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Abstract
Non-reproducibility of conducted emission measurement
due to the deviation from the nominal value of the artificial
mains network impedance is here analyzed and quantified.
Mean, standard deviation and coverage intervals are
derived for the magnitude of the disturbance voltage
developed across the input of the receiver. It is
demonstrated that the width of the coverage interval
depends on the domain spanned by the input quantities to
the measurement model, namely the impedance of the
artificial mains network and the impedance of the
equipment under test. Different degrees of severity,
determining a narrower or wider coverage interval but
always corresponding to a coverage probability of 95 %,
are identified.

1 Introduction
The non-reproducibility and uncertainty of electromagnetic
compatibility (EMC) measurements is a topic of
investigation triggered by the needs of both standards’
improvement and compliance of testing laboratories to the
requirements of ISO/IEC 17025 [1] (namely, measurement
uncertainty
quantification
and
participation
to
interlaboratory comparisons). Several studies were devoted
to the non-reproducibility and uncertainty of radiated
emission measurements [2-4], conducted emission
measurements [5-8], radiated immunity [9, 10] and
conducted immunity to impulses [11, 12].
The non-reproducibility of conducted emission
measurement due to the imperfection (i.e. deviation from
nominal) of the artificial mains network (AMN) impedance
has been recently investigated by several authors in order
to quantify the interval of the possible values of the
disturbance voltage [4, 5, 6]. Such non-reproducibility is
the dominating contribution to measurement uncertainty of
conducted disturbances [13]. An original analysis is here
offered, based on the theoretical approach described in [6],
in order to derive coverage intervals for the disturbance
voltage corresponding to different assumptions on the
domain spanned by the input to the measurement model,
namely the actual impedance of the AMN and the
impedance of the equipment under test (EUT). The
mathematical analysis is carried out in section 2, while the
numerical application is developed in section 3.
Conclusion follows in section 4.

2 Analysis
The problem is described by using the equivalent circuit in
Figure 1, where U d 0 is the open-circuit disturbance
voltage generated by the EUT, Z d 0 is the EUT impedance,

Z13 is the nominal AMN impedance, as defined by the
standards specification, and Z in is the actual impedance.
Since Z in shall unavoidably differ from Z13 , also the
voltage developed across these impedances by the same
EUT, U m and U mt , respectively, will be different. The
measurement non-reproducibility is quantified through the
relative deviation δ between U m and U mt , namely

δ=

U m − U mt
.
U mt

(1)

The impedance of the EUT, Z d 0 , is an unspecified
parameter. Its value and frequency behavior depend on the
specific EUT and they are usually unknown. It is assumed
that Z d 0 can be any complex value in the right half of the
complex impedance including the imaginary axis.

Figure 1. Circuit description of the problem of
measurement non-reproducibility due to the imperfection
of the AMN impedance: (left) measurement with an ideal
AMN, (right) measurement with a real AMN.
The concept of the “impedance tolerance circle”, as defined
in [14], is also adopted here. According to this concept Z in
shall be such that
Z in
= 1 + z,
(2)
Z13
where z = ρ e jθ and ρ is a real value within the interval

[ 0, ρ M ]

and θ shall be within [ 0, 2π ) . Through the

concept of the impedance tolerance circle constraints on the
magnitude and phase of Z in are then derived as

1 − ρM ≤

Z in
Z13

≤ 1 + ρM

(3)

and

Z 
(4)
− arcsin ( ρ M ) ≤ arg  in  ≤ arcsin ( ρ M ) .
 Z13 
In [14] ρ M = 0.2 . Note that if Z in is within the impedance
tolerance circle then (3) and (4) are met. Contrarily, if Z in
meets (3) and (4) then Z in may get values outside the
impedance tolerance circle. AMN compliance with CISPR
requirements is assessed through (3) and (4). Now note that
U
1+ z
1+ δ = m =
,
(5)
U mt 1 + zk
where
Z13
k=
(6)
Z d 0 + Z13
represents the voltage division ratio between the EUT
impedance and the ideal AMN impedance. k , together
with z , concurs to determine the magnitude of the
deviation between U m and U mt which quantifies the nonreproducibility. The domain of z , Dz , is a disc in the
complex plane centered at the origin and with radius ρ M ,
see (2). Similarly, the transformation (6), as it is
demonstrated in [6], maps the right half of the complex
plane of Z d 0 into a disc of the complex plane of k . Such
disc (domain Dk ) is centered at kO and has a radius kO
where

X 13 
1
(7)
1 + j
,
2
R13 
and X 13 = Im ( Z13 ) . The transformation
kO =

R13 = Re ( Z13 )

