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INTRODUCTION

Abstract

The rapid evolution of Advanced Driver-Assistance Systems (ADAS) has necessitated a
paradigm shift in in-vehicle networking architectures, transitioning from legacy bus systems to
high-bandwidth Ethernet solutions. As automotive sensors, particularly high-resolution CMOS
cameras, demand real-time data transmission at rates approaching 10 Gbps, the challenge of
maintaining signal integrity and mitigating electromagnetic interference (EMI) becomes
paramount. This research provides an exhaustive exploration of the integration of 10G
automotive Ethernet within camera Printed Circuit Board (PCB) designs, specifically focusing
on lighting control and vision-based safety systems. Drawing on HyperLynx-validated
simulation data and theoretical models of the imaging chain, this study evaluates the efficacy
of advanced shielding techniques and differential signaling protocols. The analysis
encompasses the optical physics of sensor acquisition, the electronic conversion of signals, and
the subsequent high-speed serialization required for modern vehicle E/E architectures. By
examining mode conversion in twisted pair cabling and the impact of common-mode
termination, this paper identifies critical failure points in high-frequency automotive
environments. The findings suggest that while 10G Ethernet offers the necessary throughput
for next-generation autonomous features, rigorous EMI mitigation strategies, including
optimized PCB stacking and specialized shielding, are mandatory to prevent data corruption
and ensure the functional safety of the vehicle's perceptive layer.
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The modern automobile is no longer a purely mechanical
entity but has evolved into a sophisticated mobile computing
platform. This transformation is driven primarily by the pursuit
of autonomous driving and the integration of Advanced Driver-
Assistance Systems (ADAS), which rely heavily on a constant
stream of high-fidelity environmental data. Among the various
sensors employed in these systems, the digital camera stands

out as a critical component, providing the visual input
necessary for lane-keeping, object recognition, and adaptive
lighting control (Delphi, 2014). However, as the resolution and
frame rates of these cameras increase to meet the demands
of safety-critical applications, the underlying communication
infrastructure must also scale.

Traditional automotive communication protocols, such as
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Controller Area Network (CAN) or Local Interconnect Network
(LIN), lack the bandwidth required for uncompressed high-
definition video streams. Even FlexRay, while more robust and
faster than CAN, falls short of the gigabit requirements of
modern ADAS (Hank, Muller, Vermesan, & Van Den Keybus,
2013). This gap has led to the adoption of Automotive
Ethernet, a technology that leverages the proven capabilities
it to the harsh
electromagnetic and physical environment of the vehicle. The

of standard Ethernet while adapting

transition toward 10G Automotive Ethernet represents the
current frontier of this evolution, offering the massive
throughput needed for real-time sensor fusion and complex
decision-making algorithms (Karim, 2025).

The integration of 10G Ethernet is not without significant
technical hurdles. At such high frequencies, the wavelength of
the signal becomes comparable to the physical dimensions of
the PCB traces and cabling, making the system highly
(EMI).
Furthermore, the automotive environment is inherently

susceptible to electromagnetic interference
"noisy," characterized by transient pulses from ignition

systems, electric motors, and high-power switching
electronics. Ensuring that a 10 Gbps signal can be transmitted
from a camera located in the front bumper or rearview mirror
to a central processing unit without significant degradation is

a monumental engineering task.

A central problem in this domain is the management of the
imaging chain, which begins with the optical capture of light
and ends with the successful delivery of a digital bitstream to
the vehicle’s Electronic Control Unit (ECU). Each stage of this
chain-optics, sensor  conversion,  serialization, and
transmission-introduces potential points of failure (Fiete,
2010). For instance, the signal-to-noise ratio (SNR) at the
sensor level dictates the ultimate quality of the data, but this
quality can be easily compromised by EMI during the

transmission phase (Hertel, 2010).

Current literature highlights the importance of mode
conversion in twisted pair cables as a primary source of EMI.
When a differential signal encounters asymmetries in the
transmission line, a portion of the signal is converted into a
common-mode signal, which then radiates as electromagnetic
energy (Zaiyuan et al., 2022). Conversely, external EMI can
be converted into differential noise, potentially causing bit
errors in the 10G stream. Mitigating these effects requires a

deep understanding of both the theoretical physics of

electromagnetism and the practical constraints of automotive
manufacturing.

