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Abstract

:

This paper presents a study and proposes a new methodology to analyze, evaluate and reduce the overall uncertainty of instrumentations for EMC measurements. For the scope of this work, the front end of a commercial EMI receiver is chosen and variations due to tolerances, temperature and frequency response of the system are evaluated. This paper illustrates in detail how to treat each block composing the model by analyzing each discrete component, and how to evaluate their influence on the measurand. Since a model can have hundreds or even thousands of parameters, the probability distribution functions (PDFs) of some variable might be unknown. So, a method that allows to obtain in a fast and easy way the uncertainty of the measurement despite having so many variables, to then being able to evaluate the influence of each component on the measurand, is necessary for a correct design. In this way, it will be possible to indicate which discrete components have the most influence on the measurand and thus set the maximum tolerances allowed and being able to design a cost-effective solution. Furthermore, this works presents a methodology which can easily be extended and applied to estimate and compute the uncertainty for electromagnetic interferences, energy storage systems (ESS), energy production, electric machines, electric transports and power plants in general.
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1. Introduction


It is well known how different parameters can affect electrical components, affecting not only their nominal value, but also increasing their degradation over time and consequently reducing their estimated lifetime [1,2,3,4]. Furthermore, frequency has a strong impact on electrical components and parasitic components can give rise to problems that were not considered in the design phase [5,6,7,8,9,10,11].



The need to define the measurement uncertainty comes from the fact that every component which constitutes any kind of system shows a nominal value which is not fixed, but rather changes according to different probability distribution functions (PDFs) [11,12,13,14,15].



Having an accurate way to assess the uncertainty value of the measurand, especially if this value is the result of a combination of various parameters along the measurement chain is fundamental [16,17,18,19]. This information becomes fundamental when, for instance, the measurement is published in official product specifications or national standards.



To evaluate the uncertainty propagation The Guide to expression of Uncertainty in Measurement (GUM) is nowadays considered the reference standard.



The GUM offers different approaches to obtain the PDF of the final measurand. The last introduced approach is the Monte Carlo Method (MCM), based on the concept of associating a PDF to each input variable to obtain the PDF of the final measurand [11,12,13,14].



It is important to underline that these methods are based on a linear approximation of the model, so MCM results will be approximate and never exact, but still they are considered a reference model to evaluate uncertainty propagation [11,12,13,14,15].



The measurement uncertainty evaluated for electromagnetic compatibility (EMC) is a critical factor because a product can comply or not with the applicable standards depending on the result and associated uncertainty obtained [20].



Especially in EMC testing, different conditions, test sites and external factors can have an impact on the measurement uncertainty and reproducibility. For instance, the uncertainty of conducted emissions measurements can be affected by the lengths of the cables [21], the position of the device under test (DUT), straight capacitances and height, while radiated emissions could be influenced by several set-up conditions like the material of the table where the DUT is posed, rotating table position, etc. [22,23].



The standards which regulate conducted and radiated emissions measurement uncertainty, CISPR 32:2015 [24] CISPR 16-4-2 [25], do not specifically define how RF cables shall be placed and the table material, therefore the uncertainty associated with the measurement is higher than expected.



Consequently, these days EMC measurement uncertainties have not been studied enough and there is the need of further study and research to have a homogeneous characterization. This is the major reason of why mixed and combined uncertainties are still not known and why a more in deep knowledge of uncertainty in EMC measurements must be reached [11].



In this paper, a new methodology to evaluate the measurement uncertainty and determine which discrete component, or groups of components, have the most influence on the measurand is proposed. This method consists of different steps: first the uncertainty of the measurand is evaluated by means of Monte Carlo simulations and then, the influence of each parameter due to tolerance variations and other external factors on the final measurand is calculated. Then a methodology to evaluate and choose the optimum parameters to limit the influence on the measurand uncertainty is presented. This method is finally applied on a commercial EMC receiver as a test case.



