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The analysis of stochastic electromagnetic fields is gaining 
more and more relevance due to the exponential growth of 
complex high-performance electronic systems. Stochastic 

electromagnetic fields are characterized by auto and cross-corre-
lation functions which can be obtained from experimental data. 
Different methods have been proposed for the numerical propaga-
tion of correlation information within the near-field region of a sto-
chastic radiator. As a guideline for general geometries, near-field 
Green’s functions combined with the method of moments can be 
used for the numerical estimation of field correlations in the near-
field surrounding a device under test. In the ray-tracing limit, a 
more insightful propagation method based on the Wigner transfor-
mation has been devised, through which it is also possible to esti-
mate the propagation of stochastic fields in the near-field. In this 
paper we report on the implementation of the proposed guide in 
the open source Python programming language, accessible 
through the IEEE Standard Association repository to ensure the 
dissemination of the standard and encourage the development of 
new versions.

Index Terms: Stochastic Field Emission, Near-Field Scan, Auto-
correlation Function, Wigner Transform.

Introduction

The growth of internet-enabled intelligent infrastructures 
requires complex, high-performance and highly integrated 
electronic systems. The amount of unwanted electromagnetic 
interference (EMI) grows with the expected increase in clock 
speed, operating frequency, and circuit density. Radiated EMI 
is caused by fast transistors due to switching and information 

transfer processes within electronic devices. EMI can be 
described by stochastic electromagnetic (EM) fields that typi-
cally originate from a sufficiently large number of statistically 
independent processes that cannot be easily predicted [1]. The 
characteristics of stochastic EM sources are a wide spatial 
extension, fast and almost random transitions in the time domain 
and a low average power of the local radiated fields [2]. Accu-
rate modeling of stochastic EM fields is essential to improve 
the design of electronic devices, taking into account their sus-
ceptibility to EMI [3]. Traditionally, potential sources of EMI are 
evaluated in the frequency domain by assuming static emis-
sions. A widely used technique for characterizing emissions is 
near-field scanning (NFS) due to its high measurement accura-
cy and reliability [4], [5]. This approach involves the measure-
ment of radiated emissions to estimate the currents flowing 
within the circuit and extract the dipole moments necessary for 
the reconstruction of the respective sources [6-9]. Despite its 
effectiveness, this technique is not valid for multifunctional 
devices with different operating modes and digital broadband 
receivers. Therefore, a new approach is needed for a standard-
ization procedure which takes full account of time-dependence 
and uncertainty. Characterization of noisy EM fields is based on 
the assessment of the statistics of the EM field source distribu-
tion using auto and cross-correlation functions or spectra [10]. 
A full characterization of stochastic EM fields also requires 
steps to reduce the complexity of handling the amount of data 
to be collected and processed [11], [12].

History and Scope

Starting from these premises, the European Cooperation in Sci-
ence and Technology (COST) action IC1407 ’Advanced charac-
terization and classification of radiated emissions in densely 
integrated technologies’ (ACCREDIT) has taken steps to fully 
address the challenges posed by the stochastic nature of 
broadband radiated EMI in current and future complex multi-
functional systems, through an international research program. 
This program is specifically aimed at creating efficient behav-
ioral models of propagation and interaction of stochastic fields 
starting from experimental methods. These methods involve 
measurements for EMI in the time or frequency domain using 
broadband near-field probes [13]. To this end, COST action IC1407 
has played a key role in intensifying a broad collaboration 
between various researchers of universities and industries that 
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involves the study of stochastic EM fields. Techniques pro-
posed in existing standards do not facilitate an accurate pre-
diction of the evolution of the spectral power density in the 
vicinity of a device under test (DUT) if the radiated emission 
are due to sources with arbitrary degrees of correlation. The 
collaboration within COST action IC1407 triggered an effort 
towards standardization of characterization techniques for 
radiated stochastic EM fields, taking measurement and subse-
quent modeling techniques into account. This effort led to the 
formation of a working group within the IEEE Standards Associ-
ation: P2718 - Guide for Near Field Characterization of Uninten-
tional Stochastic Radiators. The goal of the P2718 working 
group was to propose a novel approach, which is able to esti-
mate the propagation of stochastic fields emitted by statistical 
EM sources and which takes full account of field correlations. 
The aim was to write a useful guide to assist near and far-field 
predictions, source reconstruction, and emission source 
microscopy. This new approach is based on the propagation of 
correlation information of the near field data, measured by NFS 
techniques, using a propagator based on Green’s functions or 
the so-called Wigner transformation, both also investigated 
in [14]. The latter method provides a spatial representation of 
the waves in phase space of position and direction of propaga-
tion [15], allowing one to obtain an accurate and precise esti-
mate of the propagation of stochastic fields. The Green’s-func-
tion-based approach also allows for near and far-field consid-
erations of the evolved energy density and can be implemented 
for numerical Green’s functions, extracted for more complex 
geometries. The aim of these works was not limited to an 
approach that goes beyond the limitations of previous models 
but also provides an open source automatic algorithm capable 
of assessing the propagation of stochastic EM fields in the 
near and far-field with improved accuracy, starting from experi-
mental data obtained in the near-field. While the information 
content of EM near-field correlation matrices can be very rich, 
the correlation matrix evolves into toeplitz structure in the far-
field [16]. Data reduction on acquired and computed near-field 
correlation data can be performed for example by applying 
principal component analysis [12], [17].

The Developed Guide

The measurement of stochastic fields in a transverse plane 
requires the measurement of the field correlation over a geo-
metrical plane close to the DUT’s surface, as illustrated in Fig-
ure 1. In order to sample the field correlations, two identical 
moving near-field probes that independently scan across this 
plane are required. Due to the unavailability of a stable phase 
or time reference for synchronization, a single probe measure-
ment is not possible and it is necessary to perform the mea-
surement using two probes. The relative position of the two 
probes is important to determine the correlation length as the 
decay of the correlation can be seen in the correlation matrix 
as the probe moves away from the strong field sources on the 
board. The scanning resolution required depends on the 
probe’s spatial resolution and sensitivity and the receiver 

dynamic range. The field amplitude is sampled in the time 
domain using a high-speed digital oscilloscope or similar 
device and can then be converted to the frequency domain by 
Fast Fourier Transformation. The location of the probes needs 
to be also recorded by the data acquisition system. The probe 
position can be found from the actuator encoders or a laser 
tracking system could be incorporated. Near-field scanning is 
sensitive to the position accuracy because the spatial distribu-
tion can rapidly vary. Errors caused by imprecise sampling and 
their correction have been studied by several authors for deter-
ministic fields [14], [18]. The scanner position accuracy should 
be at least 1/10-th of the smallest probe dimensions. Keeping 
the probes stationary during the sampling period is also essen-
tial to maximize the accuracy. Thus, the probes should be only 
moved between sampling periods. The velocity profile of the 
probe movement should be such that this is ensured (i.e. there 
should be no mechanical vibrations induced by the scanning 
process). Also mechanical rigidity of the scanner structure and 
position repeatability should be taken care of. The motor and 
control system adopted for the scanner movements should be 
also be checked in terms of radiated emissions in the adopted 
frequency band prior to scanning, to avoid any interference 
with the DUT. In case of emissions having stochastic nature, 
where some unpredicted and random emissions would occur, 
we can substitute the VNA by a digital oscilloscope with ade-
quate sampling rate and channel memory, so that frequency 
domain data can be achieved by a FFT. A good practice might 
be to perform a complete preliminary sampling procedure with 
the DUT switched off, to check for residual environment and 
motor emissions affecting the noise floor. 

Fig. 1. Near field scanning using two different probes. The experiment 

set up includes the reference and the scanning probes connected by 

amplifiers to the 8GHz KEYSIGHT DSOS804a Digital Oscilloscope. 

The oscilloscope is able to capture all the on board events and processes 

of significance from each probe with 20GSa/s max sample rate and 50 

Mpts/channel of standard memory.

In the next chapter, we will go deeper into the implemented 
algorithm.
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Fig. 2. Correlation functions at 1 cm from the planar surface. On the left, the full size correlation 
function, on the right, the lite version after data reduction, are reported. 
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Open Source Code

