
in Fig. 5 are gathered in Table III. They were measured
from the ferrule to the N-connector body for short-circuited
termination, and from the ferrule to the center pin of the N-
connector for the floating termination. The measurements were
done with a BK Precision 2841 DC resistance meter. The
values achieved correspond to very good contact performance
and enable reliable operation of the test system.

III. RF TESTING

Initial testing of the developed triaxial cell was performed
at ambient laboratory conditions. There, two important facets
of the cell operation were tested. The cell performance with
a copper pipe calibration piece is discussed in Section III-A.
The copper pipe is of the same diameter as the rod used in the
simulation studies in Section II-A. In Section III-B, the cell

N-connector Thread Pressure
/ adapter element
/ Ferrule Nut
¥ ¥

<~—— Termination plate

()

HT plastic
Pressure

Blind \
element termination

Nut Ferrule
' \ \ \

Adapter plate

Termination plate ~

()

Fig. 5. Exploded view drawings of the (a) short-circuited termination and
(b) floating termination

performance in transfer impedance measurement of a typical
braided cable is discussed. The test results are compared to the
ones of a commercial circular triaxial cell in both sections.

A. Cell Results

The reflection coefficient measurement of the outer cell is
shown in Fig. 6. From the magnitude measurement compar-
ison it can be seen that there is no excess attenuation or
radiation from the hexagonal perforated cell below 1 GHz,
but the magnitude starts to deteriorate above it. In fact, the
performance is even better than that of the commercial cell up
to 1 GHz. After 1 GHz, the phase angle does not show strong
resonances in the cell, but instead changes slowly as a function
of frequency with only minor resonances indicated at multiples
of the first resonance frequency. It indicates that after 1| GHz
there are frequencies, where either most of the incident power
actually reflects from an impedance discontinuity between the
copper rod and the blind termination shown in Fig. 5b or
radiates from the perforation structure. The differences seen
on the reflection coefficient phase between the commercial
and perforated hexagonal cells below 1 GHz are due to slightly
different length of the cells, and are thus expected.

As a conclusion, the perforated hexagonal cell design of this
paper works comparably to the reference commercial cell up
to 1 GHz. At higher frequencies, the perforated hexagonal
cell does not illuminate the CUT correctly either due to
the termination design or the perforations as explained in
the previous paragraph. The commercial cell offers adequate
performance up to 3 GHz, where the measurement range
ended.
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B. Cable Results

The transfer impedance measurements of a generic
RG-58C/U-cable are shown in Fig. 7. Below 1 MHz, the
commercial cell shows a higher measurement value. This is
mainly due to the pressure clamp contacts employed in it to
interface with the cable shield. These clamps do not always
fit perfectly, and can exhibit an increased contact resistance.
From 1 MHz to 100 MHz the fit is excellent between the
two cells. At higher frequencies there are some discrepancies,
where first the perforated hexagonal cell seems to perform
better with the resonance peaks at the transfer inductance
envelope up to 1 GHz. The resonance points between the two
measurements are very close to each other as the measured
cable length was very similar: 30 cm for the commercial,
and 25 cm for the perforated hexagonal cell. Afterwards, the
findings of Section III-A are confirmed as the measurement
result of the perforated cell starts to suddenly drop likely due
to the weakened illumination. The results match well with the
state-of-the-art model [10].

As a conclusion, both cells are capable of measuring the
transfer impedance up to 30 MHz without resonances, and the
perforated hexagonal cell seems to follow the envelope of the
increasing transfer impedance better up to 1 GHz. Neither one
of the cells seems to provide any reliable transfer impedance
measurement above 1 GHz.
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(foil and braid)

(c) RG-58C/U
(braid)

=

(a) RG-55/U
(double braid)

(f) High voltage
(braid and foil)

(d) Coaxial
(foil and braid)

(e) LVDS
(foil and braid)

Fig. 8. Overview of the evaluated cables

TABLE IV
EXTRACTION FREQUENCIES FOR TRANSFER IMPEDANCE
ENVIRONMENTAL DEPENDENCY

Cable f for r extraction | f for lT extraction
RG-55/U 50 kHz 30 MHz
RG-58 10 kHz 500 MHz
RG-58C/U 50 kHz 10 MHz
Coaxial 300 kHz 960 MHz
LVDS 300 kHz 930 MHz
High voltage 300 kHz 10 MHz

