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ABSTRACT

Background: The shift from traditional automotive bus systems toward IP/Ethernet-based in-vehicle networks is driven
by the increasing bandwidth, determinism, and integration demands of advanced driver assistance systems (ADAS),
infotainment, and over-the-air diagnostics (Lim et al., 2011; Varun & Kathiresh, 2014). However, migrating to Automotive
Ethernet introduces multifaceted challenges including real-time performance, electromagnetic susceptibility, security,
diagnostic integration, and physical-layer constraints (Lim et al., 2011; Carlson et al., 2012; ISO, 2012).

Objective: This paper synthesizes knowledge from seminal technical reports, standards, and contemporary experimental
studies to present a comprehensive, publication-ready analysis of Automotive Ethernet design principles, highlight
unresolved research gaps, and propose cohesive methodological approaches to ensure deterministic, secure, and scalable
in-vehicle networks.

Methods: We perform a conceptual systems analysis grounded in referenced studies, standards, and empirical engineering
reports. Methodology emphasizes cross-layer design thinking: (1) physical-layer considerations and mitigation of
electromagnetic interference (Karim, 2025; PHYS ORG, 2011); (2) protocol-level adaptations for real-time delivery and
audio-video bridging (AVB) integration (Wikipedia, 2020; Carlson et al., 2012); (3) diagnostic and DolP integration per ISO
13400-2 (ISO, 2012); and (4) security design patterns informed by contemporary surveys (Jadhav & Kshirsagar, 2018).
Results: Descriptive analysis identifies trade-offs between reduced twisted-pair physical media and gigabit-capable links,
delineates how AVB and TSN-like concepts can be adapted to automotive constraints, and articulates security-hardening
strategies tailored to vehicular topologies (Carlson et al., 2012; Riches, 2011; ISO, 2012). We present a modular architecture
that partitions latency-critical and non-critical traffic, prescribes shielding and topology guidelines validated by empirical
shielding studies (Karim, 2025), and shows how DolP can be integrated without violating real-time bounds (IS0, 2012).
Conclusions: Automotive Ethernet is a viable backbone for future in-vehicle networks if designers adopt rigorous cross-
layer engineering, embrace emerging timing-aware Ethernet mechanisms, and prioritize security from the outset. Critical
research remains in validating deterministic performance in diverse electromagnetic environments and in harmonizing
diagnostics, safety, and infotainment on shared physical infrastructures (Lim et al., 2011; Jadhav & Kshirsagar, 2018).
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INTRODUCTION

The automotive industry is undergoing a tectonic shift.
Increasing sensor density, high-resolution cameras for
ADAS, and high-bandwidth infotainment systems have
imposed requirements on in-vehicle communication that
legacy bus systems (CAN, LIN, FlexRay) struggle to satisfy
(Saraf et al., 2012; Varun & Kathiresh, 2014). Automotive
Ethernet has emerged as the candidate technology to
provide
operating within the weight, cost, and electromagnetic
constraints of vehicles (PHYS ORG, 2011; Wirth, 2013). Early
industrial demonstrations, such as those reported by BMW

scalable, high-throughput connectivity while

and NXP in the early 2010s, signaled both the feasibility and
the momentum behind the transition to Ethernet/IP-based
domains within vehicles (Riches, 2011; PHYS ORG, 2011).
Nevertheless, realizing production-grade Automotive
Ethernet demands attention to real-time communication,
interoperability with diagnostic standards like Diagnostic
Communication over Internet Protocol (DoIP), mitigation of
electromagnetic interference (EMI), and systemic security
protection (ISO, 2012; Carlson et al, 2012; Karim, 2025;

Jadhav & Kshirsagar, 2018).



This article seeks to provide a holistically argued, thoroughly
referenced, and deeply elaborated analysis of Automotive
Ethernet architectures suitable for academic and industry
researchers. We situate the discussion in the context of prior
design studies and standards (Lim et al., 2011; Carlson et al,,
2012; IS0, 2012), and adopt a critical stance: examining not
only benefits and enabling mechanisms but also nuanced
limitations, counterarguments, and areas where current
research remains nascent (Shreejith et al., 2013; Marouf et
al,, 2012). The contribution is threefold. First, we synthesize
cross-disciplinary ~ constraints (physical,  protocol,
diagnostic, and security) into a unified engineering agenda.
Second, we articulate a modular architecture that balances
determinism and flexibility. Third, we identify key research
directions and propose methodological frameworks for
experimental validation.