Following the theoretical formulation [19] of the model and 
experimental comparison, we moved towards the development 
of the open source algorithm capable of evaluating the propaga-
tion of stochastic EM fields in the far field starting from experi-
mental data through the Wigner Transform approach [19], [20]. 
The code was written entirely in the open source programming 
language Python (version 3.9.7) in the Jupyter Notebook inter-
active development environment. The notebook, in addition to 
reporting the lines of code with the relative comments, shows 
the theoretical formulation from which the algorithm was 
obtained. This allows to understand both the meaning of the 
execution cells as well as the proposed analytical procedure. 
The notebook in question reports an example of evaluation of 
the propagation of stochastic fields generated by an extended 
planar source. In particular, starting from the measurements of 
the fields H at a distance of 1 cm from the source, we estimat-
ed the propagation of the stochastic fields at a distance of 10 

cm from the source itself. Following the loading of all the nec-
essary libraries, the measurements of the magnetic fields H at 
3 GHz at 1 cm from the source are loaded into the calculation 
environment. The dataset consists of an array of complex 
floats, from which the autocorrelation matrix (ACM) is calculat-
ed at a distance of 1 cm. To calculate the ACM from the mea-
surement data, a machine with at least 16 GB of RAM is 
required. To make simulation possible for any machine and also 
speed up execution times, the ACM is already supplied at a dis-
tance of 1 cm from the source. Therefore it is enough to simply 
import it, without having to calculate it. If you are still interest-
ed in calculating it, just execute the relative execution cell. Fur-
thermore, since the ACM is 1 cm in size (60,60,60,60), to reduce 
the computational cost of the entire simulation, the data reduc-
tion of the dataset has been performed. The reduction foresees 
the decrease of the resolution of the ACM without loss of the 
information content, passing from a matrix of the dimension of 
(60,60,60,60) to the dimension of (20,20,20,20). For the visualiza-
tion of the data, instead, quadratic interpolation was carried 
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Fig. 3. Wigner function at heights of 1 cm (on the left) and 10 cm (on the right) obtained from the 
correlation functions. 
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out to increase the resolution again at the moment of visualiza-
tion. This allows to greatly minimize the calculation times and 
still obtain high resolution results. Although it is possible to cal-
culate a reduced version of the ACM, the notebook offers the 
freedom to start the simulation using the maximum size ACM. In 
this case, however, the machine must have at least 16 GB of 
RAM. Otherwise, it is possible to run the code even on 
machines with RAM of less than 8 GB. In Figure 1, the full size 
(left) and reduced (right) ACM graphs are shown. The mathe-
matical expression by which the ACM was obtained is defined 
as follows (1):

						           (1)

where < H>  is an appropriate ensemble average, H the magnetic 
field, xa and xb two different spatial locations and t the time 
from 0 to T. For more details, refer to [19]. Following the evalua-
tion of the ACM at 1 cm from the source, an appropriate 
change of variables with respect to the variables x and y of the 
ACM was performed. Subsequently, the Wigner transform (WT) of 
the ACM at 1 cm was calculated. The WT is obtained as follows:

						          (2)

where Γz is the representation of the CF at frequency domain 
(by the Fourier transform):

						          (3)

where k is the constant wavenumber coordinates (x,s) related 
to  (xa,xb) by the transformation:

						          (4)

so that x is the average position and s is the difference in posi-
tions of a pair of measured fields. More explicitly, s = (sx,sy) 
represents, in the NFS of planar sources, the in-plane displace-
ment (for fixed z) between measurement positions. The conju-
gate momentum vector p = (px,py) takes the geometrical mean-
ing of the components of the wavevector parallel to the source 
plane. The WT of the ACM at 1 cm is shown in Figure 3. For the 
calculation of the propagation of the stochastic fields at a dis-
tance of 10 cm from the source, on the other hand, the Froben-
ius-Perron approximation relative to the WT of the ACM at 1 cm 
was performed. More specifically, individual tangent vector 
components of the in-plane magnetic field have been measured 
and used to guide and verify the approximate transport equations. 
Starting from the momentum space, the propagation of ACM along 
the normal direction to the source is defined as follows:

						          (5)

where

						          (6)

The Frobenius Perron transport equation for the WT can then 
be found by inserting (5) into (2)

						          (7)

where

						          (8)

and 1 is the unit dyadic. This procedure made it possible to 
obtain the WT of the ACM at a distance of 10 cm. In Figure 3, 
the WT at 1 cm (left) and the WT at 10 cm (right) are shown. 
After an appropriate change of variables with respect to the 
variables x and y, as previously done for the ACM at 1 cm, 
the inverse Wigner Transform of the propagated ACM has 
been obtained. In this way, the propagation of the stochastic 
EM fields is obtained at a distance of 10 cm starting from the 
measurement data of the fields at 1 cm from the planar 
source. Figure 4 shows the ACM at 1 cm (left) obtained from 
the experimental data and the ACM at 10 cm (right) estimat-
ed following the procedure just described. Using a Green’s 
function based propagator for correlation functions or spec-
tra, we can accurately compute the evolution of the sto-
chastic EM field in near and far-field. The propagator can be 
formulated based on analytical or numerical Green’s func-
tion, both in frequency or time domain [21], [22]. These cir-
cumstances make this method very versatile in different 
application scenarios. 

Fig. 4. Estimated correlation function at 10 cm from the source. 

EM field correlations between the observation points xa and xb 
are obtained for field correlations evaluated on a surface con-
taining the EM source distribution at coordinates xa' and xb' . 
The field dyadic correlation spectrum ΓF can be obtained using 
the source-field dyadic Green’s function GFJ as {10}, [21}: 

						          (9)

Here, ΓJ denotes the source current correlation dyadic, 
obtained from

						         (10)

𝒞𝒞𝑧𝑧(𝐱𝐱𝑎𝑎, 𝐱𝐱𝑏𝑏; 𝜏𝜏) = [
𝐶𝐶𝑧𝑧𝑥𝑥𝑥𝑥 𝐶𝐶𝑧𝑧𝑥𝑥𝑥𝑥 𝐶𝐶𝑧𝑧𝑥𝑥𝑥𝑥
𝐶𝐶𝑧𝑧𝑦𝑦𝑦𝑦 𝐶𝐶𝑧𝑧𝑦𝑦𝑦𝑦 𝐶𝐶𝑧𝑧𝑦𝑦𝑦𝑦
𝐶𝐶𝑧𝑧𝑧𝑧𝑧𝑧 𝐶𝐶𝑧𝑧𝑧𝑧𝑧𝑧 𝐶𝐶𝑧𝑧𝑧𝑧𝑧𝑧

] = ⟨𝐇𝐇(𝐱𝐱𝑎𝑎, 𝑧𝑧; 𝑡𝑡 + 𝜏𝜏)𝐇𝐇(𝐱𝐱𝑏𝑏, 𝑧𝑧; 𝑡𝑡)⟩
  (1) 

where ⟨⟩ is an appropriate ensemble average, 𝐻𝐻 the magnetic field, 𝑥𝑥𝑎𝑎 and 𝑥𝑥𝑏𝑏 two different spatial 
locations and 𝑡𝑡 the time from 0 to T. For more details, refer to . Following the evaluation of the ACM 
at 1 cm from the source, an appropriate change of variables with respect to the variables 𝑥𝑥 and 𝑦𝑦 
of the ACM was performed. Subsequently, the Wigner transform (WT) of the ACM at 1 cm was 
calculated. The WT is obtained as follows: 

𝒲𝒲𝑧𝑧(𝐱𝐱, 𝐩𝐩) = ∫ e−i𝑘𝑘𝐩𝐩⋅𝐬𝐬𝛤𝛤𝑧𝑧 (𝐱𝐱 +
𝐬𝐬
2 , 𝐱𝐱 −

𝐬𝐬
2) d𝐬𝐬    (2) 

where 𝛤𝛤𝑧𝑧 is the representation of the CF at frequency domain (by the Fourier transform): 

𝛤𝛤𝑧𝑧(𝐱𝐱𝑎𝑎, 𝐱𝐱𝑏𝑏;𝜔𝜔) = ∫ e−𝑖𝑖𝑖𝑖𝑖𝑖∞
−∞ 𝐶𝐶𝑧𝑧(𝐱𝐱𝑎𝑎, 𝐱𝐱𝑏𝑏; 𝜏𝜏)𝑑𝑑𝑑𝑑    (3) 

where k is the constant wavenumber coordinates (𝐱𝐱, 𝐬𝐬) related to (𝐱𝐱𝐚𝐚, 𝐱𝐱𝐛𝐛) by the transformation: 
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so that 𝐱𝐱 is the average position and 𝑠𝑠 is the difference in positions of a pair of measured fields. 
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𝑇𝑇(𝐩𝐩) = {√1 − 𝑝𝑝2  for 𝑝𝑝2 ≤ 1
𝑖𝑖√𝑝𝑝2 − 1  for 𝑝𝑝2 > 1

     (6) 

The Frobenius Perron transport equation for the WT can then found by inserting (5) into (2) 
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where ⟨⟩ is an appropriate ensemble average, 𝐻𝐻 the magnetic field, 𝑥𝑥𝑎𝑎 and 𝑥𝑥𝑏𝑏 two different spatial 
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at 1 cm from the source, an appropriate change of variables with respect to the variables 𝑥𝑥 and 𝑦𝑦 
of the ACM was performed. Subsequently, the Wigner transform (WT) of the ACM at 1 cm was 
calculated. The WT is obtained as follows: 

𝒲𝒲𝑧𝑧(𝐱𝐱, 𝐩𝐩) = ∫ e−i𝑘𝑘𝐩𝐩⋅𝐬𝐬𝛤𝛤𝑧𝑧 (𝐱𝐱 +
𝐬𝐬
2 , 𝐱𝐱 −

𝐬𝐬
2) d𝐬𝐬    (2) 

where 𝛤𝛤𝑧𝑧 is the representation of the CF at frequency domain (by the Fourier transform): 

𝛤𝛤𝑧𝑧(𝐱𝐱𝑎𝑎, 𝐱𝐱𝑏𝑏;𝜔𝜔) = ∫ e−𝑖𝑖𝑖𝑖𝑖𝑖∞
−∞ 𝐶𝐶𝑧𝑧(𝐱𝐱𝑎𝑎, 𝐱𝐱𝑏𝑏; 𝜏𝜏)𝑑𝑑𝑑𝑑    (3) 

where k is the constant wavenumber coordinates (𝐱𝐱, 𝐬𝐬) related to (𝐱𝐱𝐚𝐚, 𝐱𝐱𝐛𝐛) by the transformation: 