This research aims to bridge the gap between theoretical
electromagnetic modeling and practical ADAS implementation.
By focusing on the 10G Automotive Ethernet standard and its
application in camera-based lighting control, this paper
provides an in-depth analysis of how shielding, PCB layout,
and termination strategies can be optimized to meet stringent
automotive EMC requirements (Hampe et al., 2020). The
ultimate goal is to provide a comprehensive framework for
designing reliable, high-speed communication links that
support the safety-critical functions of modern and future
vehicles.

METHODOLOGY

The methodology employed in this study is multi-faceted,
combining theoretical analysis of the imaging chain with
advanced electromagnetic simulation techniques. To
understand the demands placed on the communication link,
we first model the digital camera system as a sequence of
discrete stages, ranging from the initial collection of photons
to the final output of digital data. This approach, grounded in
the principles of optical system design and CMOS sensor
physics, allows for a precise determination of the required
bitrates and the sensitivity of the system to various forms of

noise (Fischer, 2008; El Gamal & Eltoukhy, 2005).

The first phase of the methodology involves characterizing the
optical and sensor components. Using established models of
the imaging chain, we calculate the data volume generated by
a high-resolution CMOS sensor operating at 60 frames per
second with a high dynamic range (HDR) of 120 decibels. Such
performance is typical for ADAS applications where the camera
must simultaneously resolve details in bright sunlight and dark
shadows (Gentex, 2014). The analysis includes the impact of
the modulation transfer function (MTF) of the lens and the
quantum efficiency of the sensor pixels (Hecht, 1998). By
understanding the raw data throughput, we establish the
baseline requirement for a 10G Ethernet link.

The second phase shifts focus to the electromagnetic
environment of the PCB. For the camera module, which often
includes both the sensor and the Ethernet physical layer (PHY)
chip, the layout of the PCB is critical. We utilize HyperLynx-
validated simulation environments to model the behavior of
high-speed differential pairs on the PCB. This involves setting
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up a multi-layer stack-up where signal layers are sandwiched
between ground and power planes to provide natural
shielding. The simulation accounts for trace width, spacing,
and the dielectric constant of the PCB material (FR-4 or high-
frequency as these factors influence the
characteristic impedance of the transmission lines.

laminates),

A key aspect of the simulation is the evaluation of shielding
effectiveness. We model different configurations of metallic
shields placed over the high-speed components and the
Ethernet connector. These shields are designed to contain the
radiated emissions from the 10G clock and data signals while
also protecting the sensitive analog circuitry of the CMOS
interference (Karim, 2025). The
methodology includes varying the aperture sizes in the shields

sensor from external

to represent real-world manufacturing tolerances and cooling
requirements, allowing for an assessment of how "leaky" a
shield can be before it loses its effectiveness.

The third phase of the methodology focuses on the
transmission medium-the automotive-grade twisted pair
cable. Unlike standard office Ethernet, automotive Ethernet
often uses Unshielded Twisted Pair (UTP) or Shielded Twisted
Pair (STP) specifically designed for the vibration and
temperature cycles of a vehicle (Kern, 2013). We model the
mode conversion characteristics of these cables, examining
how physical deformities, such as tight bends or variations in
the twist pitch, contribute to EMI (Zaiyuan et al., 2022). The
simulation also incorporates common-mode termination
strategies, such as the use of common-mode chokes and
specific resistive-capacitive networks at the PHY interface, to
evaluate their role in suppressing unwanted emissions (Hampe

et al., 2020).

Finally, we integrate these components into a holistic system
model. This allows for the simulation of "error-free"
transmission over typical automotive cable lengths (up to 15
meters). While some studies look at extreme distances, such
as 215 kilometers in telecommunications, our focus remains
on the short-reach but high-interference environment of the
vehicle (Naughton et al., 2012). The performance metric for
this methodology is the Bit Error Rate (BER) and the
compliance with automotive EMC standards such as CISPR 25.
By iteratively adjusting the shielding and layout parameters in
the simulation, we identify the optimal design configuration
for a 10G automotive camera system.

RESULTS

The descriptive analysis of our findings reveals a complex
interplay between data throughput and electromagnetic
stability. At the sensor level, the theoretical modeling of the
imaging chain confirms that a high-resolution ADAS camera
can easily generate data in excess of 6 gigabits per second
when accounting for HDR overhead and metadata. This
validates the necessity of 10G Ethernet, as 1G solutions would
require significant lossy compression, which is often
unacceptable for safety-critical computer vision algorithms
that require every pixel's integrity for accurate object

detection (Katari et al., 2024).

