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IMPROVING EMI PERFORMANCE IN AUTOMOTIVE DATA TRANSMISSION SYSTEMS
USING SPREAD SPECTRUM MODULATION

Tsymbal O., Lebedev D. Improving emi performance in automotive data transmission systems using spread
spectrum modulation. This paper investigates the enhancement of electromagnetic interference (EMI) performance in automotive
data transmission systems through the application of spread spectrum modulation techniques. The significance of this research lies
in the growing complexity and density of electronic systems within modern vehicles, which increases the potential for EMI-related
issues that can compromise the reliability and safety of automotive communication systems. The primary objective of this study is
to evaluate the effectiveness of spread spectrum modulation in mitigating EMI and improving the overall performance of data
transmission in automotive environments. To achieve this objective, the research utilizes both theoretical analysis and experimental
validation. The methods include a detailed review of current EMI mitigation strategies, the design and implementation of spread
spectrum modulation techniques in a controlled environment, and subsequent testing to measure the impact on EMI performance.
Key metrics for evaluation include signal integrity, data transmission rate, and EMI reduction levels. The results of the study
indicate a significant improvement in EMI performance when spread spectrum modulation is applied. The experimental data
demonstrate a notable reduction in EMI levels, leading to enhanced signal integrity and more reliable data transmission. These
findings suggest that spread spectrum modulation is a viable solution for addressing EMI challenges in automotive data
transmission systems.
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Humo6an O.B., JIedeaes [1.10. Ilokpamennsi npoaykruBHocti EMI B aBTOMOGIILHUX cHcTeMax mepeaadi JaHuX
3a JIONOMOIoI0 MOAYJSUil PO3IIMPEHOro crneKTpa. Y CTaTTi JOCTKEHO MOKPALISHHsS MPOJIYKTHBHOCTI €JIEKTPOMArHiTHOL
cymicHocTi (EMI) B aBTOMOOIIBHMX CHUCTEMax Mepeaadi JaHWX 3a JOMOMOTOI0 METOJIB MOAYJIALII 3 PO3IIUPEHUM CIEKTPOM.
AKTyaJbHICTh LIOTO JOCTI[KEHHI OOYMOBIJICHA 3POCTAIOUuOI0 CKJIAIHICTIO Ta IMIIBHICTIO €NEKTPOHHHUX CHCTEM Y CYYacCHHX
TPAHCIOPTHUX 3aco0ax, IO MiJABUIILYE MOXJIMBICTh BHHHKHEHHs MpoOieM, moB'si3anux 3 EMI, ski MOXyTh 3arpoxyBaru
HaJIAHOCTI Ta Ge3reli aBTOMOOITBHUX KOMYHIKalifHUX cucTeM. OCHOBHA METa IOT0 JOCIIKCHHS — OIIHUTH €(EKTUBHICTh
BUKOPHUCTAHHS MOJIYJISIIT 3 PO3UIMPEHUM CIIEKTpOM st 3MeHmeHHs: EMI Ta mokpaiiieHHs 3araibHol POAYKTHBHOCTI Mepeaadi
JTAHUX B aBTOMOOUILHUX yMOBaX. [yl MOCATHEHHS Ili€] METH B IOCHIPKCHHI BUKOPHCTOBYIOTHCS SIK TCOPETHYHMI aHAI3, TakK i
eKCIeprMEeHTaTbHA TiepeBipka. MeTomu BKIIIOYAIOTh JNETAJbHUI OIS CydacHHX crparerid 3meHmeHHs EMI, po3poOky Ta
BIOPOBA/DKEHHST METO/IB MOIYJIALI] 3 PO3IMIHUPEHUM CIIEKTPOM B KOHTPOJILOBAHHX yMOBAaX, & TAKOX MOJAJbIIE TECTYBAHHS UL
BUMIPIOBaHHS BIUTUBY Ha NMpoayKTUBHiCTE EMI. OCHOBHUMHM MOKa3HMKAMU JUTA OLIHIOBAHHS € IUTICHICTh CUTHAIY, IIBUIKICTh
nepesadi JaHUX Ta piBeHb 3HIKeHHS EMI. PesynmbraTi mocmimkeHHS CBiqUaTh MPO 3HAYHE MOKpANICHHS MpoAyKTHBHOCTI EMI
NPH 3aCTOCYBaHHI MOIYJIALIT 3 PO3LIMPEHNM CIIEKTpOM. EkcrieprMeHTanbHI AaHi IEMOHCTPYIOTh IIOMiTHE 3HIKeHHs piBHIB EMI,
10 TPHU3BOIAMTE IO MOKPAIICHHS IUTICHOCTI CUTHANY Ta OlMbIN HaAidHOT mepenadi aanux. L{i pe3ynapraTh BKa3yrOTh Ha Te, IO
MOJYJIAIS 3 PO3IIUPEHUM CIIEKTPOM € JKUTTE3IATHUM PIllICHHSIM JJIs TIOI0JIaHHs Tpo0OiieM, noB's3anux 3 EMI, B aBTOMOGITEHIX
cHCTeMax nepenadi JaHHX.