{𝐱𝐱 = (𝐱𝐱𝑎𝑎 + 𝐱𝐱𝑏𝑏)/2
𝐬𝐬 = 𝐱𝐱𝑎𝑎 − 𝐱𝐱𝑏𝑏       (4) 

so that 𝐱𝐱 is the average position and 𝑠𝑠 is the difference in positions of a pair of measured fields. 
More explicitly, 𝐬𝐬 = (𝑠𝑠𝑥𝑥, 𝑠𝑠𝑦𝑦) represents, in the NFS of planar sources, the in-plane displacement (for 
fixed z) between measurement positions. The conjugate momentum vector 𝑝𝑝 = (𝑝𝑝𝑥𝑥, 𝑝𝑝𝑦𝑦) takes the 
geometrical meaning of the components of the wavevector parallel to the source plane. The WT of 
the ACM at 1 cm is shown in Figure [fig2]. For the calculation of the propagation of the stochastic 
fields at a distance of 10 cm from the source, on the other hand, the Frobenius-Perron 
approximation relative to the WT of the ACM at 1 cm was performed. More specifically, individual 
tangent vector components of the in-plane magnetic field have been measured and used to guide 
and verify the approximate transport equations. Starting from the momentum space, the 
propagation of ACM along the normal direction to the source is defined as follows: 

𝛤̃𝛤𝑧𝑧(𝐩𝐩𝑎𝑎′, 𝐩𝐩𝑏𝑏) = ei𝑘𝑘𝑘𝑘[𝑇𝑇(𝐩𝐩𝑎𝑎)−𝑇𝑇∗(𝐩𝐩𝑏𝑏)]𝛤̃𝛤0(𝐩𝐩𝑎𝑎′, 𝐩𝐩𝑏𝑏)    (5) 

where 

𝑇𝑇(𝐩𝐩) = {√1 − 𝑝𝑝2  for 𝑝𝑝2 ≤ 1
𝑖𝑖√𝑝𝑝2 − 1  for 𝑝𝑝2 > 1

     (6) 

The Frobenius Perron transport equation for the WT can then found by inserting (5) into (2) 

𝒲𝒲𝑧𝑧(𝐱𝐱, 𝐩𝐩) = ∬ 𝒢𝒢𝑧𝑧(𝐱𝐱, 𝐩𝐩, 𝐱𝐱′, 𝐩𝐩′) ⋅ 𝒲𝒲0(𝐱𝐱′, 𝐩𝐩′)d𝐱𝐱′d𝐩𝐩′    (7) 
where 

𝒞𝒞𝑧𝑧(𝐱𝐱𝑎𝑎, 𝐱𝐱𝑏𝑏; 𝜏𝜏) = [
𝐶𝐶𝑧𝑧𝑥𝑥𝑥𝑥 𝐶𝐶𝑧𝑧𝑥𝑥𝑥𝑥 𝐶𝐶𝑧𝑧𝑥𝑥𝑥𝑥
𝐶𝐶𝑧𝑧𝑦𝑦𝑦𝑦 𝐶𝐶𝑧𝑧𝑦𝑦𝑦𝑦 𝐶𝐶𝑧𝑧𝑦𝑦𝑦𝑦
𝐶𝐶𝑧𝑧𝑧𝑧𝑧𝑧 𝐶𝐶𝑧𝑧𝑧𝑧𝑧𝑧 𝐶𝐶𝑧𝑧𝑧𝑧𝑧𝑧

] = ⟨𝐇𝐇(𝐱𝐱𝑎𝑎, 𝑧𝑧; 𝑡𝑡 + 𝜏𝜏)𝐇𝐇(𝐱𝐱𝑏𝑏, 𝑧𝑧; 𝑡𝑡)⟩
  (1) 

where ⟨⟩ is an appropriate ensemble average, 𝐻𝐻 the magnetic field, 𝑥𝑥𝑎𝑎 and 𝑥𝑥𝑏𝑏 two different spatial 
locations and 𝑡𝑡 the time from 0 to T. For more details, refer to . Following the evaluation of the ACM 
at 1 cm from the source, an appropriate change of variables with respect to the variables 𝑥𝑥 and 𝑦𝑦 
of the ACM was performed. Subsequently, the Wigner transform (WT) of the ACM at 1 cm was 
calculated. The WT is obtained as follows: 

𝒲𝒲𝑧𝑧(𝐱𝐱, 𝐩𝐩) = ∫ e−i𝑘𝑘𝐩𝐩⋅𝐬𝐬𝛤𝛤𝑧𝑧 (𝐱𝐱 +
𝐬𝐬
2 , 𝐱𝐱 −

𝐬𝐬
2) d𝐬𝐬    (2) 

where 𝛤𝛤𝑧𝑧 is the representation of the CF at frequency domain (by the Fourier transform): 

𝛤𝛤𝑧𝑧(𝐱𝐱𝑎𝑎, 𝐱𝐱𝑏𝑏;𝜔𝜔) = ∫ e−𝑖𝑖𝑖𝑖𝑖𝑖∞
−∞ 𝐶𝐶𝑧𝑧(𝐱𝐱𝑎𝑎, 𝐱𝐱𝑏𝑏; 𝜏𝜏)𝑑𝑑𝑑𝑑    (3) 

where k is the constant wavenumber coordinates (𝐱𝐱, 𝐬𝐬) related to (𝐱𝐱𝐚𝐚, 𝐱𝐱𝐛𝐛) by the transformation: 

{𝐱𝐱 = (𝐱𝐱𝑎𝑎 + 𝐱𝐱𝑏𝑏)/2
𝐬𝐬 = 𝐱𝐱𝑎𝑎 − 𝐱𝐱𝑏𝑏       (4) 

so that 𝐱𝐱 is the average position and 𝑠𝑠 is the difference in positions of a pair of measured fields. 
More explicitly, 𝐬𝐬 = (𝑠𝑠𝑥𝑥, 𝑠𝑠𝑦𝑦) represents, in the NFS of planar sources, the in-plane displacement (for 
fixed z) between measurement positions. The conjugate momentum vector 𝑝𝑝 = (𝑝𝑝𝑥𝑥, 𝑝𝑝𝑦𝑦) takes the 
geometrical meaning of the components of the wavevector parallel to the source plane. The WT of 
the ACM at 1 cm is shown in Figure [fig2]. For the calculation of the propagation of the stochastic 
fields at a distance of 10 cm from the source, on the other hand, the Frobenius-Perron 
approximation relative to the WT of the ACM at 1 cm was performed. More specifically, individual 
tangent vector components of the in-plane magnetic field have been measured and used to guide 
and verify the approximate transport equations. Starting from the momentum space, the 
propagation of ACM along the normal direction to the source is defined as follows: 

𝛤̃𝛤𝑧𝑧(𝐩𝐩𝑎𝑎′, 𝐩𝐩𝑏𝑏) = ei𝑘𝑘𝑘𝑘[𝑇𝑇(𝐩𝐩𝑎𝑎)−𝑇𝑇∗(𝐩𝐩𝑏𝑏)]𝛤̃𝛤0(𝐩𝐩𝑎𝑎′, 𝐩𝐩𝑏𝑏)    (5) 

where 

𝑇𝑇(𝐩𝐩) = {√1 − 𝑝𝑝2  for 𝑝𝑝2 ≤ 1
𝑖𝑖√𝑝𝑝2 − 1  for 𝑝𝑝2 > 1

     (6) 

The Frobenius Perron transport equation for the WT can then found by inserting (5) into (2) 

𝒲𝒲𝑧𝑧(𝐱𝐱, 𝐩𝐩) = ∬ 𝒢𝒢𝑧𝑧(𝐱𝐱, 𝐩𝐩, 𝐱𝐱′, 𝐩𝐩′) ⋅ 𝒲𝒲0(𝐱𝐱′, 𝐩𝐩′)d𝐱𝐱′d𝐩𝐩′    (7) 
where 

𝒞𝒞𝑧𝑧(𝐱𝐱𝑎𝑎, 𝐱𝐱𝑏𝑏; 𝜏𝜏) = [
𝐶𝐶𝑧𝑧𝑥𝑥𝑥𝑥 𝐶𝐶𝑧𝑧𝑥𝑥𝑥𝑥 𝐶𝐶𝑧𝑧𝑥𝑥𝑥𝑥
𝐶𝐶𝑧𝑧𝑦𝑦𝑦𝑦 𝐶𝐶𝑧𝑧𝑦𝑦𝑦𝑦 𝐶𝐶𝑧𝑧𝑦𝑦𝑦𝑦
𝐶𝐶𝑧𝑧𝑧𝑧𝑧𝑧 𝐶𝐶𝑧𝑧𝑧𝑧𝑧𝑧 𝐶𝐶𝑧𝑧𝑧𝑧𝑧𝑧

] = ⟨𝐇𝐇(𝐱𝐱𝑎𝑎, 𝑧𝑧; 𝑡𝑡 + 𝜏𝜏)𝐇𝐇(𝐱𝐱𝑏𝑏, 𝑧𝑧; 𝑡𝑡)⟩
  (1) 

where ⟨⟩ is an appropriate ensemble average, 𝐻𝐻 the magnetic field, 𝑥𝑥𝑎𝑎 and 𝑥𝑥𝑏𝑏 two different spatial 
locations and 𝑡𝑡 the time from 0 to T. For more details, refer to . Following the evaluation of the ACM 
at 1 cm from the source, an appropriate change of variables with respect to the variables 𝑥𝑥 and 𝑦𝑦 
of the ACM was performed. Subsequently, the Wigner transform (WT) of the ACM at 1 cm was 
calculated. The WT is obtained as follows: 