IV. ENVIRONMENTAL TESTING

Environmental testing applied in the scope of this paper
is HALT [25]. In the field of mechanical reliability, it has
controversial nature as the test chambers are generally not
designed for absolute repeatability of the tests, but more
to provide extreme test conditions and to withstand them.
As a consequence, large uncertainty between the set and
measured values as well as thermal gradients need to be
tolerated. This means that absolute testing is better done with
other methods [20], but for the purposes of this paper the
HALT method provides great value for rapid assessment on
the feasibility of the developed triaxial cell in environmental
testing. Moreover, it can be used to do comparative tests
between different technological solutions, like different cable
shielding structures. Pictures of the evaluated cables are pre-
sented in Fig. 8 with their shield construction highlighted in
the captions. The type markings for cables (d) to (f) have been
replaced with generic terms due to confidentiality reasons.
For each cable, the analysis of environmental dependency is
evaluated at two distinct frequencies on the transfer impedance
curve so that the first one represents an area, where transfer
resistance dominates, and the second one an area, where trans-
fer inductance dominates. The selected frequencies per cable
are shown in Table IV. For three cables, transfer inductance
needed to be extracted from the shielding effectiveness region
as discussed in Section III-B. The first anti-resonance point
was used for RG-58, and the second anti-resonance point was
used for coaxial and LVDS cables.

The triaxial cell installed in a HALT chamber is shown in
Fig. 9. The chamber was setup to run a test cycle that consisted
of four distinct phases as shown in Fig. 10:

A) Temperature steps from ambient temperature to -50°C,



Fig. 9. Triaxial cell in the HALT chamber

and then to 120°C, or to the minimum and maxi-
mum tolerable temperature of the CUT according to
its datasheet, whichever was more limiting, and no
vibration
B) Five cycles between the temperature extremes used in
the previous phase with a 5-minute dwell-time at each
extreme, and no vibration
C) Increasing vibration level with a 10g,,,s step up to
80g,-ms With a 5-minute dwell-time at each level, and
at ambient temperature
D) B and C phases combined with a 10-minute dwell-
time per vibration level, and a 5-minute dwell-time per
temperature level
Generally, the cable jacket temperature followed the set tem-
perature according to a first order thermal equivalent cir-
cuit [26] with a 1-minute time constant, whereas the triaxial
cell temperature followed the set-temperature similarly with
a 3-minute time constant. Such systems are considered to
have reached a steady state after five time constants [27]. This
means that the cable jacket reached thermal equilibrium during
cyclic testing, whereas the triaxial cell did not. The exact
vibration energy transmission to the cable was too challenging
to determine reliably, and thus, it is only assumed that the
25 cm mounting span of the cable in the triaxial cell is
representative of a typical use case, like vehicle mounting.
A more thorough analysis of the achieved temperatures and
vibration levels is given in [28].

A. Thermal Tests

Representative results from thermal step tests are shown in
Fig. 11. The upper plot shows the transfer impedance of a
copper pipe with a 4 mm hole drilled on the side of the pipe
to introduce a small constant transfer inductance. Otherwise,
it is similar construction as introduced in Section III.

Below 100 kHz, the transfer impedance curves vary propor-
tionally to 1/f. This is not due to the CUT nor the triaxial
cell, but due to a well-known return-current division [13]
that depends on the transfer resistance of the test cables,
and on the loop inductance of the whole measurement setup.
As both measurement ports (P1 & P2) are connected to the
same ground reference at VNA, return current is divided
between the test cable shields proportionally to their resistance
at low frequencies causing an erroneous measurement result.
As the frequency increases, the increasing loop impedance
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forces the return current to follow the smallest loop i.e. the
shield of the injecting cable. This effect could be minimized
by using shorter test cables with better transfer resistance
characteristics, or by adding ferrites on top of the test cables
to increase loop inductance. Unfortunately, none of these
methods were available to the authors during HALT testing.
Between 100 kHz and 10 MHz, the VNA dynamic range
limited the measurement accuracy. Above 10 MHz no change
in the measurement result is seen for the 8 mm copper
pipe with a 4 mm hole. It means that the triaxial cell does
not show temperature dependency on its measurement result.
A representative transfer impedance thermal dependency graph
is given in the bottom part of Fig. 11 for the high voltage cable.

