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Abstract

The design of screened and unscreened single-pair Ethernet cables
(SPE cables) intended for a specific application (10Base-T1,
100Base-T1, 1000Base-T1) was investigated in terms of its
shielding characteristics. The cable and the test setup, which was
intended for later evaluation, were modelled as a digital twin in a
3D simulation program for electromagnetic waves.

By modelling the measurement setup in accordance with the IEC
62153-4-7 standard, it was possible to determine the required
characteristics of radiation behaviour and balance in accordance
with the relevant standards and to compare them with the required
limits.

In addition to analysing the behaviour of the cable with nominal
dimensions, a tolerance analysis was carried out based on the
permissible electrical tolerances. By visualising the electrical
fields, the causes of the measured behaviour could be identified.

Once a prototype had been made, the characteristics of the SPE
cable were measured in the laboratory using the triaxial method.
The result of the measurement was between the simulated values of
the nominal and the worst case geometry. This confirmed the
simulated screening behaviour.

Keywords: Single Pair Ethernet; SPE; EMC; Coupling
Attenuation; Low frequency coupling attenuation; Screening
attenuation; LFCA: Simulation; Triaxial Test Procedure

1. Introduction

Single Pair Ethernet (SPE) technology, based on transmission
standards according to IEEE 802.3cg, is being implemented at
various applications, e.g. in new generations of automobiles, where
it can replace CAN and other bus systems. In the industrial sector,
SPE offers an alternative to existing fieldbus systems.

In SPE applications, higher symmetries and coupling attenuations
are required for SPE cabling systems compared to the classical
Ethernet environment.

The coupling attenuation ac of SPE cables, connectors and
assemblies as measure of their EMC behaviour can be measured
according to IEC 62153-4-7 and, if necessary, optimised step by
step. However, this requires several complex sample designs.
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Instead of several sample designs, appropriate 3D electromagnetic
simulations of the performance and EMC of SPE cables during the
development process will save time and money.

Both the simulation and the verification/measurement of the EMC
performance on the finished connector or cable should be carried
out using the same method, in this case the triaxial method
according to IEC 62153-4-7.

2. SPE Cables and Connectors

The following table gives an overview of SPE standards for cables
and connectors describing the transmission characteristics and the
requirements for unbalance attenuation (symmetry) and coupling
attenuation.

Table 1. SPE cable and connector standards
IEC Standards

Description

Multicore and symmetrical pair/quad cables
for digital communications

61156-11 Part 11: Symmetrical single pair cables with
transmission characteristics up to 1,25 GHz -
Horizontal floor wiring -  Sectional

specification

61156-12 Part 12: Symmetrical single pair cables with
transmission characteristics up to 1,25 GHz -

Work area wiring - Sectional specification

61156-13 Part 13: Symmetrical single pair cables with
transmission characteristics up to 20 MHz -
Horizontal floor wiring -  Sectional

specification

61156-14 Part 14: Symmetrical single pair cables with
transmission characteristics up to 20 MHz -

Work area wiring - Sectional specification

Connectors for electrical and electronic
equipment - Shielded or unshielded free and
fixed connectors for balanced single-pair data
transmission with current-carrying capacity -
General requirements and tests

63171 Series

IWCS Cable & Connectivity Industry Forum, October 14 — 17, 2024 in Providence, RI, USA


mailto:ralf.damm@bda-c.com
mailto:bernhard.mund@bda-c.com

3. Simulation and Analysis

3.1 Motivation

a) The realistic presentation of quantitative results such as screening
attenuation as, coupling attenuation ac and transfer impedance Zr,
depending on whether shielded or unshielded systems are considered.
It shall be assessed whether the design meets the requirements of the
application with the existing limits for the above parameters.

b) Visualisation of interference points and areas where shielding is
inadequate. This input is particularly important to the designer so that
the screening characteristics can be improved to meet the required
limits.

3.2 Procedure

A typical approach is to simulate the connector or the assembly and
the measurement environment in a 3D electromagnetic simulation
programme, see Figure 1.

The CAD data of the connector design form the basis for the
simulation of the connector. These still have to be modified in order
to achieve a realistic contact of the individual screening parts. As
the performance of the simulation programs increases, they are also
able to incorporate effects from complex surface coatings, surface
roughness, etc. into the calculations.

e

Figure 1. Principal model of an SPE Connector with
Cable in Triaxial Test setup

The simulation environment realistically simulates the essential
characteristics of the measurement environment to account for their
influence on the results.

In the simulation environment, the essential properties of the
measurement environment are realistically simulated in order to
take into account their influence on the results.

In this case it is the length and internal diameter of the measurement
tube. The connection of the test leads to the vector network analyser
(VNA) etc. can then be simplified, e.g. the calibration plane of the
VNA can be represented in a simplified way by coaxial
waveguides. Figure 2 shows thetriaxial test setup using an SPE
connector.

Depending on the method chosen, the simulation is performed in
the time domain, e.g. by using the Finite Integration Technique
(FIT) method with subsequent transformation into the frequency
domain, or directly in the frequency domain by solving the linear
system of Maxwell's equations using an iterative or direct solution
algorithm for each frequency point considered [6].

