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ABSTRACT

Background: Automotive Ethernet has rapidly emerged as the backbone for in-vehicle high-speed data transport,
supporting advanced driver assistance systems (ADAS), infotainment, and vehicle-to-everything (V2X) services; yet its
deployment creates new challenges in the physical layer, chiefly electromagnetic interference (EMI), mode conversion,
common-mode termination, and connector/media design. These challenges affect signal integrity, electromagnetic
compatibility (EMC), and reliability under stringent automotive constraints (IEEE/ISO/IEC, 2021; Hank et al., 2013).
Objective: This paper synthesizes theoretical foundations and applied strategies to mitigate physical-layer challenges in
automotive Ethernet, connecting standardization, media-dependent interface (MDI) design, measurement techniques, and
targeted mitigation approaches such as shielding, termination strategies, and connector topologies (Wenchen et al., 2023;
Gercikow et al., 2020; Hampe et al., 2020).

Methods: Through integrative literature synthesis of standards, empirical measurement platforms, and electromagnetic
analyses, we construct a conceptual framework that maps the sources and propagation mechanisms of EMI and outlines
stepwise mitigation—ranging from cable geometry optimization to PCB shielding and termination schemes—grounded in
established measurement methods. The approach treats the vehicle as a highly coupled multiphysics system that requires
concurrent electrical, mechanical, and systems engineering perspectives (Zaiyuan et al, 2022; Karim, 2025).
Results: We articulate design patterns that reduce radiated emissions and susceptibility while preserving bit error rate
(BER) performance for 2.5G/5G/10G automotive Ethernet links. Key outcomes include the importance of mode conversion
control in twisted-pair designs, the efficacy of common-mode termination topologies for 1000BASE-T1 analogies extended
to higher speeds, and the role of rigorous measurement platforms to validate mitigation efficacy (Wenchen et al., 2023;
Hampe et al., 2020; Gercikow et al., 2020).

Conclusions: Successful deployment of automotive Ethernet at multi-gigabit rates requires harmonized solutions across
standards compliance, MDI hardware design, PCB and cable shielding practices, and robust measurement/validation. The
paper concludes with prioritized recommendations for practitioners and a research agenda bridging modeling,
measurement, and design optimization

KEYWORDS: Automotive Ethernet, Electromagnetic Interference, Physical Layer, MDI Design, Common-Mode
Termination, Shielding, Signal Integrity.

INTRODUCTION

Automotive networks have evolved from dedicated, low-
speed control buses to heterogeneous, high-bandwidth
fabrics that must carry safety-critical data for ADAS, sensor
fusion, and rich infotainment streams (Hank et al.,, 2013).
This migration is driven by two concurrent trends: the
demand for richer sensing (multi-camera, LIDAR/radar
fusion, high-resolution radars) and the consolidation of
compute and data services within distributed electronic
control units (ECUs). Automotive Ethernet—standardized
and extended for vehicular constraints—now includes
physical-layer specifications for 2.5 Gb/s, 5 Gb/s, and 10

Gb/s electrical links, an extension formalized in recent
amendments to IEEE/ISO standards to ensure operability
within the harsh electromagnetic, thermal, and mechanical
environments of vehicles (IEEE/ISO/IEC, 2021). The
standardization effort acknowledges not only protocol
timing and MAC aspects but also intricate physical-layer
parameters—signal levels, coupling, impedance, and EMI
performance—that are decisive in practical deployments
(IEEE/ISO/IEC, 2021).

Yet practical deployment reveals a set of interlocking
technical problems. First, the physical channel in a vehicle is



complex: cables are routed in dense harnesses, subject to
bending, varying proximity to metallic structures, and
attachments to mixed technologies
actuators). Such an environment fosters conversion between
differential and common modes, spatially variable
impedances, and radiated emissions that can breach
regulatory and functional thresholds (Zaiyuan et al., 2022).
Second, the move to multi-gigabit signaling on single twisted
pair (or pair-equivalent) media intensifies susceptibility to
crosstalk, discontinuities at connectors, and reflections from
imperfect impedance matching (Wenchen et al, 2023).
Third, stringent automotive electromagnetic compatibility
(EMC) requirements—driven by safety-critical functions—
require designers to ensure both immunity and emission
limits, often with competing constraints on cost, weight, and
manufacturability (Hampe et al., 2020).

Prior literature spans standards reports, practical
measurement platforms, and component-level analyses. The
amendment defining automotive physical-layer parameters
provides normative targets and specific test configurations
(IEEE/ISO/IEC, 2021). Empirical have built
measurement platforms to analyze real-world channel
behaviors and validate theoretical models (Gercikow et al.,
2020). Mode conversion and its effect on EMI has been
examined through both simulation and measurement,
highlighting twisted-pair geometry sensitivity
connector design as primary contributors (Zaiyuan et al,,
2022). Common-mode termination strategies, long known in
lower-speed systems, reemerge as critical design variables

(power, sensors,

studies

and

at higher speeds, requiring reappraisal for GHz-range
signaling (Hampe et al., 2020; Karim, 2025).