Kio4uoBi cioBa: eneKTpoMarHiTHa CyMIiCHICTB, MpoAyKTuBHICTH EMI, aBTOMOOULTBHI cHcTeMH Tepenayi DaHUX,
MOJYJIALIS 3 PO3MIUPEHAM CIIEKTPOM, IIUTICHICTh CUTHAIY, IIBHIKICTh NIepeiadi JaHuX, 3HkeHHT EMI.

The problems of the article. Electromagnetic interference (EMI) poses a significant challenge
in the design and operation of automotive data transmission systems. As vehicles become increasingly
sophisticated, with advanced electronic systems and communication networks, the need to ensure reliable
data transmission while minimizing EMI becomes crucial. EMI can disrupt data transmission, leading to
errors, system malfunctions, and compromised safety. The automotive industry, therefore, faces the dual
challenge of maintaining high data integrity and mitigating EMI to meet stringent regulatory standards
and customer expectations for safety and performance.

A promising approach to addressing this issue is the use of spread spectrum modulation
techniques. These techniques can significantly reduce the power density of transmitted signals, thereby
minimizing the potential for interference with other electronic systems. By spreading the signal over a
broader frequency range, spread spectrum modulation makes the signal more resistant to interference and
less likely to cause EMI. This capability is particularly important in the automotive sector, where the
dense and complex electronic environment can exacerbate the effects of EMI.

The scientific and practical importance of improving EMI performance in automotive data
transmission systems extends beyond merely meeting regulatory requirements. It is also closely tied to
the broader objectives of enhancing vehicle safety, reliability, and functionality. As the automotive
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industry moves towards more connected and autonomous vehicles, the reliability of data transmission
systems becomes even more critical. Ensuring robust and EMI-resistant communication channels is
essential for the seamless operation of advanced driver-assistance systems (ADAS), infotainment, and
other critical vehicle systems.

Thus, improving EMI performance using spread spectrum modulation in automotive data
transmission systems is not only a technical challenge but also a vital aspect of advancing automotive
technology. It addresses the practical need for reliable communication in vehicles while contributing to
the broader scientific understanding of EMI mitigation techniques. This approach holds the potential to
enhance the overall safety, efficiency, and user experience of modern vehicles.

Analysis of sources and recent research. The examination of various research studies on the
application of spread spectrum modulation (SSM) to improve electromagnetic interference (EMI)
performance in automotive data transmission systems reveals diverse approaches and methodologies aimed
at addressing key challenges in this area. Pena-Quintal A. et al. explore the impact of low-frequency
conducted EMI mitigation and signal integrity disruption using SSM in DC grids, providing a foundational
understanding of EMI reduction techniques applicable to automotive systems [1]. Ustun Ercan S., Pena-
Quintal A., and Thomas D. further investigate the effects of SSM on power line communications,
highlighting the potential for SSM to enhance data transmission integrity in noisy environments [2].

Wang Y., Luan J., and Yang W. present a novel hybrid SSM approach for suppressing EMI in
vehicle DC/DC converters, emphasizing the importance of combining different modulation techniques to
achieve optimal EMI reduction [3]. Lee Y. and Mittra R.'s earlier work on EMI mitigation through SSM
provides a comparative analysis of various techniques, setting the stage for modern applications in
automotive systems [4]. Rajalakshmi A. and Kavitha A. focus on cost-effective FPGA-based digital
communication modulation techniques, underscoring the practical aspects of implementing EMI
suppression methods in power converters [5].

Fan Y., Zhang L., and Li K. critically review the impacts of EMI and intentional EMI (IEMI) on
the radio communication networks of electrified railway systems, providing insights into the broader
implications of EMI in transportation systems [6]. Li C. et al. survey various conductive and radiated EMI
reduction techniques across wide-bandgap devices, offering a comprehensive overview of contemporary
methods and their applications [7].

Ray A. et al. introduce an active EMI cancellation technique that achieves a significant reduction
in conducted EMI of LIN drivers, demonstrating the effectiveness of active methods in automotive contexts
[8]. Gajbhiye P. et al. propose an approach to mitigate EMI noise in Vehicle-to-Grid (V2G) systems,
highlighting the relevance of SSM in emerging automotive technologies [9]. Wang Z. et al. review EMI
research related to high power density motor drive systems for electric actuators, discussing the challenges
and solutions for maintaining signal integrity in high-power environments [10].

Fan W., Shi Y., and Chen Y. explore a method for common-mode (CM) EMI suppression in power
factor correction (PFC) converters using lossless snubbers combined with chaotic SSM, indicating the
potential for advanced modulation schemes in EMI reduction [11]. Sim B. et al. develop an analytical model
for near-field EMI reduction in automotive wireless power transfer (WPT) systems, emphasizing the use
of harmonic frequency shielding coils for efficiency enhancement [12].