In order to evaluate the measurement non-reproducibility
random sampling is carried out over the domains of z and
k thus generating random samples of the nonreproducibility, as quantified by
 1+ z 
(8)
20 log10 ( 1 + δ ) = 20 log10 
.
 1 + zk 
Logarithmic units are used since non-reproducibility is
usually expressed in decibels. We are interested in the
coverage interval of the possible values of 20 log10 ( 1 + δ )
corresponding to a coverage probability of 95 %.
We consider the case of the 50 Ω||(50 μH + 5 Ω) AMN
[14], the network designed to cover the broad frequency
range from 9 kHz to 30 MHz and adopted by many product
standards.
Note that the magnitude of the denominator of (5) is greater
than 0 if ρ M k M < 1 and this inequality is met by the
impedance of the 50 Ω||(50 μH + 5 Ω) AMN over the
whole frequency range of operation. As a consequence (5)
is an analytic function of z and k over the limited size
regions Dz and Dk . Due to the properties of analytic
functions the maximum (limited) and minimum (greater
than 0) magnitudes of (5) exist and they are achieved on
the borders of such regions. This property of the magnitude
of (5) suggests different options for randomly (Monte
Carlo, [15]) sampling the domains Dz and Dk and thus
obtaining different ranges of the coverage interval. In
particular, the smaller range (smaller variability) is
expected when randomly sampling the interior of Dz and

Dk while the larger one (larger variability) is expected
when sampling the borders of Dz and Dk .

from the complex plane of Z d 0 to that of k is represented

4

in Figure 2, where k M = 2kO .
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Figure 2. The domain of Z d 0 , gray area on the left side,
and the corresponding domain of k , gray area (disc) on the
right side.
The imaginary axis of the complex plane of Z d 0 is
transformed into the perimeter kC of the disc in the
complex plane of k . Further, while the domain of Z d 0 has
infinite size that of k has finite size, thus simplifying the
numerical derivations detailed in the following section.

3 Application
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Figure 3. Minimum and maximum limits of the 95 %
coverage interval as a function of frequency.
The results of Monte Carlo sampling are illustrated in
Figure 3, where the limits of the 95 % probabilistically
symmetric coverage interval are plotted, and in Figure 4,
showing the range of the 95 % coverage interval
(difference between the maximum and the minimum
limits), both as a function of frequency. Different colors
correspond to different sampling strategies. The black lines
result from uniformly sampling the interior of the domains

of Dz and Dk . Uniform sampling over both discs is
obtained through uniform sampling of the radius (from 0 to
ρ M and from 0 to kO ) and of the angle around the center
of the disc (from 0 to 2π). The blue lines result from
uniform sampling of k over the border of the disc Dk
(imaginary EUT impedance) while z is uniformly
sampled over the interior of the disc Dz . The red lines
result from uniform sampling of z over the border of the
disc Dz (AMN impedance at the tolerance limit) and of k

probability density function approximates the probability
density functions that are numerically derived in this study.
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over the interior of the disc Dk . The green lines result from

1

uniform sampling of both the borders of the discs Dz and

0.8

Dk . Finally, the magenta lines result from uniform

0.6

sampling over the border of the disc Dz and from setting

0.4

k = kˆ =

1

. k̂ is a value on the border of Dk and
R13
X 13
such that the root-mean-square value of the magnitude of
(5), for z varying over the border of Dz , is maximum [6].
k = kˆ corresponds to the worst case EUT impedance

ρ M2 − j

Zd 0 = − j

Z13

2

(1 − ρ ) .
2
M
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Figure 5. Standard uncertainty as a function of frequency.
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Figure 6. Mean as a function of frequency.
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Figure 4. Range of the 95 % coverage interval as a function
of frequency.
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Note that the maximum range of the coverage interval is
obtained at the frequency of 52,8 kHz where the maximum
phase angle of the impedance of the 50 Ω||(50 μH + 5 Ω)
AMN is achieved.
In [13] the limits of error due to the 50 Ω||(50 μH + 5 Ω)
AMN impedance are −3.6 dB (lower) and +3.1 dB (upper)
and a triangular distribution is assumed centered at 0 dB
and having a standard deviation of 1.37 dB. In order to
compare [13] with the results here reported the standard
uncertainty and the mean corresponding to each sampling
strategy are plotted in Figure 5 and in Figure 6,
respectively, as a function of frequency. It is confirmed that
the mean is practically zero for all the sampling strategies
and over the full frequency range. The triangular
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Figure 7. Ratio of the range (corresponding to 95 %
coverage probability) over the standard uncertainty, as a
function of frequency. Dashed line represents the same
ratio assuming a triangular probability density function.
The ratio between the range and the standard uncertainty is
shown in Figure 7. In the case of the triangular distribution

(

)

the value of this ratio is 2 6 1 − 0.05 ≈ 3.8 and it is
represented through a dashed line in Figure 7. The

triangular distribution appears suitable to describe the
spread of the possible values in the case represented by the
green curve, namely when both z and k uniformly
sample the borders of the corresponding domains, Dz and

Dk .

4 Conclusion
The non-reproducibility of the disturbance voltage due to
the imperfect realization of the AMN impedance is a
knowledge-based source of uncertainty, i.e. not based on
experimental observation. Experimental observation
would require experiments involving EUTs characterized
by all the possible disturbance source impedances and
AMNs characterized by all the possible deviations from the
nominal impedance, which is clearly impossible.
According to the experience of the author, AMN
impedance is close to the tolerance limits at the lowest and
highest frequencies. Further, the impedance of the
disturbance source is dominated by the output impedance
of the filter used to attenuate disturbances at the power port,
which is essentially reactive. Hence it is safe but also
reasonable to estimate the non-reproducibility assuming
that z and k are at the borders of their respective domains
Dz and Dk (results corresponding to the green curves in
the plots from Figure 3 to Figure 7). Similarly to the case
of the mismatch correction [16], the expected value of the
non-reproducibility is zero.
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