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Abstract—Constantly on-going changes in new technologies 

applied in modern vehicles introduce many challenges in the 

automotive electromagnetic compatibility engineering. So far, 

the currently implemented EMC requirements and methods 

present sufficient performance. However, they do not illustrate 

thoroughly an actual automotive environment. They tend to 

focus on the EMC validation of each system individually without 

always considering other possible influential factors and co-

existing systems. Aim of this paper is to introduce an EMC 

system investigation platform using a simplified model that 

demonstrates an automotive environment in order to point out 

the importance and scale of significance of various parameters. 

In this paper, the structure of the introduced three-point model 

is first described and explained. Then, experiments are 

presented in order to point out the influence of selected macro-

parameters. Finally, suggestions for further extension of the 

model through Monte Carlo simulations are proposed with a 

brief presentation of a modelling procedure.   

Keywords— automotive, model, electromagnetic compatibility, 

large complex systems, risk-based EMC 

I. INTRODUCTION  

 Over the years, automotive EMC engineering has been 
facing rapid changes due to the constantly increasing 
technological developments. The wide range applications and 
the complexity of new technologies into the automotive 
introduce many challenges [1]. Already existing EMC 
requirements aim to characterize the vehicle performance [2] 
in order for the system to be validated [3]. Moreover, 
regulations concentrated on functional safety issues such as 
[4] along with new standards on managing risks [5] introduce 
further approaches in the automotive. Currently, EMC testing 
focuses on immunity measurements on the component [6] and 
vehicle [7] level along with vehicle emissions testing as 
described in [8] and [9]. Measurements on vehicles are 
conducted on various sites as anechoic chambers (ACs) [10] 
and reverberation chambers (RCs) [11]. Although these 
presently implemented test sites/methods still produce 
sufficiently usable results, they do not fully replicate an actual 
automotive environment [12]. According to the EMC 
Directive [13], all electronic equipment shall remain 
operational in its intended environment. Such environments, 
outside of laboratory conditions are extremely complicated to 
calculate or even define. There are numerous parameters 
regarding environmental elements, communications, 
interactions and relations among systems, e.g. vehicle to 
vehicle (V2V) or vehicle to everything (V2X). Each system is 
individually evaluated with fixed settings as for example 
specific number of frequency sweeps, specific resolution 
bandwidths, fixed distances, etc. [2]. Therefore, the system-
under-test (SUT) is isolated from other possibly influential 
factors that might change its behavior once placed in its 

intended environment. Although the fixed setting do indirectly 
address the intended environment, e.g. by adapting the 
emission levels to the system skyline [9], they are often too 
generalized. 

A single vehicle can be characterized as a large and 
complex system. These large and complex systems require a  
[14] risk-based EMC approach [15]. Many models focus on 
detailed analyses and finding precise solutions [16]. They may 
not however be entirely applicable [17] in the real-life 
environment due to its randomness caused by many 
uncontrollable variations. Oppositely, a more simplified and 
macro-scaled model might come closer to an accurate and 
realistic solution. Additionally, a tool commonly used in a 
system-level risk-based EMC, incorporating the interactions 
between its elements is the source-victim matrix. This matrix 
aims to track and assess possible sources and victims in a 
given environment. It has also been applied in naval ships with 
great success [18]. A model built upon the source-victim 
matrix concept and incorporating macro-scaled parameters is 
presented and discussed in this paper. 

In Section II, a conceptual model is introduced as a tool 
for the improved system EMC analysis and investigation. The 
model aims to narrow down the complexity existing in the 
automotive environment via three points placed in it. It 
accounts for two source types and one victim, as in source-
victim matrix framework, along with their intermediate 
relations. In Section III, an example experiment using a simple 
source-victim structure is performed to point out how various 
macro-parameters can influence significantly the risk of 
electromagnetic interference (EMI). In the same section, the 
experiment results are briefly discussed. In Section IV, a 
modelling procedure is proposed for further simulation 
applications based on existing literature. Additionally, it 
suggests further implementation of the presented modelling 
procedure via Monte Carlo simulations using a link budget 
approach in order to investigate and evaluate the various 
parameters with greater efficiency. Lastly, Section V 
concludes the paper. 

II. MODEL STRUCTURE 

In this section the wide-ranging model is described and 
explained. The model consists of three individual points set in 
space. Each point illustrates a different feature that could exist 
in the automotive environment. In the following subsections 
the different points and their relations are discussed.  

A. First point 

The first point in this model illustrates the victim in a 
source – victim matrix. It is individually measured at the 
appropriate EMC test sites according to EMC standards [19]. 
Since the point acts as a victim, it is evaluated via immunity 
values. EMC regulations regarding immunity provide 
procedures with fixed test setups and settings.  Parameters like 
measuring positions, distances, equipment used, etc. are 

This project has received funding from the European Union’s EU 

Framework Program for Research and Innovation Horizon 2020 
under Grant Agreement No. 812790. 