Beshir A.H. et al. discuss the effects of random modulation on power line communication systems,
highlighting the interplay between EMI and data transmission quality [13]. Amudha A. et al. review EMI
issues in high-speed designs, suggesting solutions that incorporate SSM to improve system reliability [14].
Yu D. et al. propose a novel composite modulation approach for powerline data communication,
specifically for switched reluctance motors (SRM) in distributed power grids, demonstrating innovative
uses of SSM for EMI mitigation [15]. Ashjaei M. et al. explore the state of the art in time-sensitive
networking in automotive embedded systems, providing insights into the integration of SSM for reliable
data transmission [16].

Selection of previously unresolved parts of the general problem. These studies collectively
highlight the diverse applications of SSM in reducing EMI and improving data transmission integrity in
automotive systems. While significant progress has been made, there remains a need for further research to
develop more efficient SSM techniques, particularly in the context of emerging automotive technologies
and the increasing complexity of modern vehicle electronics.

The purpose of this article is to investigate the effectiveness of using spread spectrum methods
to improve electromagnetic interference (EMI) performance in automotive data transmission systems. The

© Tsymbal O., Lebedev D.



Hayxosuil sccypruan "Komi 1oTepHO-iIHTETpOBaHi TEXHOJIOT1i: 0CcBiTa, HAyKa, BAPOOHHULITBO" 61
Jlyyvk, 2024. Bunyck Ne56

article seeks to identify the optimal parameters for spread spectrum techniques that can reduce
electromagnetic interference while maintaining high data transmission quality.

To achieve this aim, the article sets the following objectives:

1. Conduct a review of current methods and approaches to spread spectrum techniques used to
mitigate EMI in automotive data transmission systems.

2. ldentify the main factors affecting the effectiveness of spread spectrum techniques in the context
of automotive applications.

3. Develop a methodology for evaluating the effectiveness of spread spectrum techniques in
specific automotive data transmission systems.

4. Perform modeling and experimental studies to assess the impact of various spread spectrum
parameters on EMI performance.

5. Analyze the obtained results and provide recommendations for the optimal use of spread
spectrum techniques in automotive data transmission systems.

Presentation of the main material. In the realm of automotive data transmission systems,
managing electromagnetic interference (EMI) is a critical challenge due to the dense electronic environment
within modern vehicles. The increased complexity of electronic systems necessitates reliable
communication channels that are resilient to EMI. One of the most effective strategies for mitigating EMI
is the use of spread spectrum techniques. These technigues, by spreading the signal across a wider frequency
band, reduce the signal's power spectral density, making it less susceptible to interference and less likely to
cause interference with other systems.

Two primary methods of spread spectrum techniques are Direct Sequence Spread Spectrum (DSSS)
and Frequency Hopping Spread Spectrum (FHSS). DSSS involves multiplying the data signal with a
pseudo-random noise sequence, effectively spreading the signal over a broader bandwidth. This method
makes the signal appear as noise to unintended receivers, thereby enhancing security and resistance to
interference. In automotive applications, DSSS is particularly useful in systems where data integrity and
security are paramount, such as in vehicle-to-vehicle (V2V) communication and advanced driver-assistance
systems (ADAS).

FHSS, on the other hand, rapidly switches the carrier frequency over a wide range of frequencies
according to a predetermined sequence. This method spreads the signal energy over a larger bandwidth,
reducing the chance of interference affecting the entire transmission. FHSS is advantageous in
environments with varying interference levels, as it can avoid congested frequencies. In automotive
contexts, FHSS is often employed in applications requiring robust communication in the presence of
varying interference sources, such as in wireless keyless entry systems and infotainment systems.

Another notable approach is the use of hybrid spread spectrum techniques, which combine elements
of both DSSS and FHSS. This hybrid approach offers the benefits of both methods, providing enhanced
interference resistance and flexibility. For instance, hybrid systems can dynamically switch between DSSS
and FHSS modes depending on the interference environment, optimizing performance and reliability [16].

Table 1 illustrates the comparison of these spread spectrum techniques based on key performance
indicators such as bandwidth efficiency, interference resistance, and implementation complexity. The table
provides a concise overview of the strengths and weaknesses of each method in the context of automotive
data transmission systems.

Table 1. Comparison of Spread Spectrum Techniques

Technique Bandwidth Efficiency Interference Implementation
Resistance Complexity
DSSS Moderate High High
FHSS High Moderate Moderate
Hybrid High Very High Very High

Source: created by the author

In addition to the above methods, there are ongoing advancements in adaptive spread spectrum
techniques. These methods dynamically adjust the spreading parameters in real-time based on the current
interference environment. Such adaptive systems are particularly promising for future automotive
applications, where the interference landscape can change rapidly due to the increasing number of wireless
systems in vehicles and the surrounding infrastructure.
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Figure 1 provides a schematic representation of a typical DSSS system, illustrating the key
components and the signal flow from data input to the spread spectrum output. The diagram shows how the
pseudo-random noise sequence is generated and multiplied with the data signal, resulting in a spread
spectrum signal. The figure also highlights the process of despreading at the receiver end, where the original
data signal is recovered by correlating the received signal with the same pseudo-random sequence.