𝒲𝒲𝑧𝑧(𝐱𝐱, 𝐩𝐩) = ∫ e−i𝑘𝑘𝐩𝐩⋅𝐬𝐬𝛤𝛤𝑧𝑧 (𝐱𝐱 +
𝐬𝐬
2 , 𝐱𝐱 −

𝐬𝐬
2) d𝐬𝐬    (2) 

where 𝛤𝛤𝑧𝑧 is the representation of the CF at frequency domain (by the Fourier transform): 

𝛤𝛤𝑧𝑧(𝐱𝐱𝑎𝑎, 𝐱𝐱𝑏𝑏;𝜔𝜔) = ∫ e−𝑖𝑖𝑖𝑖𝑖𝑖∞
−∞ 𝐶𝐶𝑧𝑧(𝐱𝐱𝑎𝑎, 𝐱𝐱𝑏𝑏; 𝜏𝜏)𝑑𝑑𝑑𝑑    (3) 

where k is the constant wavenumber coordinates (𝐱𝐱, 𝐬𝐬) related to (𝐱𝐱𝐚𝐚, 𝐱𝐱𝐛𝐛) by the transformation: 

{𝐱𝐱 = (𝐱𝐱𝑎𝑎 + 𝐱𝐱𝑏𝑏)/2
𝐬𝐬 = 𝐱𝐱𝑎𝑎 − 𝐱𝐱𝑏𝑏       (4) 

so that 𝐱𝐱 is the average position and 𝑠𝑠 is the difference in positions of a pair of measured fields. 
More explicitly, 𝐬𝐬 = (𝑠𝑠𝑥𝑥, 𝑠𝑠𝑦𝑦) represents, in the NFS of planar sources, the in-plane displacement (for 
fixed z) between measurement positions. The conjugate momentum vector 𝑝𝑝 = (𝑝𝑝𝑥𝑥, 𝑝𝑝𝑦𝑦) takes the 
geometrical meaning of the components of the wavevector parallel to the source plane. The WT of 
the ACM at 1 cm is shown in Figure [fig2]. For the calculation of the propagation of the stochastic 
fields at a distance of 10 cm from the source, on the other hand, the Frobenius-Perron 
approximation relative to the WT of the ACM at 1 cm was performed. More specifically, individual 
tangent vector components of the in-plane magnetic field have been measured and used to guide 
and verify the approximate transport equations. Starting from the momentum space, the 
propagation of ACM along the normal direction to the source is defined as follows: 

𝛤̃𝛤𝑧𝑧(𝐩𝐩𝑎𝑎′, 𝐩𝐩𝑏𝑏) = ei𝑘𝑘𝑘𝑘[𝑇𝑇(𝐩𝐩𝑎𝑎)−𝑇𝑇∗(𝐩𝐩𝑏𝑏)]𝛤̃𝛤0(𝐩𝐩𝑎𝑎′, 𝐩𝐩𝑏𝑏)    (5) 

where 

𝑇𝑇(𝐩𝐩) = {√1 − 𝑝𝑝2  for 𝑝𝑝2 ≤ 1
𝑖𝑖√𝑝𝑝2 − 1  for 𝑝𝑝2 > 1

     (6) 

The Frobenius Perron transport equation for the WT can then found by inserting (5) into (2) 

𝒲𝒲𝑧𝑧(𝐱𝐱, 𝐩𝐩) = ∬ 𝒢𝒢𝑧𝑧(𝐱𝐱, 𝐩𝐩, 𝐱𝐱′, 𝐩𝐩′) ⋅ 𝒲𝒲0(𝐱𝐱′, 𝐩𝐩′)d𝐱𝐱′d𝐩𝐩′    (7) 
where 

𝒞𝒞𝑧𝑧(𝐱𝐱𝑎𝑎, 𝐱𝐱𝑏𝑏; 𝜏𝜏) = [
𝐶𝐶𝑧𝑧𝑥𝑥𝑥𝑥 𝐶𝐶𝑧𝑧𝑥𝑥𝑥𝑥 𝐶𝐶𝑧𝑧𝑥𝑥𝑥𝑥
𝐶𝐶𝑧𝑧𝑦𝑦𝑦𝑦 𝐶𝐶𝑧𝑧𝑦𝑦𝑦𝑦 𝐶𝐶𝑧𝑧𝑦𝑦𝑦𝑦
𝐶𝐶𝑧𝑧𝑧𝑧𝑧𝑧 𝐶𝐶𝑧𝑧𝑧𝑧𝑧𝑧 𝐶𝐶𝑧𝑧𝑧𝑧𝑧𝑧

] = ⟨𝐇𝐇(𝐱𝐱𝑎𝑎, 𝑧𝑧; 𝑡𝑡 + 𝜏𝜏)𝐇𝐇(𝐱𝐱𝑏𝑏, 𝑧𝑧; 𝑡𝑡)⟩
  (1) 

where ⟨⟩ is an appropriate ensemble average, 𝐻𝐻 the magnetic field, 𝑥𝑥𝑎𝑎 and 𝑥𝑥𝑏𝑏 two different spatial 
locations and 𝑡𝑡 the time from 0 to T. For more details, refer to . Following the evaluation of the ACM 
at 1 cm from the source, an appropriate change of variables with respect to the variables 𝑥𝑥 and 𝑦𝑦 
of the ACM was performed. Subsequently, the Wigner transform (WT) of the ACM at 1 cm was 
calculated. The WT is obtained as follows: 

𝒲𝒲𝑧𝑧(𝐱𝐱, 𝐩𝐩) = ∫ e−i𝑘𝑘𝐩𝐩⋅𝐬𝐬𝛤𝛤𝑧𝑧 (𝐱𝐱 +
𝐬𝐬
2 , 𝐱𝐱 −

𝐬𝐬
2) d𝐬𝐬    (2) 

where 𝛤𝛤𝑧𝑧 is the representation of the CF at frequency domain (by the Fourier transform): 

𝛤𝛤𝑧𝑧(𝐱𝐱𝑎𝑎, 𝐱𝐱𝑏𝑏;𝜔𝜔) = ∫ e−𝑖𝑖𝑖𝑖𝑖𝑖∞
−∞ 𝐶𝐶𝑧𝑧(𝐱𝐱𝑎𝑎, 𝐱𝐱𝑏𝑏; 𝜏𝜏)𝑑𝑑𝑑𝑑    (3) 

where k is the constant wavenumber coordinates (𝐱𝐱, 𝐬𝐬) related to (𝐱𝐱𝐚𝐚, 𝐱𝐱𝐛𝐛) by the transformation: 

{𝐱𝐱 = (𝐱𝐱𝑎𝑎 + 𝐱𝐱𝑏𝑏)/2
𝐬𝐬 = 𝐱𝐱𝑎𝑎 − 𝐱𝐱𝑏𝑏       (4) 

so that 𝐱𝐱 is the average position and 𝑠𝑠 is the difference in positions of a pair of measured fields. 
More explicitly, 𝐬𝐬 = (𝑠𝑠𝑥𝑥, 𝑠𝑠𝑦𝑦) represents, in the NFS of planar sources, the in-plane displacement (for 
fixed z) between measurement positions. The conjugate momentum vector 𝑝𝑝 = (𝑝𝑝𝑥𝑥, 𝑝𝑝𝑦𝑦) takes the 
geometrical meaning of the components of the wavevector parallel to the source plane. The WT of 
the ACM at 1 cm is shown in Figure [fig2]. For the calculation of the propagation of the stochastic 
fields at a distance of 10 cm from the source, on the other hand, the Frobenius-Perron 
approximation relative to the WT of the ACM at 1 cm was performed. More specifically, individual 
tangent vector components of the in-plane magnetic field have been measured and used to guide 
and verify the approximate transport equations. Starting from the momentum space, the 
propagation of ACM along the normal direction to the source is defined as follows: 

𝛤̃𝛤𝑧𝑧(𝐩𝐩𝑎𝑎′, 𝐩𝐩𝑏𝑏) = ei𝑘𝑘𝑘𝑘[𝑇𝑇(𝐩𝐩𝑎𝑎)−𝑇𝑇∗(𝐩𝐩𝑏𝑏)]𝛤̃𝛤0(𝐩𝐩𝑎𝑎′, 𝐩𝐩𝑏𝑏)    (5) 

where 

𝑇𝑇(𝐩𝐩) = {√1 − 𝑝𝑝2  for 𝑝𝑝2 ≤ 1
𝑖𝑖√𝑝𝑝2 − 1  for 𝑝𝑝2 > 1

     (6) 

The Frobenius Perron transport equation for the WT can then found by inserting (5) into (2) 

