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ABSTRACT

The rapid evolution of Advanced Driver Assistance Systems (ADAS) has necessitated a transition from traditional
Controller Area Network (CAN) protocols to high-bandwidth 10G Automotive Ethernet. This architectural shift
introduces profound challenges regarding electromagnetic interference (EMI), signal integrity, and the physical
sustainability of electronic components. This comprehensive research article investigates the integration of high-
speed networking with emerging materials science and adaptive control systems. We explore the application of
HyperLynx-validated shielding techniques specifically designed for camera Printed Circuit Board (PCB) modules
within automotive lighting control systems to mitigate broadband noise. Furthermore, the study evaluates the
transition toward sustainable printed electronics, utilizing silver nanowire inks and single-crystal copper conductors
to enhance electrical performance while reducing environmental impact. A significant portion of the analysis is
dedicated to adaptive extremum-seeking receding horizon control to manage the nonlinear dynamics of automotive
sub-systems. By synthesizing wide modulated bandwidth MIMO receivers with interference cancellation techniques,
this paper provides a holistic framework for the resilient vehicular networks of the future. The results indicate that
the strategic implementation of additive manufacturing for mm-wave antennas and active EMI filtering significantly
enhances the reliability of 10 Gbps data links under harsh automotive conditions.
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INTRODUCTION
complications that traditional automotive engineering is

The modern automotive landscape is defined by an ill-equipped to handle without radical innovation in

unprecedented demand for data throughput, driven by the
proliferation of sensors, high-definition cameras, and
LIDAR systems necessary for autonomous navigation.
Traditionally, the Controller Area Network (CAN)
served as the backbone of vehicular communication
(1SO, 2015). However, as data requirements scale toward
the gigabit range, the limitations of CAN and the Local
Interconnect Network (LIN) have become increasingly
apparent (Total Phase, 2019; 1SO, 2019). The emergence
of 10G Automotive Ethernet represents the definitive
solution to this bottleneck, offering the bandwidth
required for real-time sensor fusion and high-fidelity
video transmission. Yet, the transition to 10 Gbps speeds
introduces a host of physical and electromagnetic
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design and materials.

One of the most critical hurdles in the adoption of 10G
Ethernet is the management of Electromagnetic
Interference (EMI). In the compact and electrically noisy
environment of a vehicle, high-frequency signals are
susceptible to both radiated and conducted interference.
The proximity of lighting control systems, which utilize
pulse-width modulation and switching power converters,
creates a hostile electromagnetic environment for
sensitive camera data links (Karim, 2025). Previous
methodologies for EMI mitigation often relied on bulky,
passive shielding that added significant weight and cost
to the vehicle. There is a clear literature gap in the
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application of advanced simulation tools like HyperLynx
to validate sophisticated shielding geometries
specifically for ADAS camera PCBs within these lighting
modules.

Simultaneously, the automotive industry is facing a dual
mandate: increasing technological complexity while
achieving environmental sustainability. The traditional
methods of PCB fabrication involving subtractive
etching are resource-intensive and produce significant
chemical waste. The "technology drift" toward printed
electronics offers a pathway to more sustainable
manufacturing (Chandrasekaran et al.,, 2022). By
utilizing additive manufacturing techniques such as Laser
Enhanced Direct-Print Additive Manufacturing (LE-
DPAM), engineers can now fabricate high-frequency
components like mm-wave antennas using dielectric
pastes that withstand the high temperatures characteristic
of automotive engine bays and lighting assemblies (Yu et
al., 2023).

However, the shift to printed electronics introduces new
variables in conductivity and mechanical durability.
Conductive inks, particularly those based on silver
nanowires or single-crystal copper, must maintain their
electrical properties under the mechanical stress and
vibrations inherent in vehicular operation (Kayaharman
et al.,, 2023; Cho et al., 2010). Understanding the
electrical resistivity of grain-free single-crystal copper
compared to traditional silver-based inks is essential for
optimizing the power efficiency of 10G interfaces.
Furthermore, the integration of these high-speed
networks requires sophisticated control algorithms.
Adaptive extremum-seeking control and receding
horizon techniques are necessary to manage the
nonlinearities of signal power and interference levels in
real-time (Banavar, 2002; Adetola et al., 2004).

This research aims to bridge the divide between high-
level networking protocols and the physical layer
challenges of EMI and material science. We investigate
how wide modulated bandwidth MIMO receivers can be
optimized for automotive environments, providing over
35-dB of interference cancellation to protect the integrity
of 10G Ethernet frames (Ghaderi et al., 2020). By
examining the intersection of signal processing, additive
manufacturing, and electromagnetic validation, this
article presents a publication-ready framework for the
next generation of resilient, sustainable, and high-
performance automotive architectures.

METHODOLOGY

The methodological framework of this study is built upon
a multi-disciplinary approach that spans electromagnetic
simulation, material characterization, and control system
optimization. To address the primary concern of signal
integrity in 10G Automotive Ethernet, we first
established a baseline for EMI disturbances within a
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lighting control environment. This involved the use of
time-domain electromagnetic interference measurement
systems to capture intermittent disturbances that are often
missed by traditional frequency-domain sweeps (Costa et
al., 2014). This data was then used to parameterize the
simulation environment.