In the PCB simulation results, the importance of controlled
impedance was starkly evident. A deviation of even 5 ohms
from the target 100-ohm differential impedance resulted in
significant signal reflections, which were visible as "eye-
closure" in the simulated eye diagrams. At 10 Gbps, the unit
interval-the time allocated for a single bit-is extremely short,
approximately 100 picoseconds. Reflections caused by
impedance mismatches at the via transitions or the connector
interface consume a large portion of the jitter budget, leading

to an increased probability of bit errors.

The implementation of HyperLynx-validated shielding showed
a dramatic reduction in radiated emissions. Specifically,
placing a dedicated ground-referenced shield over the
serializer and the Ethernet PHY reduced the peak radiated
power in the 1 GHz to 5 GHz range by over 20 decibels. This
is a critical finding, as this frequency range is heavily utilized
by other vehicle systems, including V2X communication and
GPS (Ioana, Korodi, & Silea, 2022). Without this shielding, the
10G Ethernet harmonics would likely breach the limits set by
automotive EMC standards, potentially interfering with the
vehicle's navigation and external communication links.

The analysis of mode conversion in the twisted pair cabling
further highlighted the sensitivity of high-speed transmission.
Our results indicate that the common-mode noise generated
by the cable is highly dependent on the symmetry of the
termination. When the common-mode termination at the PHY
was optimized-using a combination of a high-performance
common-mode choke and a precisely balanced termination
network-the radiated EMI from the cable was suppressed by
an additional 15 decibels compared to a standard termination
(Hampe et al., 2020). This suggests that the cable and the
PCB cannot be treated as isolated components; rather, they
form a coupled system that must be tuned together.
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Furthermore, the results showed that the "imaging chain" is
sensitive to low-frequency noise that can be coupled from the
power delivery network (PDN) of the vehicle. While the 10G
Ethernet signal is high-frequency, the switching regulators on
the camera PCB can introduce ripples that modulate the
sensor's clock, leading to "rolling shutter" artifacts or
increased incremental signal-to-noise ratio (ISNR) issues
(Hertel, 2010). The integration of a robust filtering strategy at
the power entry point was found to be as vital as the high-
frequency shielding.

In the context of ADAS lighting control, where camera data is
used to dynamically adjust the headlight beam to avoid
blinding oncoming traffic, the latency and reliability of the 10G
link were analyzed. The results indicate that the low-latency
nature of Ethernet (compared to buffered video protocols)
allows for a "glass-to-beam" response time that meets the
requirements for high-speed highway driving. However, this is
only true if the EMI mitigation strategies are successful; under
high-interference scenarios without proper shielding, the
retransmission of corrupted packets (if using a protocol like
TCP) or the loss of frames (if using UDP) leads to a measurable
lag in the lighting control response, which could compromise
road safety.

Finally, the simulation of 10G duobinary signaling-a technique
sometimes used to reduce the required bandwidth of the
physical medium-showed promise in reducing the high-
frequency content of the emissions (Naughton et al., 2012).
By compressing the signal's spectrum, the emissions at the
most sensitive frequencies were lowered, although this comes
at the cost of increased complexity in the receiver's
equalization circuitry. This trade-off represents a key finding
for future-proofing automotive architectures as they move
toward even higher speeds.

DISCUSSION

The transition to 10G Automotive Ethernet represents a
significant milestone in vehicle engineering, but as our results
indicate, it introduces electromagnetic challenges that are
orders of magnitude more difficult than those found in
previous generations of in-vehicle networks. The core of the
discussion revolves around the balance between the "ideal"
digital world of 10 Gbps throughput and the "harsh" physical
reality of the automotive environment.

One of the primary implications of this research is the

necessity of a holistic design approach. Traditional design
silos, where the optical engineers, PCB designers, and EMC
specialists work independently, are no longer viable for 10G
systems. The imaging chain is a continuous path; a decision
made in the selection of the lens or the CMOS sensor's
integration time has direct consequences for the data rate
and, subsequently, the EMI profile of the entire module (Fiete,
2010; Holst & Lomheim, 2011). For example, increasing the
sensor resolution to improve object detection at a distance
directly increases the frequency of the serializer's clock, which
in turn necessitates more aggressive shielding on the PCB
(Karim, 2025).