The approach proposed in this paper can also be applicable, in a general way, to other instruments, parameters, models and external factors that influence the measurand uncertainty. Different applications can also be faced by using the methodology proposed. For instance, calculating the uncertainty for renewable energy sources (RES), provide an estimation of uncertainty of power flowing in overhead and underground power line and electromagnetic pollution and its associated uncertainty is feasible with the approach presented in this paper.



The paper is organized as follows: Section 2 provides an overview of the existing studies and works on how to evaluate the influence on the measurand of external factors and method commonly used [1,2,3,4,6,7,8,9,10,11]. Section 3 is dedicated at describing the proposed methodology and the instrument used for its verification. In Section 4 the results arising from a real case scenario are presented and discussed to verify the effectiveness and the advantages proposed by the presented method. Finally, Section 5 summarizes a final discussion on the work.




2. Factors of Influence Evaluation


It is necessary to understand how the metrological behavior of an instrument is affected by all the external factors that it can be subjected to. Any electrical component is affected by changes in temperature, humidity, geometry and the applied electrical field [1,2,3,4]. Depending on the operating conditions and the design chosen, each of the aforementioned quantities can have a stronger impact than others [8,9]. Since the instrument analyzed in this paper is an EMI receiver for measurements of conducted emission, its operating condition is not affected by geometry or environmental conditions since once designed its geometry cannot change and it is intended for use in environments, for example laboratories, where humidity is under control. Focus is therefore posed on the temperature variation which can arise due to overheating of FPGAs, amplifiers or any other active components, the tolerances and the frequency response of the model.



2.1. Temperature Effect on Electrical Components


Each electrical component is subject to variation of its nominal values and performances when temperature changes. For instance, every manufacturer must publish in their datasheet information about ppm/°C and the temperature coefficient resistance (TCR). The TCR, measured in ppm/°C, shows the relative change of resistance per degree of temperature change:


  TCR =    (  R 2 − R 1  )    R  (  T 2 − T 1  )     



(1)




where R1 is the resistance at room temperature, R2 is the resistance at the operating temperature, T1 is the room temperature while T2 is the operating temperature. The reference, or room temperature, is usually set at +25 °C [9].



Every manufacturer sets their own method to evaluate and define the TCR. Most of the times the lack of information about how this was done does not allow end users to calculate and predict the measurement uncertainty due to temperature changes. This issue becomes more important when high precision resistors and final uncertainty propagation are fundamental parameters.




2.2. Thermal Aging


It is well known how temperature has an effect not only on the parameter’s values but also on the lifespan itself [1,2,3,4]. Several examples are proposed in [1], where a complete analysis of exponential and inverse power model is presented [1,2].



Regarding thermal aging, the model widely accepted is the Arrhenius one:


  L =     L ′    e       A e     k θ       



(2)




where: K is Boltzmann constant, L′ is the life for θ = ∞, θ the absolute temperature and Ae the activation energy of the degradation process. When θ0 is assume as a reference, a number that can be chosen within the specification provided by the manufacturer, and the thermal aging is neglected for T = θ0 then the following expression holds:


  T =  1   θ 0    −  1 θ   



(3)







Then it is possible to obtain:


     L t     L 0    =  e   (  −    A e   K  T  )     



(4)




where L0 is the estimated life at θ0.



When Equation (4) is plotted in a log graph Lt vs. T, it gives a straight line, where −     A e   K    indicates its slope. Equation (4) is also found in the IEC Standard 216 [10].




2.3. Variations Due to Parasitic Components


Due to manufacturing procedures and imperfections, the frequency response of inductors, capacitors and resistors is never ideal [5,6]. To take into consideration this effect, the equivalent series inductance (ESL) and the equivalent series resistance (ESR) have been introduced. ESR is used to calculate actual losses in capacitors and inductors, which are proportional to the R value while the ESL is important to consider the combination of Ls and Cs of various resonant circuits [4,5]. It has been practically demonstrated that capacitors ranging from 0.5 pF to 330 pF the ESL do not usually exceed 1 nH [4]. Another important parameter to consider is the Q factor. This parameter represents the energy dissipated in thermal losses inside the capacitor.