The remainder of the paper is organized as a continuous
narrative that traverses methodological choices, descriptive
findings, deep interpretation of results, and a forward-
looking conclusion. All major claims are grounded in the
referenced literature and discussed in depth to ensure that
readers can appreciate both the technical rationale and the
practical implications of design decisions.

Methodology

The methodological approach taken in this study is
deliberately synthetic and analytic rather than empirical in
the conventional experimental sense. Because the user-
specified constraints required the article to be constructed
strictly from the provided reference set, the methodology
relies on rigorous cross-referencing, conceptual modeling,
and descriptive systems engineering to extrapolate design
implications from existing standards, conference reports,
and applied studies.
interdependent layers.

The method proceeds in four
Physical-Layer Synthesis and Constraint Mapping. We first
reviewed reports and standards that address the physical
media and electromagnetic environment of vehicles (Carlson
et al,, 2012; PHYS ORG, 2011; Karim, 2025). From these
sources, we extracted constraints—such as permissible
cable types, shielding requirements, and EMI risk profiles—
and mapped them to practical mitigation strategies. This
layer yields an engineering checklist and guidance for
transceiver choice, cable topology, and grounding practices.
Protocol and Timing Analysis. Building on foundational work
on using IP/Ethernet for in-car real-time applications (Lim
etal,, 2011) and the AVB/TSN ecosystem (Wikipedia, 2020;
Carlson et al, 2012), we performed a conceptual timing
analysis. This is not a numerical latency measurement
exercise but a disciplined mapping of timing sources (e.g.,
camera streams, control loops) onto Ethernet mechanisms
(prioritization, time-aware shaping) to infer the feasibility of
meeting application deadlines.

Diagnostic and Standards Integration. Integration of
diagnostics and remote maintenance via DolP is a critical

requirement for modern vehicles (ISO, 2012; Varun &
Kathiresh, 2014). We analyzed the transport and network-
layer expectations in ISO 13400-2 and developed a
harmonization strategy so diagnostics traffic can coexist
with real-time control and infotainment data without
violating safety or latency constraints.

Security Threat Modeling and Hardening Patterns. Security
concerns in automotive networks are not hypothetical
(Jadhav & Kshirsagar, 2018). We synthesized survey findings
into a threat model and developed layered defensive
patterns emphasizing network segmentation, authentication
for diagnostics (DolP), and anomaly detection adapted for
automotive topologies.

Cross-Layer  Architectural Synthesis. The
methodological step combined the outputs of the previous
layers to propose a candidate modular architecture. The
architecture was evaluated qualitatively against design
attributes:

final

latency determinism, bandwidth efficiency,
resilience to EMI, diagnostic compatibility, and security
posture.

Throughout, assertions and architectural prescriptions
reference the provided literature. Where gaps existed in
explicit empirical coverage (for example, in precise numeric
EMI attenuation figures), we explicitly state the inferential
nature of our conclusions and provide reasoned
argumentation rather than speculative extrapolation.
Results

The synthesis yields several descriptive findings about
Automotive Ethernet design trade-offs and practical

architectures. These findings are derived from the
referenced materials and elaborated through in-depth
analysis.

Automotive Ethernet Enables High-Bandwidth

Consolidation but Requires Careful Domain Partitioning.
emphasizes Ethernet’s potential to
consolidate disparate vehicle subsystems onto a single

Prior literature
physical backbone because Ethernet provides both high raw
throughput and a well-understood stack (Lim et al,, 2011;
Wirth, 2013). From a systems perspective, consolidation
reduces weight and cabling complexity, offers economies of
scale through commodity silicon, and simplifies gatewaying
to cloud services or external networks (Riches, 2011).
However, the results indicate that naive consolidation
without logical and physical partitioning can expose safety-
critical control loops to interference and security threats.
Therefore, partitioning traffic into latency-critical (e.g.,
steering, braking), soft real-time (e.g., camera streams
feeding perception stacks), and non-real-time domains (e.g.,
infotainment, firmware updates) is essential (Lim et al,
2011; Carlson et al,, 2012).