Accepted Author Manuscript 

exactly settled. Therefore, a system is entirely evaluated via 
these fixed values. These type of measurements produce easy, 
quick and cost-effective results. Sufficient performance that 
does not exceed the particular levels according to the 
regulations sets the system appropriate for further application 
towards real conditions. As this way is implemented today 
with great efficiency, this technique of assessment isolates the 
systems from potential variability of the environmental and 
systems’ parameters. The fixed conditions that the 
measurements are conducted in commonly include further 
investigations of potential variability of the involved 
parameters. 

B. Second point 

In order for additional parameters, which might influence 
the behaviour of the structure, to be included, a second point 
is added in the existing structure. The second point portrays 
any potential known sources. This extra point is also measured 
according to EMC standards. A point acting as one or more 
sources can be described via emission values as stated in the 
according regulations [2]. Therefore, it also represents a well-
known and EMC standard-based unity.  

With the addition of the second point, the structure 
changes. The difference with the application of an extra point 
is that the structure becomes more complicated and a relation 
appears between these two points unlike the single-point 
structure. In this case, parameters such as distance, coupling 
paths, etc. between the two points require a different approach 
of evaluation. V2V relations is a basic example of such a 
structure. Two vehicles communicating and co-existing 
together create a classical source-victim link. 

Parameters between these systems are numerous and often 
very difficult to define. Many modelling approaches, e.g. 
numerical full wave simulations, tend to create in-detail 
replicas of structures in order to find the exact solutions of 
them. However, this way of implementation cannot always be 
applicable in real conditions as a real-life environment is 
presumably unknown, and hence unpredictable. Therefore in-
depth and precise analyses towards a detailed model of a 
structure might not efficiently conclude to accurate results in 
terms of understanding its behaviour. In contrast, a more 
general investigation concentrating on macro-scaled 
parameters might result in a more effective, robust, as well as 
time- and cost- efficient analysis. This approach is further 
discussed in Section III and IV.  

C. Third point 

The two-point structure considers only the known sources 
but does not consider any unknown activity as for example a 
changing number of vehicles co-existing. The model is 
complete with the inclusion of a third and final point in the 
structure (Fig. 1). In contrast to the other two individual 
points, the last one is not evaluated through EMC tests. It 
represents any potential sources that exist in the same 
environment but their parameters are too unpredictable to be 
accurately described and implemented like the second point. 
These sources can thus be characterized only by estimated 
emission values and simplified coupling path to the victim. In 
Fig. 1, the schematic of the entire 3-point structure that 
consists of the known and unknown sources along with the 
victim is depicted.  

 

Fig. 1. Schematic of the three-point model 

With the inclusion of the final point the whole structure of 
the model is finalized. Instead of neglecting this unknown 
factor, this model incorporates it. A simple example of the 
three-point system is the case of one vehicle (acting as the first 
point) co-existing with other vehicles or a base station nearby 
(acting as the second point) in the same environment. The 
third point in this case could be an unpredicted event like a 
lightning strike. The model also contributes as a tool for 
detecting potential crucial and influential parameters that can 
cause EMC issues. An overall application of the model is 
presented in the next section with some experiments of a 
simple setup.  

III. MODEL APPLICATION 

In real life applications the environment presents 
unpredictability and continuous changeability. Therefore, 
detailed system representations might not be entirely effective 
once they become a part of the even bigger system, the 
environment, in terms of evaluating possible changes and 
errors such as failure of a received signal or unwanted EMI. 
Combining a large number of detailed models might cause a 
strong under- or overestimation of the actual coupling. 
Oppositely, when the investigation tool focuses mainly on 
more macro-scaled parameters, system variations might be 
more easily managed, since according to the law of large 
numbers, a number of local variations tend to eventually 
average out in the big picture. Working with expected values 
and deviations is often more accurate and practical [20]. The 
implementation of the previous presented three-point model 
via experiments of a simple case in a multipath environment, 
as seen in Fig. 2, is demonstrated in this section. This example 
could be considered as a simple case of a victim car 
(represented as a metallic box) illuminated by a nearby base 
station (represented by the monopole antenna) in a multipath 
urban environment. 