3.3 Analyses

As a measurement using a vector network analyser (VNA), S-
parameters are obtained with both approaches. Using the
appropriate relationships S-parameters are incorporated into

parameters such as screening attenuation as or coupling attenuation
ac

Figure 2. Triaxial test setup with an SPE Connector

The advantage of simulation is that it can be used to visualise
processes within the objects being analysed, such as connectors,
cables or even the entire test setup. This can be achieved by
analysing the electric and magnetic field distributions in the time
and frequency domain and can provide information about weak
points in the shielding concept or in the symmetry of the
components.

A further advantage of simulation is that, in a standardised
arrangement, reliable values for the EMC criteria transfer
impedance Zr, screening attenuation as and coupling attenuation ac
can be determined for the components at a very early stage of
development, thus enabling a fast, efficient and cost-optimised
design.

3.4 Unbalance attenuation

The unbalance attenuation au of a balanced cable describes in a
logarithmic ratio how much power is coupled over from the
differential mode to the common mode system (or vice versa). It is
the logarithmic ratio of the power fed in the differential mode Pitt to
the power coupled over into common-mode Pcom.

3.5 Coupling attenuation

The coupling attenuation ac is a measure of the screening behaviour
respectively the EMC of e.g. balanced cables connectors and
assemblies and takes into account both the effect of the screening
attenuation as of the screen (if present) and the effect of the
unbalance attenuation au of the pair.

balanced/

unbal. load

receiver \

®

screening cap

generator  tube-in-tube tub DUT
A ™

Q"1

[ connecting unit \_
L generator, 180° phase shift test adapter

Figure 3. Coupling attenuation of a Connector
according to IEC 62153-4-7

The amendment IEC 62153-4-9Amd1 describes the measurement
of coupling attenuation at low frequencies, “Low Frequency
Coupling Attenuation” (LFCA) on balanced cables from 100 kHz
upwards. The test setup is the same as the setup for the
measurement of coupling attenuation at higher frequencies.

This allows the coupling attenuation of SPE connectors and SPE
connecting cables to be measured over a wide frequency range from
100 kHz up to and beyond 2 GHz.

At single screened balanced cables (SPE cables) and at low
frequencies, the coupling attenuation ac can be considered at first
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approach as the sum of the unbalance attenuation au of the pair and
the screening attenuation asof the screen, [2], [3].
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Figure 4. Coupling attenuation of a Cable assembly
according to IEC 62153-4-7

3.6 Test adapter

The screening effectiveness of an individual connector or assembly
can be measured with suitable test adapters only.

Test adapters may limit the sensitivity of the test setup. Therefore,
test laboratories shall conduct qualification tests with their existing
adapter hardware to establish the noise floor(s) for the entire test
system. Should the qualification test require connecting cables, these
shall have a tubular outer conductor. Measurements are considered
as 'valid' as long as the measured value is at least 6 dB above the
sensitivity established.

Test adapters shall be assembled in agreement between the
manufacturer (or the supplier) of the device under test and the test
laboratory.

4. Comparison between simulation and
measurement,
4.1 Foil screened cable

A cable with the following structure was selected as the object for
demonstrating the procedure.

Foil shield made of
Al foil with insulator
on both sides.
Overlap approx.
30%

Periodic interruption of
the foil screen through
transverse slots
(barrier foil),
therefore the cable
is considered
“unshielded”

Twisted Pair
cable with two
filler elements
and foil screen

Figure 5. Cross-section of an SPE Cable with Foil
screen

The special feature of this cable construction is that the screen is
periodically interrupted by transverse slots. Cables equipped with
such “barrier foils” can meet high requirements for cable-to-cable
crosstalk (alien crosstalk) and at the same time ensure that no
unwanted interference current can flow in this barrier foil.
Nevertheless, such cables can be considered as unshielded.

In addition to simulating the ideal state of the cable, a worst-case
consideration of tolerances should also be carried out to show how
the electrical properties under consideration may be affected
(electrical properties change).

The variation of the cable characteristics is represented by 2
parameters:

- The diameter of the cores D1, D2 varies by +1.4%, derived from
the permissible variation of the ohmic resistance (+ 2%) of a copper
core assuming that the resistivity of the copper is constant.

- The dielectric constant of the core insulation er1a, enb Variesby £
0.05. This is an assumption due to variations, e.g. due to different
colouring.

Diameter | €15 Er1p COTE
strand D1, D2 insulation
Figure 6. Depiction of variations in an SPE cable

The simulation environment simulates the measurement setup, a
measurement tube with an inside diameter of 40mm.

- tube(CoMeT 40) = balanced/ \\
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Figure 7. Model of Triaxial Test Set-up in Simulation
environment

The results of the simulation and the measurement are shown in the
following two diagrams.
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Figure 8. Transfer Conversion Loss (TCL) from
Simulation and Measurement
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Figure 9. Coupling attenuation acfrom Simulation and
Measurement
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Simulated and measured:

Transverse Conversion Loss (TCL) measure of the balance of the
cable structure. TCL can also be referred to as Scd11.