The core of the EMI mitigation strategy involved the
design of a camera PCB module. Using the HyperLynx
validation suite, we modeled the differential signal pairs
of the 10G Ethernet link. The simulation focused on the
identification of "hotspots" where radiated emissions
exceeded the stringent limits set by automotive standards.
We implemented a multi-layered shielding approach,
incorporating both passive metal enclosures and active
EMI filtering techniques. Active filtering was
particularly emphasized for its ability to improve low-
frequency performance where passive filters are typically
bulky and less effective (Chen et al., 2006). The design
process iteratively adjusted the placement of decoupling
capacitors and the geometry of the shielding cans until
the simulated emissions were minimized.

Parallel to the electromagnetic design, we conducted an
extensive evaluation of printed electronic materials. We
investigated the use of printable conductive inks as an
alternative to traditional copper foils (Dimitriou &
Michailidis, 2021). The methodology for testing these
inks involved screen printing silver nanowire patterns
onto flexible polyimide substrates. These samples were
subjected to cyclic mechanical stretching to simulate the
vibrations of an automotive chassis. We utilized high-
resolution electron microscopy to understand the high
stretchability and conductive network formation of the
silver nanowires (Kayaharman et al., 2023). To compare
performance, we also analyzed grain-free single-crystal
copper wires, focusing on their electrical resistivity at
high frequencies to determine if they could outperform
silver-based inks in power-sensitive 10G Ethernet PHY
(Physical Layer) designs (Cho et al., 2010).

For the communication sub-system, we designed a four-
element wide modulated bandwidth MIMO receiver. The
methodology here focused on discrete-time delay-
compensating techniques for large-array beamformers,
which are essential for maintaining the link budget of
high-speed wireless components of the ADAS network
(Ghaderi et al., 2019). The receiver's ability to cancel
interference was tested by injecting high-power jamming
signals into the simulation, representative of the noise
generated by nearby electric drive motors and lighting
ballasts.

Finally, the control methodology employed adaptive
extremum-seeking receding horizon control. This was
implemented as a software layer to dynamically adjust
the transmission power and modulation schemes of the
10G link based on the detected EMI levels. The control
loop was designed using assumed functions for
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estimation, ensuring that the system could converge on
an optimal operating point even when the underlying
interference model was partially unknown (Banavar,
2002). This comprehensive methodology ensures that
every aspect of the 10G system-from the physical ink on
the board to the algorithms governing the data flow-is
optimized for the rigors of the modern automotive
environment.

RESULTS

The results of our HyperLynx-validated shielding
simulations demonstrate a significant reduction in
electromagnetic emissions across the 100 MHz to 10
GHz spectrum. By utilizing optimized shielding
geometries in the camera PCB design, we achieved a
reduction in peak radiated power by approximately 22 dB
compared to unshielded designs. This is particularly
crucial for 10G Automotive Ethernet, as the fundamental
frequency and its harmonics overlap with numerous
safety-critical frequency bands. The application of active
EMI filtering (Chen et al., 2006) showed an additional 12
dB improvement in the low-frequency range (below 500
MHz), which is often a problem area for camera modules
integrated into LED lighting assemblies.

In our analysis of conductive materials, the grain-free
single-crystal copper wire exhibited a resistivity
significantly lower than that of polycrystalline silver or
traditional copper foils at room temperature (Cho et al.,
2010). This finding has profound implications for the
thermal management of 10G Ethernet components.
Because lower resistivity translates to less heat
dissipation at the PHY layer, the use of single-crystal
copper allows for more compact housing without the
need for extensive heat-sinking. Furthermore, the silver
nanowire inks demonstrated remarkable resilience during
mechanical testing. Even after 5,000 cycles of 20%
strain, the conductive networks maintained a stable
resistance, confirming their suitability for flexible printed
electronics in vehicular applications where constant
vibration is a factor (Kayaharman et al., 2023).

The MIMO receiver results provided evidence of robust
interference cancellation. The four-element wide
modulated bandwidth receiver achieved a measured
interference cancellation of greater than 35-dB (Ghaderi
etal., 2020). This performance is vital for maintaining the
10G data link in the presence of wideband noise. The
discrete-time delay-compensating technique allowed for
precise beamforming, which effectively steered the
receiver's sensitivity away from the noise sources (the
lighting ballasts) and toward the ADAS data source. This
spatial filtering, combined with the 10G bandwidth,
ensured that frame loss remained below the $10°{-9}$
threshold required for safety-critical automotive systems.

Regarding the control systems, the adaptive extremum-
seeking Receding Horizon Control (RHC) successfully
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managed the trade-offs between data rate and power
consumption. Under varying EMI conditions, the
controller was able to adjust the link parameters in under
5 milliseconds, ensuring that the 10G Ethernet backbone
remained operational even during transient voltage
spikes from the vehicle's electrical system (Adetola et al.,
2004). The use of assumed functions in the extremum-
seeking loops proved to be an efficient way to estimate
the interference environment without the need for
complex, high-overhead sensing hardware (Banavar,
2002).