 

Fig. 2. Setup where the box is at an angle 
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A. Measurement procedure 

The scope of the model application is to illustrate each 
systems’ behaviour and to additionally investigate possible in-
between relations concentrated on various macro-parameters. 
Through this process the most influential parameters that 
could possibly cause EMC problems could be easier and faster 
identified. The demonstration is taking place through a simple 
setup consisting of a 15 cm monopole antenna on a 
20 cm x 20 cm ground plane acting as a source and a 15 cm 
monopole antenna inside a 20 cm x 20 cm x 20 cm metallic 
box with various circular and rectangular apertures acting as 
the victim [21] (Fig. 2). The test setup was placed in a room 
with multiple metallic objects. The environment presented 
thus multiple reflections [22] and acted as a multipath 
medium. The two structures were both connected to the 
Anritsu MS2712E spectrum analyzer with tracking generator 
and the measurements were conducted in the frequency range 
of 600 MHz to 4 GHz.  

Multiple iterations of three experiments were performed 
changing one parameter at a time in order to investigate the 
variation of the results. For all the experiments, the equipment 
as well as the location of the measurements remained the 
same. At first, the two structures were placed at a distance of 
around 0.7 m (Distance 1). For the same positioning of the 
setup (Angle 1), two measurements were performed 5 minutes 
apart. The received values of two repetitions of this 
measurement can be seen in Fig. 3. 

 

Fig. 3.  |S21| values using the same setup but measured at different times  

 

Fig. 4. |S21| values in three cases using different settings in each case 

In a follow-up experiment, the box was slightly rotated by 
a random angle (Angle 2). Only one parameter of the setup 
was purposely changed. In the third and final experiment, the 
angle of the box remained the same as in the second 
experiment, while the distance between the monopole antenna 
and the box was increased to around 0.9 m (Distance 2). A 
comparison of the raw results of the three experiments can be 
seen in Fig. 4. 

B. Result Discussion 

The particular setup could easily represent many cases in 
the automotive. For example, the case of a base station 
communicating with a vehicle in an urban environment or the 
interaction between an antenna and a component inside a 
vehicle. Here, the setup is used in order to observe the 
influence of some macro-parameters to the output values. A 
setup as the one in Fig. 2 features numerous parameters, such 
as gains of the antennas, shielding of the box, distance 
between the two structures, angles of incidence, coupling 
paths, field distributions inside the box, receiver settings, etc. 
Each parameter causes a certain modification at the received 
values.  

As seen in Fig. 3 the results of two iterations performed 
with a difference of some minutes present a small dissimilarity 
for each frequency despite the fixed settings. Their difference 
is calculated and depicted in Fig. 5. From the results it can be 
easily understood that the setup is highly susceptible to its 
around environment. As it can be observed, the two 
measurements present high deviations up to almost 25 dB. As 
mentioned, the two iterations were taken in the same 
conditions without purposely changing anything in the setup. 
Since the settings of the setup remained stable, this behavior 
of the changing output values can be assessed as the third point 
of the introduced model in Section II. The box acting as the 
victim (first point) as well as the monopole antenna acting as 
a source (second point) are elements with certain describable 
behaviors. In this case, the emission and reception 
characteristics did not change. The resulting deviations can 
therefore be assumed to belong to either an unknown source 
(third point) or be an effect of an unpredictable change of the 
coupling path.  

 

Fig. 5. Calculated difference between the source and the victim using 
the same setup but measured at different times 
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Fig. 6. Calculated difference between the source and the victim in three 

cases using different settings in each case 

In Fig. 4, it can be observed that the graphs present high 
differences between each other. These differences are 
quantified in Fig. 6. With just a slight change of one 
parameter, such as the angle or the distance, the results present 
noticeable differences compared to the results of the first 
experiment. As mentioned before, differences between 
absolute values, in terms of precise models or in this case – 
measurement, can often be very high. Often a small alteration 
within the environment can lead to significant changes. Such 
differences can here be attributed to an entirely different 
coupling path due to the multipath environment and radiation 
pattern of the box. On the other hand, comparing the 
individual measurement results to the averaged trace leads to 
smaller error, as shown also in Fig. 6. The averaged trace is an 
experimental representation of an expected result from using 
a macro-model. As described in Section IV, the usage of such 
macro models is both simpler, more robust, and leads to 
statistically smaller errors. 

IV. PROPOSED MODELLING PROCEDURE 

Creation of a detailed full three-point model representing 
this setup, as also mentioned previously, would need extreme 
effort. The analysis of factors such as number and shapes of 
the box apertures, radiation patterns of the box, angles of 
incidence, channel variations, etc. is very time consuming and 
perhaps unnecessary. All these parameters, are complicated 
and difficult to define in detail. Alternatively, since the exact 
solutions are presumed to be unknown, macro-parameters can 
be of significant help. It is commonly acknowledged that the 
state-of-the-art description of a multipath environment is 
statistical [22]. A deterministic approach is considered to be 
impossible due to the very high unpredictability and 
sensitivity to any change introduced to the environment. 
Probability distribution functions (PDFs) of the possible 
solutions are defined according to models such as [23]. An 
example Rayleigh PDF describing the E-field in a strongly 
multipath environment is shown in Fig. 7. Instead of focusing 
on the exact individual possible field solutions, usage of 
statistics such as the mean value and standard deviation are 
much more practical. Following this concept, the metallic box 
can be represented as an unintentional radiator [23]. The 
random apertures and slots placed on the its sides produce an 
unpredictable and complex radiation pattern [21]. There have 
been already some approaches on estimating the directivity of 
radiating devices via deterministic models [24] as well as via 
statistical models in [25]. Since the exact calculation of such 