Despite this accumulated knowledge, gaps remain in
integrating these threads into a coherent, prescriptive
design and validation pathway that engineers can follow
from concept to production. Existing studies often focus
narrowly on one component (e.g., cable geometry, or PCB
setups
generalizable design recommendations for multi-gigabit
automotive links. This paper aims to fill that gap by
synthesizing analyses,
measurement strategies into an actionable conceptual

shielding) or present measurement without

standards, device-level and
framework and set of prioritized mitigation strategies—
grounded in theoretical reasoning about mode conversion,
impedance discontinuities, and coupling pathways, and
validated against the canonical measurement frameworks
reported in the literature (Gercikow et al., 2020; Wenchen et
al., 2023).

Methodology

This work adopts an integrative, theory-driven synthesis
methodology, combining (a) close reading of authoritative
standards and applied research; (b) conceptual modeling of
the physical-layer phenomena (mode conversion, common-
mode excitation, radiation mechanisms) using established
electromagnetic and transmission-line principles described

in the literature; (c) translation of measurement-platform
findings to generalized design heuristics; and (d)
development of prioritized mitigation patterns suitable for
automotive constraints.

Standards and reference documents were treated as
normative anchors. The IEEE/ISO/IEC amendment for
automotive Ethernet physical layers sets the boundary
conditions—frequency bands of interest, allowable levels of
emissions and susceptibility tests, and parameter definitions
for channel modeling (IEEE/ISO/IEC, 2021). Device and
experimental papers provide insights into the practical
manifestation of those phenomena: MDI design research
exposes connector and transceiver coupling behaviors
(Wenchen et al, 2023); measurement platform research
demonstrates techniques for capturing the multivariate
signal behaviors on real channels (Gercikow et al., 2020);
EMI-focused studies elaborate the relation between twisted-
pair mode conversion and radiated emissions (Zaiyuan etal.,
2022). We treat each source as providing both empirical
observations and methodological building blocks.
Conceptual modeling focused on decomposing the vehicle
link into elemental transmission segments: transceiver
output stage (driver), PCB traces, connector interface,
harness run (twisted pair), junctions and splices, and
termination/backplane structures. For each element, we
used descriptive transmission-line and antenna analogies—
in descriptive, non-mathematical form as required—
identifying how differential currents can convert to
common-mode currents, how impedance mismatches
induce reflections that foster standing waves and radiated
components, and how harness routing and shielding
determine coupling efficiency to external receivers (Hampe
etal, 2020; Zaiyuan et al,, 2022).

We also mapped measurement strategies to validation goals.
Drawing from established measurement platforms, we
described practical setups for characterizing insertion loss,
return loss, common-mode to differential conversion, and
radiated emissions across frequency bands relevant for 2.5-
10 Gb/s signaling (Gercikow et al., 2020; Wenchen et al,,
2023). Rather than reporting new measurements, we
generalized the measurement logic into test suites that
automotive engineers can apply: controlled impedance
sweeps, bend-and-stress tests, connector discontinuity
sweeps, and near-field radiated scans.

Finally, mitigation recommendations were synthesized by
triangulating standard-level constraints, modeled physical
behaviors, and measurement outcomes. Each mitigation
pattern was evaluated qualitatively for impact on EMI
reduction, signal-integrity preservation, cost,
manufacturability, and weight—key practical dimensions in
automotive contexts (IEEE/ISO/IEC, 2021; Karim, 2025).
Results

This section presents the synthesized findings: a taxonomy
of sources validated

of physical-layer impairment,



mitigation patterns, and a prioritized, pragmatic roadmap
for designers.
Taxonomy of Impairment Sources:

1. Mode Mode
conversion—differential to common-mode energy
transfer—was identified as a primary mechanism
enabling radiated emissions. Twisted-pair
geometry perturbations (unequal twist pitch,
uneven conductor diameters, or proximity to
conductive structures) alter the balance and thus
excite common-mode currents that couple to
chassis and radiate (Zaiyuan et al, 2022). The
literature emphasizes that even small asymmetries
introduced during routing or assembly amplify with
frequency, becoming significant at multi-gigabit
spectral components (Wenchen et al., 2023).

2. Connector and MDI Discontinuities: The media
dependent interface and connector designs present
impedance  discontinuities and  geometric
asymmetries. These discontinuities reflect portions
of the signal and can convert differential energy to
common-mode, exacerbating both local signal-
integrity degradation and far-field emissions
(Wenchen et al., 2023; Gercikow et al., 2020).