The coupling attenuation ac, which is calculated by converting the
S-parameters Ssd21:

2'Zs|

ac = —Ssqz1 + 10logy

ac = _Ssd21 + 7,78 dB
where
Ssao1 logarithmic value (in dB) of the forward scattering

parameter for the transmission. The device under test was
excited in differential mode, the transmitted power is
received in single-ended mode,

Zg normalised value of a characteristic impedance of the cable
environment, , Zs =150 Q,

Z, System impedance, Z, = 50 Q

Both variables were measured on a cable sample and calculated
using simulations with nominal and worst case parameters. In
addition, the IEC 61156 limits are shown in the graphs to help
categorise the results. Depending on the class, these apply in a
frequency range from 1 MHz to 20 MHz, 600 MHz or 1250 MHz.

The plots show that the measured values for both TCL and ac are
only below the limits of the first cable class in the range up to 20
MHz. Both measured curves lie between the simulated values with
the ideal nominal parameters and the worst-case parameters.

In order to better understand the reason for this behaviour, the
distribution of the electric field is considered. In the associated
simulation, a step signal with a rise time of 0.7 ns, corresponding
to the maximum frequency of 1250 MHz, is fed into the differential
port of the assembly and travels through the cable to the matching
resistor. Observation of the E-field over time shows particularly
clearly the points at which fields emerge from the cable.

The focus here is on the overlapping foil and the cross slots. In
order to analyse the behaviour, it is necessary to zoom in very
sharply on the field strength display. Here the field strength inside
the cable, where the useful signal flows, is around 10000 VV/m, very
high compared to the maximum of 10 VV/m on the display, and
therefore this area is constantly coloured red.

Overlapping foil
shows only slight
field leakage

Figure 10. Amount of Electric field transverse to cable
and Emerge from Screening foil

The analysis of the overlapping screen shows only a very small
leakage of the electric field.

The second analysis shows the representation of the electric fields at
a specific point in time during signal propagation in a longitudinal
section through the cable and measuring tube.

It is easy to see that the fields emerge at the points where the
transverse slots are in the shield.

Edge shaped signal through cable

E-field emerges
from the breaks
in the screen

Cable with worst-case tolerances

Figure 11. Amount of Electric field (longitudinal) and
Emerge from transverse Slots

The same scaling of the representation also makes it clear that this is
the main cause of the limited shielding effect, in contrast to the
overlapped shield. It is also clear that the lower unbalance attenuation
au of the cable means that in the worst case the field that emerges is
significantly larger.

4.2 Application to double shielded SPE cable

To demonstrate that this method can also be applied to cables with
the lowest coupling attenuation (well screened), a double-shielded
SPE cable was analysed and simulated.

replica of the braided screen
using a solid screen »with breakouts.

Foil shield made
of laminated Al foil
Overlap approx.
30%

Twisted pair
cable with
two fillers

Figure 12. Cross-section of an SPE cable with Foil and
Braid screen

The results of simulation and measurement of the coupling
attenuation are shown in the following diagram:

30+
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1 10 100 1000
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Figure 13. Coupling attenuation ac from Simulation and
Measurement

The diagram shows that the measured values for ac are below the
limits of the best cable class throughout the frequency range. The
measured curve agrees surprisingly well with the simulated
behaviour of the cable.
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Again, the electric field should be analysed using the same method.
As the radiation is much weaker, the fields must be scaled to a
maximum of 1V/m.

Radiation of E-field through
_— 1. overlapping foil
2. breaks in the braid

.l

Edge-shaped signal
through the cable

Figure 14. Amount of the electric field

The analysis shows very clearly how the E-field first exits through
the overlapping foil (left) and then through the free areas of the
braided screen. It should be noted that these results were generated
by a complete 3D simulation and not by adapted behaviour models
to replicate shield properties.

5. Summary and conclusion

In the previous sections, the analysis of balance (symmetry) and
screening behaviour of SPE cables and connectors was carried out
using simulation methods, followed by verification by
measurement.

For both methods, simulation and measurement, the triaxial method
was chosen as the identical procedure for both methods to ensure
comparability of results.

A further advantage lies in the fact that, with the aid of simulation
in a standardised arrangement, reliable values for the analysed
EMC criteria can be determined at a very early stage of
development, thus enabling a fast, efficient and cost-optimised
design.

The additional visualisation of interference points and areas where
screening is not sufficient is the most important input for a design
team to make targeted modifications to a design.

The procedure described in this article shows the ideal interplay
between simulation and EMC measurement techniques at various
stages of the product design process for SPE connectors, cables and
assemblies.

The final verification of the simulation results with the triaxial
method then allows important conclusions to be drawn, in addition
to confirming compliance with the limits, providing important
conclusions about the quality of the simulation and increasing
confidence in the methodology presented.

It has also been shown that even cables with very good screening
properties can be modelled with a high degree of accuracy in a full
3D simulation.

We are pleased, but not surprised, that comparison between
simulation and mesasurement shows excellent agreement.
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