𝒲𝒲𝑧𝑧(𝐱𝐱, 𝐩𝐩) = ∬ 𝒢𝒢𝑧𝑧(𝐱𝐱, 𝐩𝐩, 𝐱𝐱′, 𝐩𝐩′) ⋅ 𝒲𝒲0(𝐱𝐱′, 𝐩𝐩′)d𝐱𝐱′d𝐩𝐩′    (7) 
where 

𝒞𝒞𝑧𝑧(𝐱𝐱𝑎𝑎, 𝐱𝐱𝑏𝑏; 𝜏𝜏) = [
𝐶𝐶𝑧𝑧𝑥𝑥𝑥𝑥 𝐶𝐶𝑧𝑧𝑥𝑥𝑥𝑥 𝐶𝐶𝑧𝑧𝑥𝑥𝑥𝑥
𝐶𝐶𝑧𝑧𝑦𝑦𝑦𝑦 𝐶𝐶𝑧𝑧𝑦𝑦𝑦𝑦 𝐶𝐶𝑧𝑧𝑦𝑦𝑦𝑦
𝐶𝐶𝑧𝑧𝑧𝑧𝑧𝑧 𝐶𝐶𝑧𝑧𝑧𝑧𝑧𝑧 𝐶𝐶𝑧𝑧𝑧𝑧𝑧𝑧

] = ⟨𝐇𝐇(𝐱𝐱𝑎𝑎, 𝑧𝑧; 𝑡𝑡 + 𝜏𝜏)𝐇𝐇(𝐱𝐱𝑏𝑏, 𝑧𝑧; 𝑡𝑡)⟩
  (1) 

where ⟨⟩ is an appropriate ensemble average, 𝐻𝐻 the magnetic field, 𝑥𝑥𝑎𝑎 and 𝑥𝑥𝑏𝑏 two different spatial 
locations and 𝑡𝑡 the time from 0 to T. For more details, refer to . Following the evaluation of the ACM 
at 1 cm from the source, an appropriate change of variables with respect to the variables 𝑥𝑥 and 𝑦𝑦 
of the ACM was performed. Subsequently, the Wigner transform (WT) of the ACM at 1 cm was 
calculated. The WT is obtained as follows: 

𝒲𝒲𝑧𝑧(𝐱𝐱, 𝐩𝐩) = ∫ e−i𝑘𝑘𝐩𝐩⋅𝐬𝐬𝛤𝛤𝑧𝑧 (𝐱𝐱 +
𝐬𝐬
2 , 𝐱𝐱 −

𝐬𝐬
2) d𝐬𝐬    (2) 

where 𝛤𝛤𝑧𝑧 is the representation of the CF at frequency domain (by the Fourier transform): 

𝛤𝛤𝑧𝑧(𝐱𝐱𝑎𝑎, 𝐱𝐱𝑏𝑏;𝜔𝜔) = ∫ e−𝑖𝑖𝑖𝑖𝑖𝑖∞
−∞ 𝐶𝐶𝑧𝑧(𝐱𝐱𝑎𝑎, 𝐱𝐱𝑏𝑏; 𝜏𝜏)𝑑𝑑𝑑𝑑    (3) 

where k is the constant wavenumber coordinates (𝐱𝐱, 𝐬𝐬) related to (𝐱𝐱𝐚𝐚, 𝐱𝐱𝐛𝐛) by the transformation: 

{𝐱𝐱 = (𝐱𝐱𝑎𝑎 + 𝐱𝐱𝑏𝑏)/2
𝐬𝐬 = 𝐱𝐱𝑎𝑎 − 𝐱𝐱𝑏𝑏       (4) 

so that 𝐱𝐱 is the average position and 𝑠𝑠 is the difference in positions of a pair of measured fields. 
More explicitly, 𝐬𝐬 = (𝑠𝑠𝑥𝑥, 𝑠𝑠𝑦𝑦) represents, in the NFS of planar sources, the in-plane displacement (for 
fixed z) between measurement positions. The conjugate momentum vector 𝑝𝑝 = (𝑝𝑝𝑥𝑥, 𝑝𝑝𝑦𝑦) takes the 
geometrical meaning of the components of the wavevector parallel to the source plane. The WT of 
the ACM at 1 cm is shown in Figure [fig2]. For the calculation of the propagation of the stochastic 
fields at a distance of 10 cm from the source, on the other hand, the Frobenius-Perron 
approximation relative to the WT of the ACM at 1 cm was performed. More specifically, individual 
tangent vector components of the in-plane magnetic field have been measured and used to guide 
and verify the approximate transport equations. Starting from the momentum space, the 
propagation of ACM along the normal direction to the source is defined as follows: 

𝛤̃𝛤𝑧𝑧(𝐩𝐩𝑎𝑎′, 𝐩𝐩𝑏𝑏) = ei𝑘𝑘𝑘𝑘[𝑇𝑇(𝐩𝐩𝑎𝑎)−𝑇𝑇∗(𝐩𝐩𝑏𝑏)]𝛤̃𝛤0(𝐩𝐩𝑎𝑎′, 𝐩𝐩𝑏𝑏)    (5) 

where 

𝑇𝑇(𝐩𝐩) = {√1 − 𝑝𝑝2  for 𝑝𝑝2 ≤ 1
𝑖𝑖√𝑝𝑝2 − 1  for 𝑝𝑝2 > 1
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2
𝛿𝛿(𝐩𝐩 − 𝐩𝐩′)𝟏𝟏 ⋅

⋅ ∫ ei𝑘𝑘(𝐱𝐱−𝐱𝐱′)⋅𝐪𝐪+𝑖𝑖𝑖𝑖𝑖𝑖(𝑇𝑇(𝐩𝐩+𝐪𝐪/2)−𝑇𝑇∗(𝐩𝐩−𝐪𝐪/2))d𝐪𝐪
     (8) 

and 1 is the unit dyad. This procedure made it possible to obtain the WT of the ACM at a distance 
of 10 cm. In Figure [fig3], the WT at 1 cm (left) and the WT at 10 cm (right) are shown. After an 
appropriate change of variables with respect to the variables 𝑥𝑥 and 𝑦𝑦, as previously done for the 
ACM at 1 cm, the inverse Wigner Transform of the propagated ACM has been obtained. In this way, 
the propagation of the stochastic EM fields is obtained at a distance of 10 cm starting from the 
measurement data of the fields at 1 cm from the planar source. Figure 2 shows the ACM at 1 cm 
(left) obtained from the experimental data and the ACM at 10 cm (right) estimated following the 
procedure just described. Using a Green’s function based propagator for correlation functions or 
spectra, we can accurately compute the evolution of the stochastic EM field in near and far-field. 
The propagator can be formulated based on analytical or numerical Green’s function, both in 
frequency or time domain. These circumstances make this method very versatile in different 
application scenarios.  
 

 
Fig. 4. Correlation function at height of 1 cm from the source obtained from the measurement data 
(on the left), and the estimated one at height of 10 cm (on the right). 
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Fig. 7. Spatial energy distribution at z'=100 mm by the method of moments. 

EM field correlations between the observation points 𝑥𝑥𝑎𝑎 and 𝑥𝑥𝑏𝑏 are obtained for field correlations 
evaluated on a surface containing the EM source distribution at coordinates 𝑥𝑥𝑎𝑎′ and 𝑥𝑥𝑏𝑏′. The field 
dyadic correlation spectrum 𝛤𝛤F can be obtained using the source-field dyadic Green’s function 𝐺𝐺FJ 
as:  

Γ𝐹𝐹(𝑥𝑥𝑎𝑎, 𝑥𝑥𝑏𝑏) = ∬𝐺𝐺𝐹𝐹𝐹𝐹(𝑥𝑥𝑎𝑎 − 𝑥𝑥𝑎𝑎′ ) × Γ𝐽𝐽(𝑥𝑥𝑎𝑎′ , 𝑥𝑥𝑏𝑏′ )𝐺𝐺𝐹𝐹𝐹𝐹† (𝑥𝑥𝑏𝑏 − 𝑥𝑥𝑏𝑏′ )𝑥𝑥𝑏𝑏′ 𝑥𝑥𝑏𝑏′   (9) 

Here, 𝛤𝛤J denotes the source current correlation dyadic, obtained from 

𝛤𝛤J(𝑥𝑥𝑎𝑎, 𝑥𝑥𝑏𝑏) = ⟨J𝑒𝑒,𝑚𝑚(𝑥𝑥𝑎𝑎, 𝜔𝜔)J𝑒𝑒,𝑚𝑚
† (𝑥𝑥𝑏𝑏,𝜔𝜔)⟩     (10) 

accounting for either electric or magnetic source current terms, given by the indices 𝑒𝑒,𝑚𝑚. The 
formula for propagating the EM field correlation ([eqnProp]) can be treated numerically by 
concept of the Method of Moments (MoM) and thus, to transfer ([eqnProp]) into a set of linear 
algebraic equations. This is being accomplished by introducing a set of vectorial basis functions 
which are first used for the expansion of the field and source current functions into these basis 
functions. Furthermore, these expansion functions are being used, along with a set of testing 
functions, latter are possibly also identical with the former set, to establish the moment matrix 
from above Green’s function based integral formula. The resulting set of algebraic equations is 
given by 

𝐶𝐶𝑉𝑉(𝜔𝜔) = Z(𝜔𝜔) 𝐶𝐶𝐼𝐼(𝜔𝜔) Z†(𝜔𝜔),     (11) 
where 𝐶𝐶𝑉𝑉  is the correlation matrix of the expansion coefficients, termed generalized voltages, of 
the electric field expansion, while 𝐶𝐶𝐼𝐼  is the correlation matrix of the expansion coefficients of the 
source current distribution. Z is the moment matrix . The Green’s function, if not available 
analytically, can be obtained numerically from conventional EM full wave solvers for deterministic 
scenarios. Time-domain formulations, analytical and numerical, are discussed in . Figures 3, 4, and 
5 show the measured spatial energy density in the source plane as well as measured and 
numerically propagated, latter based on the measured source plane data, spatial energy density in 
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accounting for either electric or magnetic source current 
terms, given by the indices e,m. The formula for propagating the 
EM field correlation (9) can be treated numerically by concept 
of the Method of Moments (MoM) and thus, to transfer (9) into 
a set of linear algebraic equations. This is being accomplished 

by introducing a set of vectorial basis functions which are first 
used for the expansion of the field and source current func-
tions into these basis functions. Furthermore, these expansion 
functions are being used, along with a set of testing func-
tions, latter are possibly also identical with the former set, to 
establish the moment matrix from above Green’s function 
based integral formula. The resulting set of algebraic equa-
tions is given by

					       	     (11)

where CV is the correlation matrix of the expansion coeffi-
cients, termed generalized voltages, of the electric field expan-
sion, while CI is the correlation matrix of the expansion coeffi-
cients of the source current distribution. Z is the moment matrix 
[21], [23]. The Green’s function, if not available analytically, can be 
obtained numerically from conventional EM full wave solvers for 
deterministic scenarios. Time-domain formulations, analytical and 
numerical, are discussed in [22], [24], [25]. Figures 5, 6, and 7 show 
the measured spatial energy density in the source plane as well 
as measured and numerically propagated, latter based on the 
measured source plane data, spatial energy density in the obser-
vation plane. In this example, the field correlation data has been 
propagated using the method of moments approach.