3. Common-Mode Termination Effects: Improper
common-mode termination leads to uncontrolled
common-mode voltages that can enter receiver
circuits or radiate through harness structures.
Studies of 1000BASE-T1 highlight the importance of
deliberate termination strategies to reduce both

Conversion in Twisted Pair:

emissions and susceptibility;
higher rates suggests a re-optimizing of termination
impedance and bandwidth (Hampe et al., 2020).

4. Harness Routing and Proximity Coupling: Crossings
with power cables, proximity to chassis edges, and

coupling pathways.
harness bundling multiplies near-field interactions
and provides effective antennas or coupling
apertures at GHz frequencies (Karim, 2025).

5. PCB and Module Level Effects: PCB trace layout,
return path continuity, and component placement

extrapolation to

bundling increase Dense

within camera or ECU modules influence impedance
uniformity and provide radiating
structures, particularly when combined with
connector discontinuities (Gercikow et al., 2020).

localized

Mitigation Patterns
A. Twisted-Pair
manufacturing tolerances for twist pitch uniformity,
conductor symmetry, and dielectric placement reduces
intrinsic mode conversion sources. Where possible, designs
should favor cable geometries tested and validated within

(Descriptive, Ranked):

Geometry Control: Ensuring strict

the target frequency envelope (Zaiyuan et al, 2022).
Practical implementation includes specifying maximum

allowable twist pitch deviation across batches and
controlling conductor eccentricity.

B. Differential-centric MDI Topologies: Connector design
should preserve differential symmetry through the mating
interface. This includes symmetric pin assignments,
controlled impedance transitions using smooth geometries
in the connector housing, and attention to contact plating
and retention forces that could distort conductor geometry
under mechanical stress (Wenchen et al.,, 2023).

C. Optimized Common-Mode Termination: Deploy common-
mode chokes and termination networks tuned to the broad
spectral content of multi-gigabit signaling. For high-speed
links, broadband common-mode suppression—achieved
through ferrite composites or distributed termination
elements—reduces radiated components without unduly
loading the differential path (Hampe et al, 2020; Karim,
2025).

D. Targeted Shielding Strategies: Employ local shields in
combination with overall harness shields. The literature
indicates that shielding the PCB and near-connector
regions—where differential-to-common conversion is
likely—yields high impact. Multi-layer shields (foil + braid)
with robust bonding to chassis or connector shells improve
efficacy; however, designers must balance weight and
assembly complexity (Karim, 2025).

E. Route Planning and Separation: Maintain separation
between high-speed harnesses and power lines where
feasible; where intersections are unavoidable, cross at right
controlled spacing. Bundle
segmentation and staggered routing reduce coherent
antenna formation.

angles and maintain

F. Measurement-Guided Iteration: Adopt measurement
decks that include insertion/return loss, common-mode
transfer functions, and near-field emissions, taken across
states  (bent, twisted,
mated/unmated connectors). Use measurement feedback to
iterate connector tolerances and termination networks
(Gercikow et al., 2020).
Priority Roadmap for Designers:

1. Baseline Characterization:

representative  mechanical

Use a standardized
platform to capture
insertion loss, return loss, and common-mode

measurement baseline

conversion metrics for the intended
cable/connector combination (Gercikow et al,
2020).

2. Local Mitigation: Apply shielding and termination
near conversion hotspots (PCB, connector) and

reassess common-mode suppression.

3. Harness Design: Refine twist and bundling
specifications, and implement route planning
controls during vehicle integration.



4. System Validation: Run EMC and BER tests under
environmental and operational stresses to ensure
compliance and reliability (IEEE/ISO/IEC, 2021).

Synthesis of Impact vs. Cost: The most cost-effective first
steps are enforcing cable geometry quality and adding
localized common-mode suppression near connectors; next
are connector redesigns and targeted shielding; the most
expensive are vehicle-level harness redesigns. The literature
supports this prioritization by demonstrating strong
sensitivity of emissions to local asymmetries (Zaiyuan et al.,
2022; Hampe et al., 2020).

Discussion

This synthesis reveals several deep implications for
automotive Ethernet design: the primacy of local balance

preservation, the non-linearity of EMI sources with
frequency, and the necessity of measurement-driven
iteration.

Primacy of Local Balance Preservation

Theoretical and applied sources converge on the conclusion
that differential balance is the central lever for EMI control.
When the differential pair is balanced—both
geometrically and electrically—common-mode excitation is
minimized, and the pair behaves as a less radiative structure.
Balance preservation is fragile: mechanical tolerances,
connector geometry changes, and PCB discontinuities can
degrade balance incrementally yet produce multiplicative
increases in radiated emission amplitude at high frequencies
(Zaiyuan et al., 2022; Wenchen et al.,, 2023). Thus, the design
focus must shift left—toward early specification of cable and

well

connector  constraints and  enforcement
manufacturing.