Reduced Twisted-Pair Physical Media Presents a Cost-
Complexity Trade-off. IEEE discussions around Reduced
Twisted Pair Gigabit Ethernet (RTP-GE) and other
lightweight media indicate that carrying gigabit speeds over



fewer conductors is technologically promising for vehicles
but increases sensitivity to EMI and requires rigorous
shielding and connector design (Carlson et al., 2012). The
literature suggests that while reduced-pair solutions lower
weight and cost, they force design teams to invest in better
shielding and PCB layout discipline, especially in ADAS
camera PCBs where signal integrity and EMI coupling to
sensitive analog front ends are critical (Karim, 2025; PHYS
ORG, 2011).

AVB and Time-Sensitive Networking Principles Partially
Address Determinism; Full Determinism Requires Explicit
Time-Aware Mechanisms. Audio Video Bridging (AVB) and
its broader ecosystem provide traffic shaping and
reservation protocols that are applicable to feature streams
within vehicles (Wikipedia, 2020; Carlson et al., 2012). These
mechanisms improve bounded latency for media streams
but, as the analysis reveals, are insufficient alone for safety-
grade control loops that demand hard real-time guarantees.
Hybrid strategies that combine AVB/TSN-like time-aware
shaping with prioritized preemption and disciplined
scheduling are necessary to meet stringent deadlines (Lim et
al,, 2011).

DolP Integration Is Feasible but Must Be Managed to Avoid
Service Disruption. ISO 13400-2 defines transport and
network layer services for diagnostics over IP (ISO, 2012).
Our synthesis indicates that DolP can coexist on an Ethernet
backbone if diagnostic sessions are scheduled or otherwise
isolated from latency-critical flows. Authentication and
access control are paramount because diagnostic access can
be an attractive attack vector to compromise vehicle
functions (ISO, 2012; Jadhav & Kshirsagar, 2018).

Security Weaknesses in Legacy Automotive Architectures
Carry Over to Ethernet; Protocol-Level Hardening Is Needed.
Surveys on automotive network security show that many
vulnerabilities arise from insufficient authentication, weak
gateway isolation, and poor lifecycle security planning
(Jadhav & Kshirsagar, 2018). The transition to Ethernet
increases attack surface because Ethernet provides richer
connectivity and potential remote access. The results
recommend integrating secure gateways, cryptographic
authentication for management and diagnostic protocols,
and runtime anomaly detection to strengthen the security
posture (Jadhav & Kshirsagar, 2018).

EMI and PCB-Level Shielding Are Critical for Camera and
Sensor PCBs in ADAS. Recent engineering studies validate
that camera PCBs and lighting-control modules are highly
susceptible to conducted and radiated emissions. Shielding
strategies, corroborated by HyperLynx simulations and
empirical measurements, demonstrate significant mitigation
when carefully applied to both PCB and cable designs
(Karim, 2025). The results show that harmonizing board
layout, connector placement, and cable shielding yields the
most predictable outcomes in operational vehicle
environments.

Coexistence Strategies: Topologies and Gateway Design.
Multiple that practical
Automotive Ethernet deployments utilize hierarchical
topology with domain controllers, edge switches, and media
converters for legacy buses (Riches, 2011; Saraf et al.,, 2012).
This topology supports graceful migration
CAN/FlexRay while preserving deterministic paths for
control traffic. Gateways perform protocol translation,
security mediation, and traffic shaping to ensure legacy
devices can participate in a consolidated network without
compromising overall timing or safety constraints (Saraf et
al,, 2012; Varun & Kathiresh, 2014).

Discussion

The results highlight a complex space of trade-offs and a
series of design imperatives. We now interpret these
findings, discuss limitations, and propose future research
directions.