a factor is an extremely difficult attempt, there is need for the 
use of various distributions. According to [24] the directivity 
of the unintentional radiation patterns could be obtained 
through a chi squared distribution with two degrees of 
freedom, thus an exponential distribution, shown in Fig. 8.  

 In this work, we aim to create a MATLAB simulation 
platform to analyse the risk of EMI using the three-point 
model as described in Section II. Aim of this modelling 
procedure is to incorporate multiple macro-parameters 
modularly following the link-budget approach [26]. The link 
analysis connects a transmitted (input) value, such as the total 
radiated powers (TRP) of the known sources, to the field 
coupled onto the victim. The analysis is performed from the 
perspective of the victim, the first point of the model, and 
referred to its ability to withstand the incoming field emitted 
by the other two points, in order to estimate the risk of EMI. 
Firstly, according to the risk-based EMC approach, all of the 
known and unknown sources present in the environment are 
listed and characterized by their TRP. It is important to notice 
that they can operate at various frequencies, with various time-
behaviors, and even their numbers can be a variable. Then, the 
possible coupling paths with the victim are defined according 
to the corresponding environment, whether it is free space or 
a multipath urban area. The coupling paths also incorporate all 
the obstacles that could modify the magnitude of the 
propagating EM wave such as distance and shielding effects. 
In case an emission is known to be present but it is difficult to 
estimate its behavior, it is modelled within the premises of the 
third point. A typical example is the manmade noise or 
unpredictable effects such as a lightning strike. It is crucial to 
mention once again that although all of the individual models 
are taken from the existing literature, their input parameters 
are defined statistically. Therefore, even a simple case of a line 
of sight link using Friis’ formula is modelled using a PDF due 
to the assumed distribution of e.g. distances. Once the whole 
three-point model is established, a Monte Carlo simulation is 
performed. A MATLAB script performs multiple iterations of 
all the interactions, at all frequencies, choosing a different 
value from the presumed PDFs of each parameter. Eventually, 
a histogram combining all the results, field strength at the 
victim is created, and a corresponding PDF can be fitted to it. 

 

Fig. 7. Rayleigh Distribution for different mode values (σ)  
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Fig. 8. Exponential Distribution for different mean values (1/λ) 

Three important aspects of this method arise. Firstly, 
according to the law of large numbers, considering the high 
variabilities of the large number of macro-parameters, the 
output PDF is typically Gaussian. The majority of possible 
solutions will be found around one or two standard deviations 
from the mean value. Interestingly, the output PDF is typically 
not strongly sensitive to the even crudely presumed 
distributions of the input parameters. Secondly, the probability 
of EMI can be found directly from the PDF, and used to assess 
the risk by additionally combining it with the severity 
parameter. An analysis of the risk of a system to intentional 
EMI can also be found in [27].  Also, the reasonable and 
realistic worst-case scenarios can be estimated by looking at 
e.g. the 95th percentile to adopt further EMC measures if 
necessary. Lastly, the sensitivity of the input parameters on 
the result can be evaluated in order to find the sources of errors 
due to improper models or assumptions. The poorly 
performing models should be reevaluated. Since the whole 
script is modular, individual parts can be easily replaced. 

V. CONCLUSION 

Due to the always increasing technological developments, 
the automotive environment becomes more and more complex 
to illustrate and evaluate. Currently used EMC methods 
provide great assessment of the components and full vehicles, 
without though representing an actual automotive 
environment. A step towards risk-based EMC and the 
intended real automotive environment is presented in this 
paper. A model incorporating known but also unknown 
factors via a three-point structure is introduced. Furthermore, 
simple experiments of two systems (source-victim) are 
performed. Aim of these experiments is to point out how and 
in what scale can some parameters be more influential to the 
output values. Additionally, a broad discussion regarding the 
experiments takes place proposing macro-model applications. 
Finally, a modelling technique is introduced and proposed in 
order to be implemented in the future using Monte Carlo 
simulations. Modular incorporation and multiple iterations of 
various parameters aim to create a platform where each of 
them can be evaluated and investigated with great efficiency. 
Sufficient results from the simulations will conclude to point 
out the most influential parameters in any setup. 
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