Data Input Signal Pseudo-random Noise
A 4 N
Modulation (BPSK) Spreading the Signal

A 4

Spread Spectrum Signal

A 4
Channel Transmission

A 4

Received Signal
a A 4

Despreading Data Recovery
¥ v
Original Data Signal Reconstructed Data

Fig. 1. Schematic of a Direct Sequence Spread Spectrum (DSSS) System

1. Data Input Signal: The original binary data that needs to be transmitted is input into the system.
This data is represented as a sequence of binary values (e.g., 101010110101).

2. Pseudo-random Noise Generator: A generator produces a pseudo-random noise (PN) sequence,
a binary sequence that appears random but is deterministic and reproducible. This sequence is crucial for
spreading the signal.

3. BPSK Modulation: The binary data is modulated using Binary Phase Shift Keying (BPSK),
which maps the data bits into corresponding phase shifts of a carrier wave. The BPSK signal represents the
binary data with values +1 and -1.

4. Spread Signal Generation: The BPSK-modulated signal is multiplied by the PN sequence,
resulting in a spread spectrum signal. This process spreads the signal over a broader frequency band,
reducing its power spectral density and making it more resilient to interference.

5. Channel Transmission: The spread spectrum signal is transmitted through the channel, which
may introduce noise and other interference. The spread spectrum nature of the signal helps mitigate the
impact of these disturbances.

6. Receiver and Despreading Process: At the receiver, the PN sequence is synchronized with the
incoming spread spectrum signal. The despreading process involves correlating the received signal with
the PN sequence, recovering the original data signal.

7. Despread Signal and Data Recovery: The despread signal undergoes demodulation and error
correction to reconstruct the original binary data. The output is the recovered data signal, ideally matching
the transmitted data.

This comprehensive schematic illustrates the entire DSSS process, from data input to data recovery,
highlighting the critical role of the PN sequence in spreading and despreading the signal. The diagram also
emphasizes the system's capability to handle interference, showcasing the spread spectrum technique's
effectiveness in enhancing data transmission reliability in automotive applications.

In the context of automotive applications, the effectiveness of spread spectrum techniques in
mitigating electromagnetic interference (EMI) is influenced by several key factors (table 2). These factors
determine the overall performance, reliability, and efficiency of data transmission systems within vehicles,
which are increasingly reliant on sophisticated electronic systems. The primary factors include the
characteristics of the propagation environment, the selection of modulation schemes, the design of pseudo-
random noise (PN) sequences, the implementation of error correction mechanisms, and the complexity of
the system architecture.
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Table 2. Key Factors Affecting the Effectiveness of Spread Spectrum Techniques in Automotive

Applications
Factor Impact on Effectiveness
Propagation Environment Affects SNR, multipath interference, and fading

Modulation Scheme Influences spectral efficiency and interference

PN Sequence Design Determines correlation properties and interference
resistance

Error Correction Affects data integrity and system latency

System Architecture Impacts power consumption, processing speed,

and cost

The propagation environment in automotive applications is characterized by dynamic and variable
conditions. Vehicles operate in diverse environments, from urban areas with high signal congestion to rural
areas with minimal interference. These variations affect the signal-to-noise ratio (SNR) and the overall
effectiveness of spread spectrum technigues. For instance, the presence of multipath propagation, where
signals reflect off surfaces and arrive at the receiver at different times, can cause signal fading and reduce
the clarity of the received signal. Spread spectrum techniques can mitigate these effects by spreading the
signal energy over a broader bandwidth, but their effectiveness is contingent on the specific environmental
conditions.

The choice of modulation scheme also plays a crucial role in determining the effectiveness of
spread spectrum techniques. Modulation schemes such as Binary Phase Shift Keying (BPSK) or Quadrature
Phase Shift Keying (QPSK) are commonly used in DSSS systems. The choice of modulation affects the
spectral efficiency, data rate, and resilience to interference. For example, BPSK, with its simple
implementation and high resistance to noise, is often preferred in scenarios with low SNR. In contrast,
QPSK offers higher data rates but may be more susceptible to phase noise, making it less effective in certain
automotive environments.

The design of the PN sequence is another critical factor. The PN sequence must be carefully chosen
to ensure a low cross-correlation with other sequences and a high auto-correlation, which is essential for
effective despreading at the receiver. The length and complexity of the PN sequence also influence the
security and interference resistance of the system. Longer sequences provide better interference resistance
but require more complex hardware and longer processing times, which can be a limiting factor in real-
time automotive applications.

Error correction mechanisms are integral to maintaining data integrity in the presence of
interference and noise. Forward error correction (FEC) codes, such as convolutional codes or turbo codes,
are often employed in spread spectrum systems to detect and correct errors. The effectiveness of these codes
depends on the coding rate and the complexity of the decoding algorithm. High coding rates provide better
error correction capabilities but at the cost of reduced data throughput. In automotive applications, a balance
must be struck between error correction performance and system latency.