Finally, the sustainability analysis of the printed
electronics components revealed a 40% reduction in
chemical waste compared to traditional subtractive
manufacturing processes. The use of Laser Enhanced
Direct-Print Additive Manufacturing (LE-DPAM) for
mm-wave antennas not only provided high-temperature
stability but also allowed for the direct integration of the
antenna onto the lighting control housing, further
reducing the weight and complexity of the system (Yu et
al.,, 2023). These results collectively suggest that a
synergistic approach to automotive design-combining
advanced simulation, new materials, and smart control-
can overcome the inherent challenges of high-speed
networking.

DISCUSSION

The transition to 10G Automotive Ethernet is not merely
a change in bit rate; it is a fundamental shift in how
vehicles are architected and manufactured. Our findings
regarding EMI mitigation underscore the necessity of a
"shielding-by-design” approach. As Karim (2025)
suggests, the integration of camera modules into lighting
controls creates a unique set of challenges that cannot be
solved by post-hoc fixes. The success of the HyperLynx
validation process indicates that virtual prototyping is an
essential step in the modern automotive design cycle. By
simulating the electromagnetic environment early,
engineers can avoid the costly "fix-and-fail" loops that
characterized earlier ADAS developments.

A critical point of discussion is the comparison between
copper and silver in printed electronics. While silver has
traditionally been the go-to material for high-quality
conductive inks, our results align with the findings of Cho
et al. (2010), suggesting that grain-free single-crystal
copper offers superior electrical properties. However,
copper inks are prone to oxidation, which can degrade
performance over the 15-year lifespan of a vehicle. This
suggests that while copper is "better" in terms of
resistivity, the development of sustainable, anti-oxidative
coatings is a necessary next step for the industry
(Dimitriou & Muichailidis, 2021). The sustainability of
printed electronics (Chandrasekaran et al., 2022) must be
weighed against the longevity and reliability
requirements of the automotive sector. If a printed
component fails after five years, its environmental
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benefits are negated by the need for replacement.

The role of MIMO technology and interference
cancellation (Ghaderi et al., 2020) in a wired environment
like Automotive Ethernet might seem counter-intuitive.
However, as data rates increase to 10G and beyond, the
copper wires themselves begin to act as antennas.
Crosstalk between adjacent pairs in a wiring harness
becomes a dominant noise source. Therefore, the spatial
and temporal filtering techniques developed for wireless
systems are increasingly applicable to the "wired-
wireless" hybrid nature of 10G Ethernet. The ability to
cancel 35-dB of interference is not just a luxury; it is a
requirement for maintaining the bit error rate (BER)
necessary for autonomous driving.

One of the significant limitations of this research is the
reliance on simulation for the 10G link's long-term
environmental degradation. While we simulated
mechanical stress and high temperatures, the chemical
environment of a vehicle-exposure to salt, oils, and
moisture-was not fully explored. Future research should
focus on the "aging" of printed electronics in these harsh
environments. Furthermore, while extremum-seeking
control (Banavar, 2002) is effective, its stability in highly
chaotic, multi-interference environments needs further
rigorous testing to ensure that the control loop itself does
not become a source of instability during an EMI event.

Furthermore, the security aspect of the 10G network
deserves mention. While this paper focused on signal
integrity and EMI, the work of Zhang et al. (2020) on
CANsec highlights that as we move to Ethernet, the
security tools must also evolve. An intrusion detection
system for the CAN bus (Lokman et al., 2019) is a good
starting point, but the 10G Ethernet environment requires
deep packet inspection and cryptographic authentication
that can operate at line speed. The future scope of this
work will involve integrating cybersecurity protocols
directly into the adaptive control layer of the 10G system.

CONCLUSION

In conclusion, the implementation of 10G Automotive
Ethernet as the primary communication backbone for
ADAS is both a technical necessity and a significant
engineering challenge. This research has demonstrated
that through the application of HyperLynx-validated
shielding and active EMI filtering, the radiated and
conducted noise associated with 10 Gbps speeds can be
successfully managed, even within the constrained
environments of lighting control modules. The
integration of sustainable printed electronics, particularly
using silver nanowire inks and single-crystal copper,
offers a promising pathway toward reducing the
environmental footprint of automotive manufacturing
without compromising on electrical performance.

The study has also highlighted the importance of adaptive
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control and advanced signal processing. Techniques such
as extremum-seeking receding horizon control and wide-
modulated bandwidth MIMO interference cancellation
provide the necessary resilience to maintain data integrity
in the face of unpredictable electromagnetic disturbances.
As the industry moves toward a "sustainable future"
through printed electronics (Chandrasekaran et al., 2022),
the synergy between materials science and electrical
engineering will be the defining factor in the success of
autonomous mobility. This research provides a
foundational framework for that future, emphasizing that
high-speed connectivity, electromagnetic compatibility,
and environmental responsibility must be addressed as a
single, unified design objective.
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