Non-linearity with Frequency and System Complexity
Higher signaling rates occupy broader spectral bands and

include higher-frequency harmonics that are more sensitive

during

to small geometric imperfections; phenomena that were
negligible at 100 Mbps or 1 Gbps may dominate at 5-10
Gbps. This nonlinearity complicates extrapolation: solutions
validated at lower speeds may fail at higher speeds or might
require retuning (Hampe et al, 2020; Karim, 2025).
Moreover, the vehicle is an ensemble of interacting
power  systems,
structures—so mitigation in one subsystem (e.g., heavier
shield) may shift coupling pathways elsewhere. The systems
view therefore recommends holistic measurement and

subsystems—harnesses, metallic

simulation approaches to capture emergent behaviors.

Measurement-driven [teration as a Practice
Empirical evidence highlights the necessity of iterative
measurement. Measurement platforms that replicate real
mechanical conditions—bends, harness clamps, connector
mating cycles—reveal failure modes not apparent in
idealized laboratory setups (Gercikow et al., 2020). The
practice of integrating representative mechanical stress

tests into EMC validation is critical. Systematic measurement

also enables tuning of broadband termination networks and
selection of ferrite materials whose impedance profile aligns
with the link's spectral content.

Counter-arguments Cost Tradeoffs
Some stakeholders may argue that shielding and aggressive
termination increase cost and weight—a critical
consideration in automotive engineering. The counter-
proposal is to prioritize geometric balance and connector
engineering first, as these steps often yield high EMI
reductions at lower mass/cost. Where shielding is used,
localized, lightweight foil shields or conductive coatings may
offer a middle ground. In safety-critical contexts, however,
the marginal cost of shielding is justified by the need to
guarantee functional immunity.

the Synthesis
This paper synthesizes published findings and normative
standards rather than presenting novel experimental data.
While the synthesis aims to be comprehensive, it inherits
limitations from the cited studies: variations in test setups,
materials, and device implementations can make
quantitative extrapolation hazardous. For example, the
precise impedance profile of a 10G automotive link depends
on cable dielectric constant, assembly tolerances,
transceiver  driver characteristics, and connector
metallurgy—parameters that differ across suppliers and
models. Therefore, the qualitative recommendations here
must be validated with vendor-specific measurements.
Future Research Directions

and

Limitations of Current

1. Broadband Common-Mode Termination Models:
There is a need for better models and components
optimized broadband common-mode
suppression tailored to 5-10 Gb/s spectral
envelopes. Research should marry materials science
of ferrites with transmission-line modeling to
produce
(Hampe et al,

for

terminations
2025).

manufacturable
2020;

robust,
Karim,

2. Connector Electromagnetic Co-Design: Connector
manufacturers and transceiver designers should
adopt co-design approaches where mechanical
retention, plating, and dielectric pocketing are
jointly optimized for impedance continuity and
symmetry (Wenchen et al, 2023).

3. Measurement  Standardization and  Rapid
Prototyping: While standards provide normative
test definitions, there is room for developing fast,
low-cost measurement rigs that predict field
performance early in the design cycle (Gercikow et
al,, 2020).

4. Integrated Multi-physics Modeling: Develop

accessible simulation frameworks that couple

and  thermal

electromagnetic, mechanical,



behaviors to predict EMI under real mounting and
vibration conditions. Such models would reduce
expensive experimental iterations during vehicle
integration.

5. Adaptive and Tunable Termination Architectures:
Investigate active or tunable termination networks
that can adjust to assembly-induced variations—
trading complexity for robustness.

Conclusion

Automotive Ethernet at multi-gigabit rates presents a set of

interrelated physical-layer challenges centered on mode

conversion, impedance discontinuities, harness routing, and
termination strategies. Standards provide critical boundary
conditions, but successful implementation requires a design
ethos that integrates geometric control, connector
symmetry, localized shielding, and measurement-led
iteration. Prioritized, cost-sensitive mitigation begins with
enforcing cable/connector balance and proceeds toward
shield and termination refinements as necessary. Long-term
resilience will be achieved by co-design of mechanical and
electromagnetic aspects, better materials for broadband
common-mode suppression, and modeling tools that
minimize empirical iteration. Practitioners should adopt a
measurement-first process: characterize the baseline, apply
targeted local mitigations, and validate at system level under
realistic mechanical and environmental stresses. This
synthesis offers a roadmap for engineers and researchers
aiming to deliver reliable, compliant automotive Ethernet
systems that meet the demanding throughput needs of

contemporary vehicles.
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