More Information

Although the notebook reports an example starting from our 
measurement data, the algorithm is applicable to any incoming 
dataset and to any dimension. This implies the algorithm does 
not remain bound only to sample datasets of such dimensions, 
but allows the user to run the code on their datasets by appro-
priately modifying the lines of code of interest and entering the 
size of their data. In fact, the notebook initializes various 
parameters that can be changed based on the information on 
measurement data obtained, and will be able to calculate the 
stochastic fields at any distance. This allows the user to modify 
and update the code having all the tools necessary to bring the 
guide to better and future versions. In addition to the notebook 
version, the code has been reported in a python script that can 
be executed directly from the terminal without the need to open 
and run the Notebook. In addition to the files previously 
described, a function for converting the dataset from .mat to .pt 
has been included, giving the user the possibility to process 
data from .mat files as well. All the material including the data-
sets, scripts and the Notebook are stored in the IEEE Standard 
Association repository, where the user can access, download 
the contents, execute the code and possibly propose changes. 
In order to open and run the Notebook it is not strictly neces-
sary to install Jupyer Notebook or Jupyter Lab, but it is possi-
ble to access platforms such as Google Colab that allow the 
user to load the notebook and run it without the need to down-
load any library in Python. An example of the open source code 
written on Jupyter Notebook can be found on the repository 
available at the following link: https://stangards.ieee.org/
ieee/2718/6983/ in “additional resources”.
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Fig. 5. Spatial energy distribution at z’=10 mm.
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Fig. 6. Spatial energy distribution at z’=100 mm. Fig. 6. Spatial energy distribution at z’=100 mm.

 
Fig. 7. Spatial energy distribution at z'=100 mm by the method of moments. 
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numerically propagated, latter based on the measured source plane data, spatial energy density in 

Fig. 7. Spatial energy distribution at z'=100 mm by the method of 

moments.

 
Fig. 7. Spatial energy distribution at z'=100 mm by the method of moments. 

EM field correlations between the observation points 𝑥𝑥𝑎𝑎 and 𝑥𝑥𝑏𝑏 are obtained for field correlations 
evaluated on a surface containing the EM source distribution at coordinates 𝑥𝑥𝑎𝑎′ and 𝑥𝑥𝑏𝑏′. The field 
dyadic correlation spectrum 𝛤𝛤F can be obtained using the source-field dyadic Green’s function 𝐺𝐺FJ 
as:  

Γ𝐹𝐹(𝑥𝑥𝑎𝑎, 𝑥𝑥𝑏𝑏) = ∬𝐺𝐺𝐹𝐹𝐹𝐹(𝑥𝑥𝑎𝑎 − 𝑥𝑥𝑎𝑎′ ) × Γ𝐽𝐽(𝑥𝑥𝑎𝑎′ , 𝑥𝑥𝑏𝑏′ )𝐺𝐺𝐹𝐹𝐹𝐹† (𝑥𝑥𝑏𝑏 − 𝑥𝑥𝑏𝑏′ )𝑥𝑥𝑏𝑏′ 𝑥𝑥𝑏𝑏′   (9) 

Here, 𝛤𝛤J denotes the source current correlation dyadic, obtained from 

𝛤𝛤J(𝑥𝑥𝑎𝑎, 𝑥𝑥𝑏𝑏) = ⟨J𝑒𝑒,𝑚𝑚(𝑥𝑥𝑎𝑎, 𝜔𝜔)J𝑒𝑒,𝑚𝑚
† (𝑥𝑥𝑏𝑏,𝜔𝜔)⟩     (10) 

accounting for either electric or magnetic source current terms, given by the indices 𝑒𝑒,𝑚𝑚. The 
formula for propagating the EM field correlation ([eqnProp]) can be treated numerically by 
concept of the Method of Moments (MoM) and thus, to transfer ([eqnProp]) into a set of linear 
algebraic equations. This is being accomplished by introducing a set of vectorial basis functions 
which are first used for the expansion of the field and source current functions into these basis 
functions. Furthermore, these expansion functions are being used, along with a set of testing 
functions, latter are possibly also identical with the former set, to establish the moment matrix 
from above Green’s function based integral formula. The resulting set of algebraic equations is 
given by 

𝐶𝐶𝑉𝑉(𝜔𝜔) = Z(𝜔𝜔) 𝐶𝐶𝐼𝐼(𝜔𝜔) Z†(𝜔𝜔),     (11) 
where 𝐶𝐶𝑉𝑉  is the correlation matrix of the expansion coefficients, termed generalized voltages, of 
the electric field expansion, while 𝐶𝐶𝐼𝐼  is the correlation matrix of the expansion coefficients of the 
source current distribution. Z is the moment matrix . The Green’s function, if not available 
analytically, can be obtained numerically from conventional EM full wave solvers for deterministic 
scenarios. Time-domain formulations, analytical and numerical, are discussed in . Figures 3, 4, and 
5 show the measured spatial energy density in the source plane as well as measured and 
numerically propagated, latter based on the measured source plane data, spatial energy density in 

Authorized licensed use limited to: Technische Universitaet Muenchen. Downloaded on December 18,2024 at 15:19:56 UTC from IEEE Xplore.  Restrictions apply. 



48 ©2024 IEEE Electromagnetic Compatibility Magazine – Volume 13 – Quarter 1

References

[1] G. Gradoni, L. R. Arnaut, S. C. Creagh, G. Tanner, M. H. Baharuddin, C. Smartt, 
and D. W. Thomas, “Wigner-function-based propagation of stochastic field 
emissions from planar electromagnetic sources,” IEEE Transactions on Elec-
tromagnetic Compatibility, vol. 60, no. 3, pp. 580– 588, 2017.

[2] M. I. Montrose, EMC and the printed circuit board: design, theory, and layout 
made simple. John Wiley & Sons, 2004.

[3] A. Ramanujan, F. Lafon, and P. Fernandez-Lopez, “Radiated emissions model-
ling from near-field data-toward international standards,” in 2015 Asia-
Pacific Symposium on Electromagnetic Compatibility (APEMC). IEEE, 2015, 
pp. 90–93.

[4] T. K. Sarkar and A. Taaghol, “Near-field to near/far-field transformation for 
arbitrary near-field geometry utilizing an equivalent electric current and 
mom,” IEEE Transactions on Antennas and Propagation, vol. 47, no. 3, pp. 
566–573, 1999.

[5] B. Fourestie, J.-C. Bolomey, T. Sarrebourse, Z. Altman, and J. Wiart, “Spheri-
cal near field facility for characterizing random emissions,” IEEE Transac-
tions on Antennas and Propagation, vol. 53, no. 8, pp. 2582– 2589, 2005.

[6] Z. Yu, J. A. Mix, S. Sajuyigbe, K. P. Slattery, and J. Fan, “An improved dipole-
moment model based on near-field scanning for characterizing near-field 
coupling and far-field radiation from an ic,” IEEE Transactions on Electromag-
netic Compatibility, vol. 55, no. 1, pp. 97–108, 2012.

[7] Y. Vives-Gilabert, C. Arcambal, A. Louis, F. de Daran, P. Eudeline, and B. Maz-
ari, “Modeling magnetic radiations of electronic circuits using near-field 
scanning method,” IEEE Transactions on Electromagnetic Compatibility, vol. 
49, no. 2, pp. 391–400, 2007.

[8] P. F. Lopez, C. Arcambal, D. Baudry, S. Verdeyme, and B. Mazari, “Simple 
electromagnetic modeling procedure: From near-field measurements to com-
mercial electromagnetic simulation tool,” IEEE Transactions on Instrumenta-
tion and Measurement, vol. 59, no. 12, pp. 3111–3121, 2010.

[9] X. Tong, D. W. Thomas, A. Nothofer, P. Sewell, and C. Christopoulos, 
“Modeling electromagnetic emissions from printed circuit boards in 
closed environments using equivalent dipoles,” IEEE Transactions on 
Electromagnetic Compatibility, vol. 52, no. 2, pp. 462–470, 2010.