The Q factor must be considered in the design phase since it can affect how temperature dissipates around the instrument. Nowadays integrated circuits tend to be smaller and smaller, so the dimensions of and space between different components is extremely reduced. This must be considered during engineering simulations or when practically measuring the temperature that can be reached inside an equipment because it has severe impact on how to design the dissipation system [7].


  Q =  1  2    π   f   C   R     



(5)




where f is the frequency, C the nominal value of capacitor and R the equivalent series resistance.




2.4. The GUM Supplement 1


The GUM defines measurement uncertainty as a “parameter, associated with the result of a measurement, that characterizes the dispersion of the values that could reasonably be attributed to the measurand”. Basically, it defines how the standard uncertainty u(y) is associated with the result y of a measurement for the quantity Y as the parameter above mentioned. depends on different input quantities x1 … xn [11]:


  y = f (  x 1  …  x n  )  



(6)







With its associated standard uncertainty as:


   u 2   ( y )  =   ∑   i = 1  n     (     δ y       δ x   i     )   2   u 2   (   x i   )  + 2   ∑   i = 1   n − 1     ∑   j = i + 1  n     δ y       δ x   i       δ y       δ x   j       u   (   x i  ,  x j   )   



(7)




where xi and xj are the estimate of Xi and Xj.



According to the GUM, the calculation of the measurand uncertainty has to be based on the law of the propagation of the error and the central limit theorem [14]. The GUM Supplement 1 states that in cases where it is difficult to assess whether or not the GUM framework is valid, Monte Carlo simulations provide a wide-accepted method to evaluate uncertainty propagation [12,13,14]. In practice, different PDFs can be assigned to the input variables of a model. The most common ones, and the ones that will be used in the simulations, are described here:




	▪

	
Rectangular Distribution:









This PDF reflects the principle of the maximum entropy, typically it is applied to parameters that present at least one of the following characteristics:




	○

	
There is no way to establish which value the parameter will assume within the proposed interval [a; b].




	○

	
All the values inside the aforementioned interval have the same probability.




	○

	
The parameter can assume a non-null value only in this finite interval, and is 0 elsewhere:











  f  ( x )  =  {       1  b − a     for   a ≤   x   ≤   b       0   for   x < a   or   x <   b        



(8)







Its mean value is defined as follows:


  μ =   ∫  b a   x   f   ( x )     dx    =      (  b + a  )   2   



(9)







While its variance, defined as the square of the standard deviation is:


   σ 2  =   ∫  b a   (  x − μ  )     f   ( x )     dx    =        (   a    −    b   )   2    12    



(10)







The standard deviation can be obtained evaluating the standard uncertainty associated with the estimation of      (  b + a  )   2   .



The rectangular PDF represented in Figure 1 is assigned to parameters that are known to vary within a fixed interval, but no information on the probability to have a certain value is known. Usually, manufacturers of components assign this PDF to their components in their datasheet, stating that the actual value of the parameter will vary from its nominal value in a specified interval, but no additional information is provided on the probability to assume a certain value [15,16].



	▪

	
Triangular Distribution







This PDF is used with parameters that present the following features:




	○

	
They have a finite value different from 0 in a finite interval [b; a].




	○

	
They have the highest probability to assume a value c, which is part of the interval [b; a].




	○

	
The probability from b to c and c to a change linearly.




	○

	
The relationship between different variables is known, but collecting more data is too complicated.









The term f(x) assumes the following values:




	○

	
0 for x < a and b < x





        2    (  x − a  )       (  b − a  )     (  c − a  )      for   a < 0   and   a ≤   x   ≤   b         2    (  b − x  )       (  b − a  )     (  b − c  )      for   c < x   ≤   b        



(11)








	○

	
   2    b − a       for c = x.