Further results for the evaluated cables are given in Ta-
ble V. There, linear regression with least squares approach
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was used to arrive at the temperature coefficients that can
be used as a simple model. These coefficients were then
normalized to enable comparison between different cables with
different magnitudes of transfer resistance and inductance. The
extracted coefficients were sufficiently stable over different
frequencies as demonstrated in Fig. 12.

Transfer resistance thermal dependency was generally be-
tween that of a copper (0.40%/°C) and an eutectic SnPb alloy
(1.0%/°C) [29]. The results were within this interval for all
the other samples except the coaxial sample. Its variation could
be explained by e.g. NiCr (0.008%/°C) [30] impurities in the
braiding causing reduced thermal dependency.

Transfer inductance thermal dependency from cable to cable
was less uniform with both positive and negative temperature
coefficients. To consider thermal expansion of materials as
an explanation for the transfer inductance change, Kley-
model [10] was used to calculate the difference in transfer
inductance as the braid diameter varied. As the Kley-model
is for single-braided cables, RG-58C/U cable was selected
as an example. Its dielectric consists of polyethylene [31],
which has a worst-case linear thermal expansion coefficient
of 3.5 -107%°C~1 [32] for the low-density variant. With
this value, Kley-model gives an average transfer inductance
decrease of 0.15%/°C. Thus, thermal expansion of the dielec-
tric seems to explain approximately one-half of the observed
transfer inductance decrease as a function of temperature.
A further study will be needed to tie the transfer inductance
better into the physical behavior of the cable.

With regards to the cell performance during rapid thermal
cycling (phase B in Fig. 10), Fig. 13 shows identical data
to Fig. 11, but just at the extreme temperatures. It must be
noted that during cycling in phase B, temperature control has
a larger error than in phase A. Generally, a £5°C error is
expected. All the dependencies were linear, and thus, any
value that is lower in the cyclic columns of Table V than the
one in the temperature dependency columns is considered to

TABLE V
TRANSFER IMPEDANCE THERMAL DEPENDENCY (TEST PHASES A AND B)

Cable Rr Lt Rr Lr

(%/°C) | (%/°C) |  (%/cycle) |  (%/cycle)

Tmin ‘ Tmaz Tmzn Tmaz
RG-55/U 0.44 0.11 -0.2 -0.5 3.3 1.1
RG-58 0.58 0.79 0.3 0.0 -10 -8.1
RG-58C/U 0.48 -0.28 -0.1 0.1 -0.4 0.5
Coaxial 0.32 -0.48 -0.2 0.2 4.7 2.9
LVDS 0.42 -0.81 0.3 0.0 -4.9 -5.5
High voltage 0.41 -0.40 1.0 0.9 -2.7 -3.6
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Fig. 13. Transfer impedance over rapid thermal cycles of phase B

present no cyclic dependency. It can be concluded that cyclic
thermal stress does not have an effect on the transfer resistance
of shielded cables with a small uncertainty on the high
voltage cable that showed slightly larger cyclic dependency
than expected. However, it has also the largest thermal mass,
which could have affected the measured results. From transfer
inductance point of view it is evident that thermal cycling
will have an effect on it with the exception of cables whose
shields consist of braid only. The reason for the inductance
change could be the movement of the foil shield, but it has
not been studied in this work.

B. Vibration Tests

Representative transfer impedance results from random vi-
bration tests are shown in Fig. 14. Here, the cell verification
was done with an RG-58C/U cable as the inner conductor
in the copper pipe moved relative to the drilled hole during
vibration making the cell validation impossible. It is seen
that the triaxial cell does not have an effect on the transfer
impedance measurement result within the random vibration
range used. Here, the representative cable sample was also
changed to the coaxial one that reacted more visibly to
vibration.