Interpreting the Consolidation Argument: Benefits and
Hidden Costs. The allure of consolidation onto Ethernet is
clear: common tooling, scalability, and the ability to leverage
economies from the broad networking industry (Riches,
2011; Wirth, 2013). Nevertheless, consolidation is not cost-
free. While cable weight reduction and simpler harnesses
reduce BOM cost, achieving the same level of safety and
electromagnetic robustness as purpose-built automotive
buses often demands more expensive transceivers, more
sophisticated shielding, and greater engineering effort for
validation (Carlson et al., 2012; Karim, 2025). Economically,
therefore, the balance between reduced harness cost and
increased electronics engineering must be considered on a
case-by-case basis (Riches, 2011). The manufacturer's
spare-part ecosystems,
maintenance patterns influence whether consolidation leads
to net savings or just increased complexity.

Determinism: Why AVB Is Necessary but Not Sufficient. AVB
introduces valuable mechanisms: stream reservation, class-
based prioritization, and scheduled traffic shaping
(Wikipedia, 2020; Carlson et al., 2012). These features are
highly effective for multimedia streams, such as
infotainment and camera feeds bound for perception
modules. However, hard real-time control loops, such as

referenced sources indicate

from

organizational readiness, and

steering actuation control, still require absolute latency
bounds and extreme resilience to jitter. AVB’s soft
guarantees can be tightened by combining AVB with time-
aware scheduling (TSN) and by enforcing strict domain
isolation through separate physical or logical slices for
safety-critical traffic (Lim et al.,, 2011). This hybrid approach
requires cross-domain coordination between middleware,
0S scheduling, and switch hardware to be effective.

DolP the Diagnostic Security Paradox. DolP
standardization creates opportunities for advanced remote
diagnostics, OTA updates, and fleet telemetry (I1SO, 2012).
Yet diagnostic channels can be misused if left unsecured. The
paradox arises: enabling powerful remote maintenance

and



capabilities inherently increases the attack surface. The
literature suggests remedies: end-to-end authentication for
diagnostic sessions, ephemeral keys, and robust gateway
authentication mechanisms that strictly mediate and log
diagnostic access (ISO, 2012; Jadhav & Kshirsagar, 2018).
Additionally, scheduling maintenance
prioritization rules can prevent diagnostic traffic from
impacting essential vehicle functions. From a governance
perspective, manufacturers must institute rigorous lifecycle
management for credentials and OTA update signing.

Security Must Be Built into the Architecture, Not Bolt-On.
Traditional automotive security efforts often retrofit
protections onto existing architectures (Jadhav &
Kshirsagar, 2018). Ethernet’s connectivity amplifies the
consequences of insecure designs. Therefore, a security-by-
design approach is warranted: network segmentation,
defense-in-depth, strong identity management for ECUs and
gateways, and anomaly detection tailored to expected in-
vehicle traffic profiles. Because vehicular functions range
from low-bandwidth control signals to high-bandwidth
perception streams, anomaly detection systems must be
protocol-aware and capable of correlating cross-layer events
(Jadhav & Kshirsagar, 2018). Designers should also plan for
the operational realities of fielded vehicles—firmware
updates, key revocation, and third-party services—so that
security measures remain robust across the vehicle lifecycle.
EMI Mitigation: A Practical Engineering Agenda. Karim’s

windows and

recent work emphasizes the practicalities of EMI mitigation,
particularly for camera PCBs within ADAS stacks (Karim,
2025). The key insight is that electromagnetic compatibility
is fundamentally cross-disciplinary: mechanical routing,
cable shielding, connector choice, and PCB layout all interact.
The recommended engineering agenda comprises iterative
simulation (e.g., signal integrity and EM field simulation),
targeted shielding for vulnerable modules, and experimental
validation under representative conditions. This approach
reduces the risk of late-stage redesigns and ensures that
performance observed in bench tests translates to in-vehicle
reliability (Karim, 2025; PHYS ORG, 2011).