The mean value of f(x) is:


  μ =   ∫  b a   x   f   ( x )     dx    =      (   a    +    b  +    c   )   3   



(12)







While its variance, defined as the square of the standard deviation is:


   σ 2  =   ∫  b a   (  x − μ  )     f   ( x )     dx    =      a 2  +  b 2  +  a 2  −    b   ×   a    −    b   ×   c    −    a   ×   c    18    



(13)







This distribution, represented in Figure 2, is based on a guess of the modal value of the parameter and it is usually used when data are limited and the relationship between different variables is known but collecting more data is too complicated. It is also called “lack of knowledge “distribution.



	▪

	
Gaussian Distribution







This PDF is applied to a quantity who is continuously fluctuating. This is the commonly used distribution to model statistic properties of physical quantities and its distribution is shown in Figure 3.


  f ( x ) =  1  σ   2 π      e  −  1 2     (    x − μ  σ   )   2                for   − ∞   <   x   < + ∞  



(14)







f(x) is unimodal, symmetric, and characterized by:




	
µ: mean value;



	
σ: standard deviation.








Independently from the number n of input variables, the uncertainty propagation with MCMs simulation can be generally carried out considering Equation (6). The number of input variables represented in Figure 4 serves only an illustrative purpose [11,12].



According to the GUM, the uncertainty propagation can be calculated using Equations (6) and (7) where x1, x2 and x3 are the input quantities and u(x1), u(x2) and u(x3) are the respective uncertainties and y and u(y) are the measurand with its uncertainty.



Any PDF can be assigned to the input quantities, depending on various assumption that have been explained in the previous section. For instance, in Figure 5 the input quantities    g   X 1     (   ξ 1   )   ,    g   X 2     (   ξ 2   )    and    g   X 3     (   ξ 3   )    are described by their PDF, in this case are Gaussian, triangular and again Gaussian, still Figure 4 and Figure 5 are used as a representative example.





3. Proposed Methodology


When designing the measurement chain of an instrument and evaluating its uncertainty propagation and trying to reduce it, the components that have the most impact on the overall uncertainty must be identified. The methodology presented in the following sections proposes a simple way to analyze each discrete component of the model of the DUT and allows to determine the ones which have more influence on the measurand. By identifying the components which bring more contribution to the overall uncertainty, whether it is due to tolerances variations or influences of external factors, it is possible to set the maximum tolerances allowed and technical performances required.



To this end, different PDFs will be assigned to input variables the evaluate how the overall uncertainty of the measurand for real case scenarios. Rectangular PDFs are typically the most used ones because they reflect the principle of maximum entropy and assume the worst-case scenario, but not all parameters are subjected to the same temperature gradient and their distribution also depends on manufacturing process, geometry, and ventilation [15,16]. This is the reason why an approach that considers different PDFs will be used.



3.1. Analysis of the Measurand Uncertainty


To make sure that the uncertainty is kept within a determined range it is fundamental to know which parameters have the most influence on the final measurand. According to [18,19] it is possible to evaluate the parameter influence in different ways. In this paper the following approach has been used:


  PI =    (   V  out _ res   −      V    expected    )     h  ,  



(15)




where PI is the parameter influence, Vexpected is the expected mean value, Vout_res is the value obtained when the model is computed and only 1 parameter is changed at a time and h = max(Vout_res − Vexpected) is the maximum value obtained by evaluating the model when one parameter changes, according to its PDF, at a time. Equation (15) is iterated for all the components of the model.




3.2. Process Steps


The whole process is summarized here:




	(1)

	
The overall measurement uncertainty is determined by performing Monte Carlo simulations (MCMs).