Linear least squares fitted coefficients for transfer
impedance vibration dependency modeling are gathered in
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Fig. 14. Vibration dependency of transfer impedance measured during
phase C

TABLE VI
TRANSFER IMPEDANCE VIBRATION DEPENDENCY (TEST PHASE C)

Cable | Rr (%/grms) | Lt (%/grms)
RG-55/U -0.01 0.61
RG-58 0.00 exp.
RG-58C/U 0.11 -0.06
Coaxial 1.31 exp.
LVDS 0.12 8.51
High voltage -0.06 0.19

Table VI for all the evaluated cables. It is found out that only
the transfer resistance of the coaxial cable has significant linear
dependency on vibration amplitude. Transfer inductance wise,
the regression results are more divided with some cables,
like the RG-58C/U, demonstrating practically no linear or
other dependency to vibration, to other cables like the coaxial
cable demonstrating exponential dependency. The exponential
dependency means in practice that the shield has failed during
the test in one way or another. The aging results shown
in Section IV-D are likely to explain the reason for the
exponential dependency of the transfer inductance.

C. Combined Tests

Representative results from combined vibration and thermal
cycling tests are shown in Fig. 15. The thermal transient
extremes for the coaxial cable were reduced to -40°C and
105°C due to its ratings. The copper pipe with a 4 mm hole
was used again as a reference sample. As the center conductor
was not completely fixed, transfer inductance showed some
dependency on vibration. However, the measurement results
also show the immense stress that this last test step causes to
the triaxial cell assembly. At frequencies lower than 100 kHz,
several test points show an increased measurement result.
Those increased measurement results indicate a loosened test
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Fig. 15. Transfer impedance dependency on combined vibration and thermal
cycling measured during phase D.

TABLE VII
TRANSFER IMPEDANCE COMBINED THERMAL CYCLE AND RANDOM
VIBRATION DEPENDENCY (TEST PHASE D)

Cable Ry (%/grms) Lt (%/grms)

Tin | Tmaz | Tmin | Tmas
RG-55/U 0.03 0.01 0.00 0.06
RG-58 0.03 exp. 1.19 exp.
RG-58C/U 0.04 0.02 0.04 0.17
Coaxial 0.11 exp. 9.65 exp.
LVDS 0.01 0.05 20.10 | 52.90
High voltage 0.07 0.12 -0.18 -0.28

cable at either of the N-connectors. That slight change was
the first sign of an imminent cable detachment. Thus, during
these tests, the setup needed to be repaired several times.

The coefficients for linear least squares fits of combined
transfer impedance vibration and thermal dependency are
gathered in Table VII for all the evaluated cables. They are
formatted as vibration dependencies at T},;, and 1},,, tem-
peratures. Again, the cables with braided shields seem to be
fairly immune to the combined stress, whereas the same cables
as in pure vibration tests show exponential dependency on both
their transfer resistance and transfer inductance. Interestingly,
at low temperatures, the dependency is closer to linear than
exponential. This could be linked to the fact that at low
temperatures the cable structure contracts being able to hold
the shield better in place without space for it to move due
to vibration. This effect could be seen to be confirmed by
comparing all the transfer inductance results, which show
higher linear dependency to vibration at high temperatures.



TABLE VIII
z7 MEASUREMENT RESULTS OF FRESH AND AGED SAMPLES
Cable rp (m/m) It (pH/m)
Fresh ‘ Aged ‘ Increase | Fresh ‘ Aged ‘ Increase

RG-55/U 7.8 8.0 +3% 72 10 1.4x
RG-58 107 112 +5% 49 28 4.7x
RG-58C/U 15.6 16.5 +6% 1100 | 1000 0.9%
Coaxial 444 57.5 +30% 21 230 10x
LVDS 20.8 21.7 +4% 2.1 84 40x
High voltage 34 3.7 +8% 220 130 0.6x
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Fig. 16. Fresh and aged transfer impedance measurement comparison