Trade-offs
Hierarchical topologies reduce the scope of failure and

Topological and Gateway Responsibilities.
simplify provisioning by localizing domain traffic (Riches,
2011; Saraf et al,, 2012). Edge switches aggregate sensors
and actuators, while domain controllers enforce timing and
security policies. Gateways bridge legacy buses, perform
protocol conversion, and enforce security boundaries.
However, gateways are also potential bottlenecks and single
points of failure. Thus redundancy, fail-safe modes, and
careful capacity planning are crucial. The literature suggests
that gateway designs should be physically distributed where
feasible and combined with redundant paths for safety-
critical flows (Saraf et al., 2012).

Limitations of the Synthesized Approach. Because this work
is constrained to synthesizing knowledge from the provided

references rather than conducting new experiments or
simulations, the conclusions rely on the validity and scope of
those sources. Numerical performance claims, such as exact
latency bounds under specific traffic mixes, cannot be
asserted without controlled measurements. Similarly, the
rapidly evolving landscape—where TSN
enhancements, new PHY variants, and automotive-specific
profiles emerge—means that some detailed protocol-level
recommendations may require revision as new standards
mature (Carlson et al., 2012; ISO, 2012). Nonetheless, the
and architectural prescriptions

standards

cross-layer principles
remain robust and actionable.

Future Research Directions. The analysis identifies several
high-impact research topics:

1. Empirical Validation of Deterministic Guarantees in
Mixed Traffic. Controlled experiments that mix
control loops, perception streams, and diagnostic
sessions on realistic hardware are needed to
quantify the effectiveness of AVB/TSN and
scheduling policies (Lim et al., 2011; Carlson et al,,
2012).

2. EMI-Performance Trade-off Quantification.
Systematic studies that characterize the trade-off
between reduced pair media and shielding
complexity, ideally across multiple vehicle classes
and environmental profiles, would inform cost-
benefit optimization (Carlson et al, 2012; Karim,
2025).

3. Robust, Lightweight Security Protocols for DolP.
cryptographic that fit
automotive resource constraints and lifecycle
requirements—supporting key revocation, OTA
updates, and limited bandwidth—remains an open
challenge (ISO, 2012; Jadhav & Kshirsagar, 2018).

Designing schemes

4. Adaptive Gateway Architectures with Formal Safety
Guarantees. Gateways that can be formally verified
to enforce safety policies, perform graceful
degradation, and limit cross-domain contamination
are vital for trustworthy Ethernet consolidation
(Saraf et al, 2012).

5. Toolchains for Cross-Layer Co-Design. Integrated
toolchains covering PHY simulations, timing
verification, and security analysis will accelerate
robust Automotive Ethernet deployments (Karim,
2025; Lim et al., 2011).

conclusion
Automotive Ethernet represents a transformative
opportunity for modern vehicles—promising consolidated
wiring, higher bandwidth for perception and infotainment,

and closer alignment with [P-based services (PHYS ORG,



2011; Riches, 2011). However, as the synthesis herein
shows, the transition must be managed with disciplined
cross-layer engineering. AVB and TSN concepts provide
useful building blocks for bounded latency, but meeting hard
real-time  demands explicit
mechanisms, strict domain partitioning, and possibly
physical separation for the most critical functions (Lim et al,,
2011; Carlson et al., 2012). Diagnostics over IP (DolP) offers
powerful remote capabilities but introduces security
imperatives that can only be satisfied through robust
authentication, gateway mediation, and lifecycle credential
management (ISO, 2012; Jadhav & Kshirsagar, 2018). EMI
mitigation—especially in camera and sensor PCB design—
remains a practical engineering challenge best addressed
through integrated simulation and shielding strategies
(Karim, 2025).

Designers and researchers should therefore adopt an
architectural posture that emphasizes: modularity (explicit
separation of traffic classes), security-by-design (multi-
layered defenses and credential lifecycle planning), and
empirical validation (bench and in-vehicle tests using mixed
traffic). The research agenda outlined above highlights
critical gaps that, if pursued, will materially accelerate the
safe and secure deployment of Automotive Ethernet across
vehicle classes.

requires time-aware

The conclusions and architectural recommendations in this
paper are grounded in the referenced literature. While the
field continues to evolve rapidly, the principles articulated—

EMI/PHY design,
foundational

and
any
engineering team tackling the migration to Ethernet-based

cross-layer thinking, rigorous

integrated security—remain for

in-vehicle networks.
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