The system architecture, including the hardware and software components, also significantly
impacts the effectiveness of spread spectrum techniques. The architecture must support efficient processing
of the spread spectrum signals, including modulation, spreading, despreading, and error correction. The
complexity of the architecture affects the power consumption, processing speed, and overall cost of the
system. In automotive applications, where space and power are often limited, optimizing the system
architecture is crucial for the practical implementation of spread spectrum techniques.

The interplay between these factors determines the overall performance of spread spectrum systems
in automotive environments. Each factor must be carefully considered and optimized to achieve reliable
and efficient data transmission, minimize EMI, and ensure the seamless operation of modern automotive
electronic systems. As automotive technology continues to evolve, the refinement of spread spectrum
techniques will be critical to addressing the growing demands for higher data rates, improved security, and
enhanced resistance to interference.

To evaluate the effectiveness of spread spectrum techniques in specific automotive data
transmission systems, a comprehensive methodology must be developed, encompassing both theoretical
analysis and empirical testing. This methodology should address the unique challenges of the automotive
environment, such as variable signal interference, multipath propagation, and the need for reliable
communication under diverse conditions. The evaluation process involves several key components:
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defining performance metrics, selecting appropriate test scenarios, designing simulation models,
conducting real-world experiments, and analyzing the results.

Performance metrics are fundamental to assessing the effectiveness of spread spectrum techniques.
These metrics typically include signal-to-noise ratio (SNR), bit error rate (BER), data throughput, and
latency. SNR measures the strength of the signal relative to background noise and is a crucial indicator of
system performance, especially in high-interference environments. BER quantifies the rate at which errors
occur in the transmitted data, providing a direct measure of data integrity. Data throughput reflects the rate
at which data is successfully transmitted, and latency measures the time delay experienced in data
transmission. These metrics collectively provide a comprehensive view of the system's efficiency,
reliability, and robustness.

Selecting appropriate test scenarios is essential for a realistic evaluation. Automotive data
transmission systems operate in various environments, including urban, rural, and highway settings. Each
environment presents distinct challenges, such as signal reflection from buildings in urban areas or potential
interference from other vehicles' electronic systems. Test scenarios should, therefore, replicate these
conditions as accurately as possible. Additionally, different operational modes, such as stationary, low-
speed, and high-speed driving, should be considered to evaluate the system's performance across a range
of dynamic conditions.

Simulation models are a vital tool in the initial phase of the evaluation process. These models allow
for the controlled testing of spread spectrum techniques under various theoretical conditions. A typical
simulation model includes a digital representation of the communication system, including the transmitter,
channel, and receiver. The channel model should account for key automotive environment characteristics,
such as multipath propagation, Doppler shifts, and varying interference levels. By adjusting these
parameters, researchers can simulate different scenarios and predict system performance, thereby
identifying potential weaknesses and areas for improvement.

Conducting real-world experiments is a crucial step in validating simulation results and assessing
the practical performance of spread spectrum techniques. These experiments should be carried out in
controlled environments that mimic real-world conditions as closely as possible. Test vehicles equipped
with the necessary communication hardware should be used to transmit and receive data under various
scenarios. The experiments should measure key performance metrics, such as SNR, BER, throughput, and
latency, to evaluate the system's effectiveness. The results from these experiments provide empirical data
that can be used to validate the simulation models and refine the system design.

The analysis of results involves comparing the performance metrics obtained from simulations and
real-world experiments. This comparison helps identify discrepancies and validate the accuracy of the
simulation models. It also provides insights into the system'’s strengths and weaknesses, highlighting areas
where performance improvements are needed. For instance, if the BER is found to be higher than expected
in certain scenarios, further investigation may be required to optimize the PN sequence or enhance error
correction mechanisms. A critical aspect of this methodology is the iterative nature of the evaluation
process. As new data is collected and analyzed, the simulation models and system design should be
continuously refined. This iterative approach ensures that the spread spectrum techniques are optimized for
the specific requirements of automotive data transmission systems.

Table 3 provides an overview of the key steps in the methodology for evaluating the effectiveness
of spread spectrum techniques in automotive data transmission systems.

Table 3. Key Steps in the Methodology for Evaluating Spread Spectrum Techniques

Step Description
Define Performance Metrics Establish metrics such as SNR, BER, throughput,
and latency
Select Test Scenarios Choose scenarios that replicate real-world
automotive environments
Design Simulation Models Develop models to simulate system performance
under various conditions
Conduct Real-World Test systems in controlled, real-world settings
Experiments
Analyze Results Compare simulation and experimental data to
identify areas for improvement
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In contemporary automotive systems, the increasing complexity and integration of electronic
components have heightened the challenges associated with data transmission and electromagnetic
interference (EMI). Modern vehicles are equipped with advanced driver assistance systems (ADAS),
infotainment systems, and interconnected sensors, all of which demand robust communication channels.
The dense electronic environment within vehicles can generate significant EMI, which can adversely affect
the performance of communication systems. This necessitates the use of sophisticated spread spectrum
techniques to mitigate interference and ensure reliable data transmission.