[10] J. A. Russer and P. Russer, “An efficient method for computer aided 
analysis of noisy electromagnetic fields,” in Microwave Symposium 
Digest (MTT), 2011 IEEE MTT-S International. IEEE, Jun. 2011, pp. 1–4.

[11] D. W. P. Thomas, M. H. Baharuddin, C. Smartt, G. Gradoni, G. Tanner, S. 
Creagh, N. Doncˇov, M. Haider, and J. Russer, “Near-field scanning of 
stochastic fields considering reduction of complexity,” in Proc. Interna-
tional Symposium on Electromagnetic Compatibility, EMC, Angers, 
France, Sep. 4-7 2017.

[12] M. Haider and J. A. Russer, “Principal component analysis for efficient 
characterization of stochastic electromagnetic fields,” International 
Journal of Numerical Modelling: Electronic Networks, Devices and 
Fields, IJNM, 2017.

[13] B. Fourestie, Z. Altman, J.-C. Bolomey, J. Wiart, and F. Brouaye, “Statis-
tical modal analysis applied to near-field measurements of random emis-
sions,” IEEE Transactions on Antennas and Propagation, vol. 50, no. 12, 
pp. 1803–1812, 2002.

[14] G. Gradoni, J. Russer, M. H. Baharuddin, M. Haider, P. Russer, C. Smartt, 
S. C. Creagh, G. Tanner, and D. W. Thomas, “Stochastic electromagnetic 
field propagation—measurement and modelling,” Philosophical Transac-
tions of the Royal Society A: Mathematical, Physical and Engineering 
Sciences, vol. 376, no. 2134, p. 2017-0455, 2018.

[15] N. Marcuvitz, “Quasiparticle view of wave propagation,” Proceedings of 
the IEEE, vol. 68, no. 11, pp. 1380–1395, 1980.

[16] J. A. Russer, G. Gradoni, G. Tanner, S. C. Creagh, D. Thomas, C. Smartt, 
and P. Russer, “Evolution of transverse correlation in stochastic electro-
magnetic fields,” in Microwave Symposium (IMS), 2015 IEEE MTT-S 
International, May 2015, pp. 1–3.

[17] L. R. Arnaut and C. S. Obiekezie, “Comparison of complex principal and 
independent components for quasi-gaussian radiated emissions from 
printed circuit boards,” IEEE Transactions on Electromagnetic Compati-
bility, vol. 56, no. 6, pp. 1598–1603, 2014.

[18] J. A. Russer and S. Braun, “A novel vector near-field scanning system 
for emission measurements in time-domain,” in 2012 IEEE International 
Symposium on Electromagnetic Compatibility, IEEE, 2012, pp. 462– 467.

[19] G. Gradoni, S. C. Creagh, and G. Tanner, “A wigner function approach for 
describing the radiation of complex sources,” in 2014 IEEE International 
Symposium on Electromagnetic Compatibility (EMC), IEEE, 2014, pp. 
882–887.

[20] G. Gradoni, S. C. Creagh, G. Tanner, C. Smartt, and D. W. Thomas, “A 
phase-space approach for propagating field–field correlation functions,” 

New Journal of Physics, vol. 17, no. 9, p. 093027, 2015.
[21] J. A. Russer and P. Russer, “Modeling of noisy EM field propagation 

using correlation information,” IEEE Transactions on Microwave Theory 
and Techniques, vol. 63, no. 1, pp. 76 – 89, Jan. 2015.

[22] J. A. Russer, M. Haider, and P. Russer, “Time-domain modeling of noisy 
electromagnetic field propagation,” IEEE Transactions on Microwave 
Theory and Techniques, vol. 66, no. 12, pp. 5415–5428, Dec. 2018.

[23] M. Haider, A. Baev, Y. Kuznetsov, and J. A. Russer, “Near-field to far-
field propagation of correlation information for noisy electromagnetic 
fields,” in 2018 48th European Microwave Conference (EuMC), Sep. 
2018, pp. 1190–1193.

[24] Y. Kuznetsov, A. Baev, M. Konovalyuk, A. Gorbunova, J. A. Russer, and 
M. Haider, “Time-domain stochastic electromagnetic field propagator 
based on Jefimenko’s equations,” in URSI Baltic Symposium, Poznan, 
Poland, May, 14-17 2018, pp. 188–191.

[25] M. Haider and J. A. Russer, “The correlation transmission line matrix 
(CTLM) method,” in 2017 International Conference on Electromagnetics 
in Advanced Applications (ICEAA), Verona, Sep. 11-15 2017, pp. 1509–
1512.

Biographies

Emanuel Colella is a Biomedical Engineer who 
graduated with a BSc in Biomedical Engineering 
in 2015 at the Università Politecnica delle 
Marche. He received the Master’s Degree cum 
laude in Biomedical Engineering in 2019 at the 
Marche Politechnic University. In 2020, he started 
working at the CNIT as a researcher for the 

RISE-6G project. He worked on computational electrodynamic simula-
tions of RIS to analyze their performance in a smart radio environ-
ment. In 2022 he has been designated as project lead of working 
group P2718 on the characterization of unintentional stochastic radia-
tors. In 2022, he began his Ph.D. studies in electromagnetics focusing 
on electromagnetic analysis of complex structures using classical 
and quantum algorithms.  In 2023, he become a principal investigator 
supporting the Non-Standard Navy Cooperative Research and Devel-
opment Agreement among Naval Surface Warfare Center, Dahlgren 
Division (NSWCDD), University of Surrey (UNIS) and Marche Politech-
nic University (UNIVPM) for Quantum Computational Electromagnet-
ics (QCEM).

Johannes A. Russer (M'09) received the 
M.S.E.E. degree in electrical engineering and 
information technology from the Karlsruhe Insti-
tute of Technology, Karlsruhe, Germany, in 2003, 
the Ph.D.E.E. degree from the University of Illi-
nois at Urbana-Champaign, Champaign, IL, USA, 
in 2010, and the Dr.-Ina. habil. Dearee from the 

Technical University of Munich (TUM), Munich, Germany, in 2017. In 
2004, he joined the University of Illinois at Urbana-Champaign as a 
Research Assistant. From 2007 to 2010, he was an intern with Qual-
comm Inc. In 2010, he joined the Institute of Nanoelectronics, TUM, 
as a Post-Doctoral Research Fellow, where he is involved in multi-
physics modeling in nanoelectronics, quantum circuit theory, wire-
less power transfer, and in the area of stochastic electromagnetic 
fields. In 2017, he became associate professor (Privatdozent). He 
has authored or co-authored more than 200 scientific papers in ref-
ereed journals and conference proceedings. Johannes A. Russer is 
a member of VDE, IEEE, and the Eta Kappa Nu Honor Society. He is 
a recipient of the Best Student Paper Award at the IEEE Internation-

Authorized licensed use limited to: Technische Universitaet Muenchen. Downloaded on December 18,2024 at 15:19:56 UTC from IEEE Xplore.  Restrictions apply. 



49©2024 IEEE Electromagnetic Compatibility Magazine – Volume 13 – Quarter 1

al Microwave Symposium in 2008 and of the Best Paper Award from 
the ITG in 2015.

Mohd Hafiz Baharuddin was born in Kelantan, 
Malaysia, in January 1987. He received the B.
Eng. degree in Electrical and Electronic Engineer-
ing and the M.Eng. degree in Electrical Engineer-
ing from Stevens Institute of Technology, Hobo-
ken, NJ, USA, in 2009 and 2011, respectively. He 
completed his Ph.D. degree in Electrical and 

Electronic Engineering with the University of Nottingham, Nottingham, 
UK in 2019.  He is currently working as a senior lecturer at the Depart-
ment of Electrical, Electronic and Systems Engineering, Universiti 
Kebangsaan Malaysia, Malaysia. His research interests include mod-
eling and experimental methods in electromagnetic compatibility 
focusing on the characterization of the stochastic electromagnetic 
fields in the near field, metamaterials and microwave imaging.

Peter Russer (LF'13) received the Dipl.-Ing. 
(M.S.E.E.) degree in 1967 and the Dr. Techno 
(Ph.D.E.E.) degrees in 1967 and 1971, respectively, 
both from the Vienna University of Technology, 
Austria. In 1971, he joined the Research Institute 
of AEG-Telefunken in Ulm, Germany, where he 
worked on electronics and light wave technolo-

gy. From 1981 to 2008, Peter Russer has been Full Professor at the 
Technische Universiuit Milnchen (TUM), Germany. From October 1992 
to March 1995 he also has been Director of the Ferdinand-Braun-
Institut tür Htichsttrequen-ztechnik, Berlin. After his retirement in 2008 
he was appointed as Emeritus of Excellence at the TUM and since 
2010 he is with the Institute of Nanoelectronics of the TUM. Peter 
Russer has published five books and more than 950 scientific papers 
in refereed journals and conference proceedings. In 1979, Peter Russ-
er received the best paper award from the NTG (German Society for 
Information Technology). In 1994, he was elected Fellow of the IEEE. 
In 2006, Peter Russer was elected member of acatech, the German 
Academy of Science and Engineering. In 2006, he received the Distin-
guished Educator Award of the IEEE MTT Society and in 2009, the Dis-
tinguished Service Award from the European Microwave Association 
(EuMA). In 2007, Peter Russer received an honorary Doctor degree 
from the Moscow University of Aerospace Technologies (MAl). In 
2010, he was awarded the Golden Ring of Distinction of the VDE - the 
German Association for Electrical, Electronic and Information Tech-
nologies.