D. Aging During HALT

After HALT tests were finished, cables were cooled down
back to the ambient temperature as they were measured at the
beginning of the tests. Then, an additional transfer impedance
measurement was done to determine if any aging effects could
be seen on the shielding performance. The results of these
measurements are shown in Table VIII, and they can be
directly used to model the cable behavior before and after
the test cycle given in Fig. 10. Values in the “Increase’-
columns have been calculated before rounding, and might
deviate slightly from what can be calculated from the rounded
values presented. Transfer impedance graphs for two corner
cases: the high voltage cable and the LVDS cable are shown
in Fig. 16. They confirm the values reported in Table VIII.
No practical difference on transfer resistance between fresh
and aged samples is seen, but the transfer inductance for the
aged high voltage cable is slightly lower than that of the fresh
cable, whereas the shielding effectiveness region result for the
LVDS cable shows significantly decreased performance for the
aged cable due to increased transfer inductance. Results for the
coaxial cable have been previously published in [28].

The 7 increase over the test cycle was within measurement
uncertainty except for the coaxial cable. More significant
changes were seen in the /r measurements, where only the
RG-58C/U cable can be considered completely immune to the
applied aging stress. The LVDS cable with the worst aging
result was analyzed after the tests. Fig. 17a shows the cable
with jacket removed and Fig. 17b with the braiding removed.
It was observed that the braid wires had disorientation due to
motion related stress, but they were all intact. The foil shield
had teared apart completely close to both mounting points,
and had smaller tears along the cable making the foil damage
as the most probable cause of the increased .

(@ (b)

Fig. 17. LVDS cable with (a) jacket removed and (b) braid removed after
the test cycle

V. CONCLUSION

In this paper, a hexagonal triaxial cell for environmental
testing was presented. The design was analyzed with 3D FEM-
simulation, and later verified to provide good results compared
to a commercial cell at ambient laboratory conditions. Then,
it was verified to work well under both thermal stress between
-50°C and 120°C, and under random vibration up to 80¢, 5.
The temperature swing was mainly limited by the coaxial
cables used to connect the triaxial cell to the VNA as they
were limited to -55°C and 125°C. The vibration level was
close to the maximum of HALT system that was used. Thus,
it is possible that the cell design could be used above the
aforementioned stress levels.

It was shown that typical shielded cables can have either
no dependency on environmental stress, like was the case for
RG-58C/U under vibration stress, a limited dependency on the
environmental parameter, like for the high voltage CUT under
thermal stress, or a high dependency, like for the coaxial CUT
during vibration as well as combined vibration and thermal
stress. After the tests, some cables, like the RG-58C/U, did
not show any signs of aging. On the other hand, some cables
with foil shield, like the LVDS cable, showed more than a
ten-fold increase in transfer inductance, which was related to
tearing of the foil shield.

A logical next step from these results would be to de-
velop better models than the linear ones shown in this paper
— possibly taking into account more of the physical cable
features. Then, these models could be easily integrated into
system simulation to predict product EMC performance during
development. This responds to the emerging need to address
increasing safety and reliability requirements that modern
electronics systems face throughout their lifetime.

APPENDIX
TRIAXIAL CELL E-FIELD STRENGTH CALCULATION

The E-field strength

E(z,p) = =Vi®(2,p) 3)
is calculated with the help of scalar potential
V(z)ln L
®(z,p) = TQP, “4)

where p is the distance from the center of the cell, b is the
inner diameter of the triaxial cell, and a is the diameter of the
copper rod. To arrive at the correct voltage V (z) along the line,
the incident voltage wave amplitude needs to be calculated as

+ —
V= e_]ﬂz — e]ﬂz B e_]ﬂz — ejﬁz’ (5)




where z = —385mm, input power P;,, = 1W, and Z;, =
VL/C, B = 2nfV/LC are the characteristic impedance
and propagation constant of the triaxial cell configuration,
respectively. The distributed inductance and capacitance are
calculated as

b
L=Hg,2 (62)
2T a
2mey
= lnj’ (6b)

respectively with o and €y as vacuum permeability and
permittivity.
Then, the voltage V' (2) in (4) can be calculated as

V(z) = VT (e7?P7 —elP2) (7)
and the field strength in Fig. 4 can be calculated by setting
z = —195mm and sweeping p. As seen in Fig. 4, the analytical

result matches perfectly with the FEM-simulation result.
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