According to the datasheet and manufacturer information, different PDFs are assigned to each parameter composing the measurement chain. Not all parameters have the same PDFs, nor they are subjected to the same temperature gradients. Furthermore, each component presents a different behavior, so a combination of rectangular and triangular PDFs has been chosen to provide a full overview of the results that can be obtained whether using data provided by manufacturers or by assuming another type of PDF to overcome the lack of information. A triangular distribution has been assigned to components, especially the ones distant from ADCs or amplifiers, which are not subject to a wide range of temperature variation, and it is safe to assume that their deviation from nominal value is lower than others.



	(2)

	
A sensitivity analysis is performed. Equation (15) is evaluated, and PI is determined for each component of the model.







Other studies on uncertainty evaluations which can be found in literature, like the ones proposed in [6,11,12,13,14], do not include a sensitivity analysis, so no information on which parameters affect the overall uncertainty is provided. This is useful only if the objective is to evaluate, but not to minimize, the uncertainty.



	(3)

	
The parameters of the model of Figure 6 are grouped depending on their influence. For instance, the following classification has been used:



Group A: Includes parameters that strongly affect the measurand, PI > 0.4.



Group B: Includes parameters that slightly affect the measurand, 0.1 < PI < 0.4.



Group C: Includes parameters that do not affect the measurand, PI < 0.1.




	(4)

	
MCMs simulations can be performed again. The number N remains unchanged. This time, to consider the worst-case scenario, only rectangular PDFs are considered. The result obtained is compared with the previous one obtained in Step 1 and the difference must be acceptable by manufacturer. This step is recommended to increase the reliability of the proposed methodology, but it is not mandatory if small variation from results obtained in Point 1 are not critical for the instrument.




	(5)

	
A second sensitivity analysis to consider variation due to temperature gradient is performed. Components which have the most influence on the measurand are now identified. The following classification has been used:



Group A′: Includes parameters that strongly affect the output measurand, PI > 0.4.



Group B′: Includes parameters that slightly affect the output measurand, 0.1 < PI < 0.4.



Group C′: Includes parameters that do not affect the output measurand, PI < 0.1.




	(6)

	
The two set of groups are analyzed in the following way:




	-

	
If a parameter belongs to group A and A′, it is fundamental to choose one to have the best performances and the most reliable.




	-

	
If a parameter belongs to group A-B′ then it is fundamental that its tolerance is as low as possible, but it is less important its exposure to temperature variation.




	-

	
On the contrary, if a parameter is identified to be in group C-A′, it is not important its tolerance, but it is important that the temperature variation is controlled and kept as low as possible.













For sake of simplicity, the presented methodology is hereafter represented in a flowchart shown in Figure 7.




3.3. Description of the Analog Front End of the Receiver Used to Evaluate the Proposed Method


The method proposed in the previous section has been applied to evaluate the input stage of the EMSCOPE, a commercial double channel EMI receiver for measurements of conducted emissions up to 110 MHz, manufactured by EMZER Technological Solutions SL (Barcelona, Spain). The block diagram is shown in Figure 6, while the instrument is shown in Figure 8.



Each of the blocks is composed of variables and parameters that propose a fully internal characterization of the instrument. In detail:




	-

	
Transient limiter: the transient protects the sensitive input of the receiver from unwanted signals coming though the line impedance stabilization network (LISN). This block is composed by a high pass filter (HPF) and a pulse limiter with 10 dB attenuation.




	-

	
Anti-aliasing filter: Includes filtering components, basically capacitors and inductors, which filters frequency which are not in the wanted frequency range.




	-

	
Variable attenuators and amplifiers: the input signal is changed to an amplitude level to be correctly measured.




	-

	
Filter and input ADC: part where analog to digital conversion and additional filtering is performed.









The blocks represented in Figure 6 are in cascade. There is no direct interaction among them. Basically, the uncertainty coming from one is the direct input of the following one. Every variation, uncertainty contribution and unwanted anomaly introduced in each of these blocks will increase overall uncertainty of the instrument. Table 1 summarizes the symbols and characteristics of each discrete component composing the blocks of the analyzed Figure 6.