Michael Haider received his B.Sc. and M.Sc. 
degrees in electrical and computer engineer-
ing from Technical University of Munich 
(TUM), Germany, in 2014 and 2016, respective-
ly. In 2019 he received his Dr.-Ing. (Ph.D.) 
degree in electrical and computer engineering 
with highest distinctions (summa cum laude), 

also from TUM. From 2016 to 2019, he was a Research Associate 
with the Institute of Nanoelectronics at TUM, where his research 
focused on quantum circuit theory, wireless power transfer, and 
stochastic electromagnetic fields. Michael Haider received the 
2020 VDE ITG Dissertationspreis for his outstanding Ph.D. thesis on 

Investigations of Stochastic Electromagnetic Fields. In 2019, he 
joined the Computational Photonics Group at TUM as a postdoc-
toral researcher. His current research interests are the modeling 
of charge carrier transports within quantum cascade lasers, the 
dynamical modeling of quantum devices within a generalized 
Maxwell-Bloch framework, and quantum circuit theoretic models 
applied to Josephson traveling-wave parametric amplifiers. 
Michael Haider has co-authored over 100 scientific papers in ref-
ereed journals and conference proceedings.

David W. P. Thomas is an Emeritus Professor of 
Electromagnetics Applications in the George 
Green Institute for Electromagnetics Research, 
The University of Nottingham, UK. His research 
interests are in electromagnetic compatibility, 
electromagnetic simulation, power system tran-
sients, and power system protection.  He is a 

member of several conference committees and the EMC Europe 
International Steering Committee. In 2021 he was Vice Chair and 
Vice Technical chair for the Joint IEEE EMC+SIPI and EMC Europe 
Symposium. He is also Vice Chair for IEEE Standards committee 
P2718 Guide for Near Field Characterization of Unintentional Sto-
chastic Radiators.  

Gabriele Gradoni (M’12) received the Ph.D. 
degree in electromagnetics from Università 
Politecnica delle Marche, Ancona, Italy, in 
2010. He was a Visiting Researcher with the 
Time, Quantum, and Electromagnetics Team, 
National Physical Laboratory, Teddington, UK, 
in 2008. From 2010 to 2013, he was a Research 

Associate with the Institute for Research in Electronics and 
Applied Physics, University of Maryland, College Park, MD, USA. 
From 2013 to 2016, he was a Research Fellow with the School of 
Mathematical Sciences, University of Nottingham, U.K., where he 
became a Full Professor of Applied Mathematics and Electromag-
netics Engineering in 2022. Since May 2023 he has been Full Pro-
fessor and Chair of Wireless Communications at the 6G Innovation 
Centre, Institute for Communication Systems, University of Surrey, 
Guildford, U.K. Since June 2020, he has been an Adjunct Associate 
Professor with the Department of Electrical and Computer Engi-
neering, University of Illinois at Urbana–Champaign, USA. Since 
2020, he has been a Royal Society Industry Fellow at British Tele-
com, U.K. Since December 2022, he has been a Visiting Fellow 
with the Department of Computer Science and Technology, Uni-
versity of Cambridge, UK. His research interests include probabi-
listic and asymptotic methods for propagation in complex wave 
systems, metasurface modelling, quantum/wave chaos, and quan-
tum computational electromagnetics, with applications to electro-
magnetic compatibility and modern wireless communication sys-
tems. He is a member of the IEEE and the Italian Electromagnetics 
Society. He received the URSI Commission B Young Scientist 
Award in 2010 and 2016, the Italian Electromagnetics Society 
Gaetano Latmiral Prize in 2015, and the Honorable Mention IEEE 
Transactions on EMC Richard B. Schulz Best Paper Award in 2020. 
From 2014 to 2021, he was the URSI Commission E Early Career 
Representative.

Authorized licensed use limited to: Technische Universitaet Muenchen. Downloaded on December 18,2024 at 15:19:56 UTC from IEEE Xplore.  Restrictions apply. 



50 ©2024 IEEE Electromagnetic Compatibility Magazine – Volume 13 – Quarter 1

Luca Bastianelli received the M.S. degree in 
electronic engineering from Università Politec-
nica delle Marche, Ancona, and the Ph.D. 
degree in biomedical, electronics and telecom-
munication engineering from the same univer-
sity in 2018. In 2018 he was a Research Fellow 
with the Dipartimento di Ingegneria 

dell’Informazione, Università Politecnica delle Marche. He is cur-
rently a Researcher with the CNIT at the Dipartimento di Ingegne-
ria dell’Informazione, Università Politecnica delle Marche. He is 
involved in the area of electromagnetic compatibility, telecommu-
nications and computational electrodynamics. His research inter-
ests include reverberation chambers, wave chaos, propagation in 
complex systems, ray tracing, time reversal, metasurfaces, 5G, 
and numerical techniques on high performance computers. He 
was a member of the Cost Action IC1407 ACCREDIT. He was 
involved in many PRACE projects and he currently leads the FDT-
DLIME project on reconfigurable intelligent surfaces. He is cur-
rently an active member of the Working Group for the development 
of the IEEE STD P2718 on near field characterization. He is cur-
rently involved in the H2020 RISE-6G project. During his studies for 
his Ph.D. degree, he spent seven months at the University of Not-
tingham, Nottingham, UK. During his fellowship he is involved in 
teaching support activities. Dr. Bastianelli received the URSI Com-
mission E Young Scientist Award in 2017.

Franco Moglie (M. ’91 - SM ’12) received the 
"Dottore Ingegnere" degree in electronics 
engineering from the University of Ancona, 
Ancona, Italy, in 1986, and the Ph.D. degree 
in electronics engineering and electromag-
netics from the University of Bari, Bari, Italy, 
in 1992.  Since 1986, he has been a Research 

Scientist in the Università Politecnica delle Marche, Ancona, 
Italy, and since 2011, he has been with the Department of Infor-
mation Engineering. Since 2016, he has been an Associate Pro-
fessor in the same University. His current research interests 
include EM numerical techniques. In particular, his research 
activity is in the field of the application of reverberation cham-
bers for compliance testing, metrology applications, and mul-
tipath propagation. In 2011, Prof. Moglie was a visiting 
researcher at Wave Chaos Group, IREAP, University of Mary-

land, College Park, MD, USA. From 2013 to 2019, he led three 
PRACE high performance computing projects on reverberation 
chambers. Since 2014, he has been an Italian management 
committing member of the COST Action IC1407.  Since 2007, he 
is or was an active member of some Working Groups for the 
development of IEEE Standards: 299.1, 1302, 2715, and 2716. 
Since 2017, he has been a secretary of the working group for 
the IEEE Standard 2718. Since 2007, he has been a member of 
the “Accademia Marchigiana di Scienze, Lettere ed Arti – Isti-
tuto Culturale Europeo” (Marches Academy of Sciences, Arts 
and Letters – European Cultural Institute), which is based in 
Ancona. Since 2021, he has been the scientific manager for 
CNIT at Università Politecnica delle Marche in the RISE-6G 
project. He is a member of the IEEE Electromagnetic Compati-
bility Society and the Italian Electromagnetics Society. In 2013, 
he received the title of Distinguished Reviewer of the IEEE 
Transactions on Electromagnetic Compatibility.

Valter Mariani Primiani (M '93 - SM '15) 
received the Laurea degree (summa cum 
laude) in electronic engineering from the Uni-
versity of Ancona, Ancona, Italy, in 1990.  He is 
currently a Full Professor in electromagnetic 
compatibility (EMC) in the Università Politecni-
ca delle Marche, Ancona, Italy. He is a mem-

ber in the Department of Information Engineering, where he is also 
responsible for the EMC Laboratory. His research interests include 
the prediction of digital printed circuit board radiation, the radiation 
from apertures, the electrostatic discharge coupling effects modeling, 
and the analysis of emission and immunity test methods. Since 2003, 
he has been also involved in research activities on the application of 
reverberation chambers for compliance testing and for metrology 
applications.  Prof. Mariani Primiani was a Member of the COST 
Action 1407 ACCREDIT on the characterization of stochastic emis-
sions from digital equipment. He is senior member of the IEEE (EMC 
society) and a member of the Italian Society of Electromagnetics. 
From 2007 to 2013, he was an active member of the Working Group for 
the development of the IEEE STD 299.1-2013 on shielding effective-
ness measurements. Since 2021, he was been involved in the RISE-6G 
project. Since 2014, he has been a member of the International Steer-
ing Committee of EMC Europe. He is currently an Associate Editor 
of the journal IET Science, Measurement & Technology.	 EMC

! 	
Fig.	5.	Spa+al	energy	distribu+on	at	z’=10	mm.	  
Luca	Bas+anelli	Picture	for	Bio:	 

!

We’ve created this content for your
convenience to promote the

2024 EMC+SIPI Symposium via social media

PROMOTE EMC+SIPI 2024 ON YOUR SOCIAL CHANNELS! SOCIAL
MEDIA

TOOLKIT

Use our logos and sample text below to 
promote visitors to your booth, attendance 
at your presentation, or simply your brilliance
in attending the world’s premier gathering of 
EMC and SIPI professionals!

www.emc2024.org
#IEEE_ESP24

emc2024_Toolkit_QuarterPage.indd   1 4/30/24   12:23 PMAuthorized licensed use limited to: Technische Universitaet Muenchen. Downloaded on December 18,2024 at 15:19:56 UTC from IEEE Xplore.  Restrictions apply. 