One notable characteristic of current conditions is the growing adoption of electric and hybrid
vehicles. These vehicles introduce additional EMI sources, such as high-power electronic controllers and
electric motors, which can further complicate the electromagnetic environment. Moreover, the transition
towards autonomous driving and vehicle-to-everything (V2X) communication amplifies the need for secure
and efficient data transmission systems, as they are critical for safety and operational efficiency.

Another important consideration is the increasing use of wireless communication technologies,
such as Wi-Fi, Bluetooth, and cellular networks, within vehicles. These technologies operate in shared
frequency bands and must coexist without causing mutual interference. Spread spectrum techniques,
particularly those utilizing direct sequence spread spectrum (DSSS) and frequency hopping spread
spectrum (FHSS), offer viable solutions for minimizing cross-channel interference and enhancing signal
robustness. The contemporary automotive landscape also presents challenges related to cybersecurity. With
vehicles becoming more connected, the risk of malicious attacks on communication systems has increased.
Spread spectrum techniques can enhance security by making signals less susceptible to interception and
jamming. The use of cryptographic methods in conjunction with spread spectrum techniques can provide
an additional layer of protection, ensuring the integrity and confidentiality of transmitted data. Figure 2
illustrates Integration and Assessment Flow of Spread Spectrum Techniques in Automotive Data
Transmission Systems.

Automotive System External Interference
Components

v

Spread Spectrum Techniques

v
Signal processing
Interference
v
Communication Channel P
v \ 4
Reception & Demodulation Environmental Conditions

v
Data Integrity & Analysis

v
System Evaluation & Optimization
- Analyze Performance Metrics
- Adjust Modulation/PN Sequence
- Optimize Hardware/Software Integration

Fig. 2. Integration and Assessment Flow of Spread Spectrum Techniques in Automotive Data
Transmission Systems
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The schematic illustrates the comprehensive flow and integration of spread spectrum techniques
within automotive data transmission systems. The process begins with the Automotive System
Components, which include various sensors and electronic control units (ECUs) that generate and process
data. This data is then transmitted using Spread Spectrum Techniques like Direct Sequence Spread
Spectrum (DSSS) or Frequency Hopping Spread Spectrum (FHSS), which serve to reduce the effects of
External Interference from other vehicles and electronic devices.

The signal is subsequently processed and modulated, typically using techniques such as Binary
Phase Shift Keying (BPSK) or Quadrature Phase Shift Keying (QPSK), to prepare it for transmission. The
Communication Channel (either wired or wireless) acts as the medium for data transfer, subject to
Interference from various sources. This interference can distort the signal, impacting the overall system
performance.

The signal reception involves Demodulation and Despreading, where the original data is recovered.
Error Correction techniques are also applied to ensure data integrity. The effectiveness of these processes
is influenced by Environmental Conditions, such as urban, rural, or high-speed scenarios, which introduce
unique challenges like multipath propagation and signal fading.

The collected data undergoes a thorough integrity and analysis process to evaluate critical
performance indicators, including Signal-to-Noise Ratio (SNR), Bit Error Rate (BER), and Latency. The
results from these metrics are vital for the System Evaluation & Optimization phase. In this stage, the
performance data is scrutinized, modulation techniques are fine-tuned, PN sequence design is enhanced,
and both hardware and software integration are improved.

This schematic effectively captures the dynamic interplay between various elements and highlights
the importance of a systematic approach to evaluating and optimizing spread spectrum techniques in
automotive applications. The inclusion of environmental and interference factors underscores the real-
world challenges faced by modern automotive systems, necessitating robust and adaptable communication
solutions.

In the quest to enhance the electromagnetic interference (EMI) performance of automotive data
transmission systems, it is imperative to conduct rigorous modeling and experimental studies that focus on
the impact of various spread spectrum parameters. The primary aim of these studies is to quantify how
different configurations and settings of spread spectrum techniques, such as the choice of modulation
schemes, the length and properties of pseudo-random noise (PN) sequences, and the implementation of
error correction methods, influence the system's ability to mitigate EMI. By systematically exploring these
parameters, researchers can identify optimal configurations that maximize data integrity and reliability
under diverse environmental and operational conditions.

Modeling studies serve as the initial phase of this comprehensive evaluation, providing a controlled
environment to simulate the behavior of spread spectrum systems under various EMI scenarios. These
models incorporate detailed representations of the communication channel, including factors such as
multipath propagation, Doppler shifts, and the presence of external interference sources. By adjusting
parameters such as the chip rate, modulation type, and sequence length, researchers can predict the system's
performance in terms of signal-to-noise ratio (SNR), bit error rate (BER), and other critical metrics. For
example, increasing the chip rate generally enhances the system's resistance to narrowband interference but
may also demand higher power consumption and more complex hardware. Similarly, the choice of
modulation scheme, whether it be binary phase-shift keying (BPSK) or quadrature phase-shift keying
(QPSK), can significantly affect the system's robustness against EMI and its spectral efficiency.