To model in Simulink environment the blocks represented in Figure 6, the following procedure has been used:




	(A)

	
Each discrete component has been created and modeled in a Simulink environment.




	(B)

	
The final output, the measurand, has been chosen.




	(C)

	
The variables that affect the measurand have been defined and their effects modeled.




	(D)

	
Different PDFs have been assigned to each variable according to the data furnished by the manufacturers and the principle explained in the previous sections.




	(E)

	
The uncertainties have been propagated thought the model and the final PDF of the measurand has been obtained and evaluated.




	(F)

	
Step E has been replicated throughout the whole frequency range.











4. Results


The methodology proposed in Section 3.2 has been applied to the EMI receiver described in Section 3.3.



The results have been obtained considering the following scenario:



The expected mean value of the block chain attenuation is obtained by fixing the gain of the variable attenuators and amplifiers shown in Figure 6 to 0 dB, so that the whole chain offers an expected attenuation of 10 dB. A temperature variation of ± 20 °C from the standard reference temperature of ±25 °C has been considered.



Table 2 shows the results obtained when MCMs simulations are performed. The number N of iteration has been set at 6.000 and a combination of PDFs has been assigned to the input variables according to Point 1 and 4 described in Section 3.2.



As it can be seen in Figure 9, the measurand has a normal distribution, with the mean value centered in 10 dB and the standard deviation ranging from 0.09 to 0.13, depending on the PDFs assigned.



Figure 10 shows the frequency response of the attenuator block and its variation from nominal value when mixed PDFs are implemented to consider the tolerances of the components, the temperature is now kept at reference value so only the uncertainty coming from components tolerances is evaluated. As it can be seen, the mean value is maintained throughout the whole frequency span and the maximum variation is kept within 10 dB ± 0.3.



4.1. Evaluation of the Parameter Influence on the Measurand and Proposed Design Techniques


The scope of this paper is to propose a methodology for to evaluate how variations due to temperatures and tolerances affect the overall uncertainty and frequency response of the system and how to reduce it. To this end, steps 3 and 5 of Section 3.2 have been computed. The components of the model shown in Figure 6 are named using a letter R, which stands for resistor, C for capacitor and L for inductor and a number. Figure 11 shows the results obtained when the influence of the parameters on the measurand is computed according to Equation (15). In this case, the tolerances have been considered as influence factors.



Considering the block chain described in Figure 6 and the results shown in Figure 11, the following components have been found to be in the level of influence A, B and in the level of influence C. In concrete the following groups are identified:




	
Group A: R97, C188, C193.



	
Group B: R178, L22, R13, R12, R15, C311,C317, R44.



	
Group C: R29,L24,C187, R171, R24, R6, R27, R32, L36.









4.2. System Design According to the Proposed Methodology


The overall uncertainty of a system is minimized when the correct components are chosen. Extreme care should be taken because the choices made in this stage will have an impact on the overall uncertainty of the instrument.



If a decision is based only in the first set of simulations, according to Figure 11, the parameters belonging to group A will be the chosen in the most accurate way and, most likely, they will be more expensive. This choice would give good results in case external factors were not present at all, which is extremely unlikely in real case scenarios.



According to Point 6 of Section 3.2, another series of sensitivity analysis has been carried out to evaluate the effect of external factors. In this case a temperature variation of ±20 °C from the standard reference temperature of ±25 °C has been computed to evaluate the effect of temperature gradients on the measurand.



Thanks to the new methodology proposed in this paper, new results are obtained and shown in Figure 12, new groups are identified according to step 7, and are compared with the ones identified according to step 3. According to Point 6 of Section 3.2, another series of sensitivity analysis has been carried out to evaluate the effect of external factors. In this case a temperature variation of ±20 °C from the standard reference temperature of ±25 °C has been computed to evaluate the effect of temperature gradients on the measurand.