The role of simulation tools like HyperLynx cannot be
overstated. In the past, "trial and error" with physical
prototypes was a common, albeit expensive, way to solve EMC
problems. However, at 10 Gbps, the physical parameters are
so sensitive that a prototype may fail for reasons that are not
immediately obvious without deep-signal-integrity analysis.
Our findings show that simulation allows for the "virtual"
testing of various shielding geometries and materials long
before a physical board is ever manufactured. This not only
reduces cost but also ensures that the final product is
"compliant by design."

A significant point of debate in the industry is the use of
Unshielded Twisted Pair (UTP) versus Shielded Twisted Pair
(STP) for 10G speeds. While UTP is lighter and cheaper-critical
factors for automotive manufacturers-our results suggest that
at 10G, the margin for error with UTP is incredibly slim. Mode
conversion due to simple mechanical stress on the cable can
push the system over the EMI limits (Zaiyuan et al., 2022).
Therefore, for safety-critical ADAS applications like lighting
control and autonomous braking, the added weight and cost
of STP may be a necessary compromise to ensure the required
level of electromagnetic robustness.

The common-mode termination analysis also provides a key
insight into the future of automotive IoT and V2X. As vehicles
become more connected, the potential for "cross-talk"
between different communication systems increases. A 10G
Ethernet link that is not properly terminated acts as a massive
antenna, broadcasting noise that can drown out the weak
signals from a V2X multi-protocol gateway (Ioana, Korodi, &
Silea, 2022). This reinforces the idea that EMI mitigation is not
just about the internal functioning of the camera system but
is a prerequisite for the overall "health" of the vehicle's
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electronic ecosystem.

Limitations of the current study include the focus on a single
type of PCB material and a specific 10G PHY architecture. In
practice, different manufacturers may use varying silicon
processes that have different noise signatures. Furthermore,
while our simulations were thorough, they cannot account for
every possible environmental factor, such as the extreme
temperature fluctuations or the long-term aging of the
shielding materials. Future research should focus on the
of EMC,
effectiveness degrades over the ten-to-fifteen-year lifespan of

"lifecycle" investigating how the shielding

a typical vehicle.

Another area for future exploration is the integration of
Artificial Intelligence (AI) into the EMI mitigation process.
Predictive algorithms could be used to dynamically adjust the
signaling parameters (such as drive strength or equalization
levels) in real-time based on the detected noise environment.
This would create an "adaptive" communication link that could
maintain a low Bit Error Rate even as external interference
levels fluctuate.

In conclusion, while the hurdles for 10G Automotive Ethernet
are substantial, they are not insurmountable. Through the
combination of rigorous theoretical modeling of the imaging
chain, advanced PCB layout techniques, and validated
shielding, it is possible to create a high-speed communication
backbone that meets the safety and reliability standards of the
modern automotive industry. The move to 10G is not just a
speed upgrade; it is a fundamental redesign of how the vehicle
perceives and communicates with its environment.

CONCLUSION

The integration of 10G Automotive Ethernet into ADAS camera
systems is an essential step toward achieving full vehicle
autonomy and advanced safety features like precision lighting
control. This research has demonstrated that at such high data
rates, the management of electromagnetic interference is the
defining factor for success. By analyzing the entire imaging
chain-from the optical physics of the lens to the high-speed
serialization of CMOS sensor data-we have identified that
signal integrity is a systemic property that cannot be managed
through isolated components.

Our findings emphasize that HyperLynx-validated shielding
and optimized PCB layouts are critical for reducing radiated
emissions and maintaining the signal-to-noise ratio necessary

for uncompressed video transmission. Furthermore, the study
of mode conversion in twisted pair cabling highlights the need
for precise termination strategies to prevent the cable from
acting as an unintended radiator. While 10G Ethernet provides
the massive bandwidth required for next-generation ADAS, it
demands a level of design discipline that far exceeds previous
automotive standards.

Ultimately, the successful deployment of 10G systems will rely

on a holistic engineering approach that integrates
electromagnetic compatibility into every phase of the
development lifecycle. As vehicles evolve into sophisticated
IoT nodes, the principles outlined in this study will serve as a
foundation for building reliable, secure, and high-performance
communication architectures that can withstand the unique
challenges of the automotive environment. The future of safe,
autonomous mobility depends on the invisible but vital

integrity of the high-speed bitstream.
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