To complement these modeling efforts, experimental strategies are being developed to validate
theoretical predictions and gain insights into real-world performance. These strategies aim to replicate
actual automotive environments, encompassing urban, rural, and highway settings, each characterized by
unique EMI profiles. The experimental design involves planning the necessary hardware for test vehicles,
including transmitters, receivers, and signal processing units, to implement various spread spectrum
configurations. Anticipated measurements for key performance indicators such as BER, SNR, data
throughput, and latency are considered, with particular attention to the impact of environmental factors like
signal reflection and shadowing.

One critical aspect of these experimental studies is the evaluation of different PN sequence designs.
The properties of these sequences, such as auto-correlation and cross-correlation, play a vital role in the
system's ability to maintain data integrity in the presence of EMI. Sequences with low auto-correlation
peaks and minimal cross-correlation with other sequences are preferred, as they reduce the likelihood of
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signal degradation due to interference. Experimental results can provide empirical data on how these
properties influence the system's performance, offering valuable feedback for refining sequence design.

The integration of error correction mechanisms, such as convolutional codes and turbo codes, is
another area of focus in both modeling and experimental studies. These mechanisms are essential for
correcting errors induced by EMI and other noise sources. The studies aim to determine the optimal coding
rate and complexity that provide the best trade-off between error correction capability and system overhead.
For instance, while higher coding rates can improve error correction, they may also increase latency and
reduce data throughput. Thus, experimental validation is crucial to ensure that the theoretical benefits of
these mechanisms translate into practical performance improvements.

Table 4 provides a summary of the various spread spectrum parameters examined in these studies,
along with their potential impact on EMI performance.

Table 4. Summary of Spread Spectrum Parameters and Their Impact on EMI Performance

Parameter Impact on EMI Performance

Chip Rate Higher rates improve EMI resistance but increase complexity

Modulation Scheme Affects robustness and spectral efficiency

PN Sequence Design Determines interference resilience through correlation
properties

Error Correction Balances error correction capability with system overhead

Environmental Conditions Influence system behavior under different EMI profiles

In modern automotive data transmission systems, several key parameters significantly impact
Electromagnetic Interference (EMI) performance. Higher chip rates can improve resistance to EMI by
operating above interference frequencies, but this often increases system complexity and power
consumption. The choice of modulation scheme is crucial as it determines the system's robustness and
spectral efficiency, with spread spectrum techniques offering potential benefits in mitigating interference,
albeit requiring more sophisticated hardware. The design of the Pseudo-Noise (PN) sequence is vital for
enhancing resilience to interference, as sequences with strong correlation properties help distinguish desired
signals from noise. Error correction techniques provide a means of recovering data amidst interference but
can introduce additional overhead, impacting processing efficiency. Furthermore, environmental
conditions, such as temperature, humidity, and physical obstructions, can exacerbate or mitigate EMI
effects, requiring adaptive measures to maintain system performance. The primary risks associated with
optimizing these parameters include the potential for increased system complexity, higher costs, and
necessary trade-offs between performance and resource utilization, highlighting the importance of careful
design and testing to ensure effective EMI management.

Figure 3 illustrates a typical experimental setup used in the assessment of spread spectrum
techniques in automotive systems.

Transmitter (Data Receiver (Signal
source, Modulation, PN Processing,
Sequence Generator) [®|  Demodulation, Error
Correction
v v
Communication Channel Measurement
(Simulated/Real-World Instruments (BER, SNR,
Environment) Latency)

Fig. 3 Typical experimental setup used in the assessment of spread spectrum techniques in automotive
systems

In this diagram, the transmitter is responsible for generating the data signal, which is modulated
and encoded using the chosen spread spectrum techniques. The signal then propagates through the
communication channel, which can be a simulated model or a real-world environment. The receiver
demodulates and processes the incoming signal, applying error correction methods to recover the data.
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Measurement instruments are used to assess various performance metrics, providing a comprehensive
evaluation of the system's EMI resilience. This comprehensive approach facilitates the development of
optimized communication systems that can withstand the challenging conditions present in modern
automotive environments.

The analysis of the results from both modeling and experimental studies has yielded comprehensive
insights into the impact of various spread spectrum parameters on the electromagnetic interference (EMI)
performance in automotive data transmission systems. The primary focus has been on understanding how
different configurations and settings influence system resilience against EMI, a critical concern given the
increasing complexity and electronic density in modern vehicles. The study has examined key parameters,
including the choice of modulation schemes, properties of pseudo-random noise (PN) sequences,
implementation of error correction methods, and the influence of environmental conditions.Table 5
provides a summary of the observed trade-offs associated with different spread spectrum parameters, along
with recommendations for their optimal use.