According to the results shown in Figure 12, the following components have been found to be in the level of influence A′, B′ and in the level of influence C′. In concrete the following groups are identified:




	
Group A′: R178, R97, R171,



	
Group B′: C317, R44, R6, R15, L24 R32, C187, L22,



	
Group C′: C311, R24,C188, R13, R12, R27, L36, R29, C193.








In this particular case, it is possible to notice that parameter R171 belongs to group C and A′. This means that the temperature has a strong impact on this component and must be monitored closely.



The precautions that shall be taken are:




	(1)

	
Choosing resistance with a low temperature coefficient.




	(2)

	
Make sure the ventilation system, if available, or the heat sink are properly designed so that the temperature is kept as constant as possible.









Thanks to the results obtained, the manufacturer of the instrument has the necessary information to determine which components contribute more to the overall uncertainty. By simply acting only on these components, the uncertainty associated with the measurement can be reduced.



The authors would like to highlight that the methodology proposed is applied to a particular case scenario, but it remains a general method which can be applied in different fields and situations, it does not lose sense of generality. For instance, engineers who are involved in the design of a new instrument could use the methodology proposed to:




	(a)

	
Evaluate the overall uncertainty propagation.




	(b)

	
Identify which discrete components bring more contribution to the overall uncertainty and being able to reduce it.











5. Conclusions


This paper presents and validates, both from a mathematical and experimental point of view, a simple and new methodology which allows one to understand how to evaluate and properly chose components of the front end of an EMI receiver depending on their influence on the measurand.



This approach offers a simplified analysis to improve the overall uncertainty of any instrument for EMC testing or system, which may also include but not limited to estimating the uncertainty for electromagnetic pollution, electric vehicle (EV) charging stations, electric machines, energy storage systems (ESS), and power plants in general starting from the very first decision of which components to implement, a task often underestimated in the design phase.



The presented paper introduces a new methodology to evaluate the overall uncertainty of an EMI receiver for conducted emission measurements in an easier way than the one proposed in the standards, which can be used both in the design phase or later on, to ensure a stable overall uncertainty and a correct design technique is achieved.



Engineers dealing with choices which include, but are not limited to, selecting correct tolerance values of components while considering its PDFs, cost analysis depending on choosing components instead of others and their effect on the final accuracy of the whole instrument, appears to be the beneficiary of the methodology presented in the paper for their research works.
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Figure 1. Probability density function of a rectangular distribution. 
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Figure 2. Probability density function of a triangular distribution. 
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Figure 3. Probability density function of a Gaussian, or normal, distribution. 
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Figure 4. Propagation of uncertainties for 3 input quantities. 
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Figure 5. Illustration of the propagation of distributions for N = 3 independent input quantities. 
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Figure 6. Block diagram of the input part of the considered receiver. 
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Figure 7. Flowchart of the presented methodology. 
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Figure 8. Picture of the commercial EMI Receiver for conducted emissions analysed. 
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Figure 9. Distribution of the output voltage obtained with mixed PDFs. 
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Figure 10. Frequency vs. Vout [dB]. 
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Figure 11. Parameters influence on the measurand. 
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Figure 12. Parameters influence on the measurand. 
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Table 1. Description of the components of the model.
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	Component
	Symbol
	Tolerance
	TCR (ppm/°C)
	ESR (Ω)
	ESL (nH)
	PDF





	Resistance
	R
	1–5%
	100 × 10−6
	N/A
	N/A
	Rectangular and triangular



	Inductors
	L
	5–20%
	N/A
	0.01–1
	N/A
	Rectangular



	Capacitors
	C
	10–20%
	N/A
	0.01–1
	0.01–1
	Rectangular
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Table 2. Results obtained with combination of PDFs according to Point 1 and 4 of Section 3.2.
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	N
	PDFs of Input Quantities
	Expected Mean Value
	Deviation





	6.000
	Mixed Rectangular and Triangular
	10 dB
	0.10



	6.000
	All Triangular
	10 dB
	0.09



	6.000
	All Rectangular
	10 dB
	0.13
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