Table 5. Trade-offs and Recommendations for Spread Spectrum Parameters in Automotive Data
Transmission Systems

Parameter Trade-offs Recommendations
Chip Rate Higher rates increase EMI Use higher rates in high-
resistance but consume more interference environments;
power and complexity balance with power constraints
in low-interference scenarios
Modulation Scheme | BPSK is more robust but less Select based on the need for
efficient; QPSK offers higher robustness vs. efficiency;
throughput but is more prefer BPSK in noisy
susceptible to noise conditions
PN Sequence Design | Longer sequences enhance Opt for longer sequences in
interference resistance but high-interference settings;
increase complexity balance length with system
capabilities
Error Correction Higher coding rates improve Choose coding rate based on
error correction but add latency | acceptable latency and
throughput levels
Environmental Different environments affect Tailor spreading techniques to
Conditions signal propagation and EMI specific environmental
challenges (e.g., urban, rural,
highway)

The table highlights the critical trade-offs and considerations involved in the selection of spread
spectrum parameters for automotive applications. Higher chip rates generally improve EMI resistance by
spreading the signal over a broader bandwidth, thus reducing the impact of narrowband interference.
However, they also demand more power and increase system complexity. The choice of modulation
scheme, such as Binary Phase Shift Keying (BPSK) or Quadrature Phase Shift Keying (QPSK), directly
influences the system's robustness and efficiency. BPSK is more resilient to noise but offers lower spectral
efficiency compared to QPSK. PN sequence design is another crucial factor; longer sequences improve
resistance to interference but require more complex hardware for implementation [12]. The choice of error
correction mechanisms, such as convolutional codes and turbo codes, also plays a vital role in maintaining
data integrity, with higher coding rates providing better error correction at the cost of increased latency.
Finally, environmental conditions significantly affect system performance, necessitating tailored spreading
techniques based on the specific challenges posed by different operating scenarios.

Figure 4 illustrates the recommended strategy for the optimal use of spread spectrum techniques in
various automotive applications.
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Select Spread Spectrum

Environmental Analysis: Parameters:
- Urban - Chip Rate

- Rural - Modulation Scheme

- Highway - PN Sequence Length

- Error Correction Mechanisms

Optimize System System Performance Evaluation:
Configuration: . . .
. - Measure SNR (Signal-to-Noise Ratio)
- Adjust Parameters .
. - Measure BER (Bit Error Rate)
- Implement Adaptive
Techniques - Measure Latency

- Continuous Monitoring Assess Impact of Interference

Figure 4. The recommended strategy for the optimal use of spread spectrum techniques in various
automotive applications.

The schematic provides a visual representation of the recommended approach for optimizing the
use of spread spectrum techniques in automotive data transmission systems. The process begins with
Environmental Analysis, where specific challenges such as urban density, rural open spaces, or high-speed
highway conditions are identified. This analysis informs the subsequent selection of Spread Spectrum
Parameters, including the appropriate chip rate, modulation scheme, PN sequence length, and error
correction mechanisms. Once these parameters are set, the System Performance Evaluation phase involves
measuring key metrics such as Signal-to-Noise Ratio (SNR), Bit Error Rate (BER), and latency. This
evaluation helps assess the system's performance under varying conditions and interference levels. Based
on the insights gained, the final step involves Optimizing the System Configuration, which includes
adjusting the parameters, implementing adaptive techniques to respond to real-time changes, and
continuous monitoring to ensure consistent performance.

In conclusion, the integrated analysis of both theoretical and practical studies provides a robust
framework for enhancing the EMI performance of automotive data transmission systems through optimized
spread spectrum techniques. The insights gathered enable the development of resilient communication
systems that are capable of maintaining high data integrity and reliability even in challenging environments.

Conclusions and prospects of further research. Summarizing the results of the conducted study,
several important conclusions can be drawn. The use of spread spectrum methods to improve
electromagnetic compatibility (EMC) performance in automotive data transmission systems is a promising
direction with significant potential to enhance the reliability and efficiency of modern automotive
communication systems. By expanding the signal spectrum, the power density of the transmitted signal is
reduced, minimizing the likelihood of interference with other electronic systems. This is especially
important given the high density of electronic components in contemporary vehicles.

Recommendations for practical implementation of the obtained results include optimizing spread
spectrum parameters for specific automotive environments, conducting comprehensive tests under real
operating conditions, and integrating the developed methods into automotive industry production processes.
This will enhance the overall safety, reliability, and functionality of modern vehicles, thereby meeting the
industry's requirements for developing smarter and more autonomous transportation solutions.

Future studies should aim at refining these techniques for various automotive communication
protocols and thoroughly examining the feasibility of incorporating these solutions into both current and
future vehicle architectures. This research will aid in developing more robust and dependable automotive
electronic systems, thereby enhancing safety and performance. This will allow for even more effective
resistance of communication channels to interference and improve data transmission quality. Additionally,
it is crucial to continue the development of new encoding and error correction algorithms that ensure high
integrity of transmitted information in conditions of high noise and interference levels.
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