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Abstract
Fast and accurate visualization of Electromagnetic (EM) field distribution is satisfactorily obtained by numerical
modelling. However, it still constitutes a key challenge in the case of measurements. The application of EM
visualization covers a wide spectrum of demanding applications in wireless communications systems and sensing
devices. EM visualization is an important tool in all the phases of the communications design steps: from the early
design and prototyping of antenna modules to final on-line fabrication and compliance testing of mass-produced
connected devices. In the last years, the measurement time has been drastically reduced thanks to several
modalities exploiting either various interaction mechanisms between EM waves with adequate sensitive materials
or the combination of standard Near-Field (NF) measurements with optimized sampling strategies and advanced
wavefront post-processing techniques to retrieve Very-Near-Field (VNF) distributions. The aim of this extended
paper is to provide an overview of these modalities and enable an initial assessment of their potential in terms of
rapidity, sensitivity, invasiveness and spatial resolution.
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1. Introduction

Visualization has been the main process for developing the com-
prehension of our environment and the discovery of physical
phenomena. Making the invisible visible has always been an
exciting goal, all along the fundamental and innovative discov-
eries that have constantly paved the way for new applications.
For example, in the visible spectrum, it is well the curiosity to
see ‘beyond the visible’ that stimulated the development of op-
tical instruments such as microscopes and telescopes, making it
possible to observe things that, because of their size or distance,
were beyond the natural perception of the human eye. The same
need for visualization extends beyond the visible spectrum, to
radio waves, given their raising prevalence in our daily lives
and our growing dependence on them. The fact is that visual-
ization is increasingly seen as an ideal tool for characterizing
and fault diagnosing today’s wireless communication and sens-

ing devices, particularly those operating at frequencies ranging
from microwave to millimeter and sub-millimeter waves. In
these frequency bands, measurement methods must consider
the impact of wavelength reduction on equipment dimensions.
This dimensional aspect, which is directly correlated with the
increase in bandwidth required to process an ever-increasing
amount of data securely and with the lowest possible latency,
has led to an evolution in both methods and technology. The
usual black-box assembly approach of separately optimizing
chip-package-PCB-antenna is abandoned in favor of a global op-
timization process of integrated antenna modules whose charac-
terization techniques are challenging with existing measurement
tools. The visualization of Very-Near-Field (VNF) distributions
around or inside integrated circuits and antenna modules is
therefore a promising area for investigation.

This paper is an extended version of the overview paper pre-
sented at the EuCAP2025 convened session ”Fast, low-invasive
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visualization of EM-VNF distributions around wireless com-
munication/sensing devices: from anechoic chamber to micro-
scope” [1]. It is by no means a comprehensive summary of the
vast literature in this field. More modestly, its aim is, starting
from a summary classification of the different approaches con-
sidered to date, to attempt of arriving, based on the available
state-of-the-art, at their comparative potential in terms of rapid-
ity, invasiveness, sensitivity and spatial resolution, with a view
to future developments. The paper discusses advancements in
electromagnetic (EM) wave visualization techniques, focusing
on their application in wireless communication and sensing de-
vices. It highlights the evolution of visualization methods from
early attempts in the mid-20th century to modern approaches
combining simulation, measurement, and multi-physics mod-
elling. Key topics include experimental visualization scenar-
ios, such as point-to-point EM-field probe measurements and
global imaging using RF-sensitive materials, and their use in
diagnostics, quality control, and compliance testing. The pa-
per explores various visualization modalities, including Infra-
Red Thermography (IRT), Fluorescence Thermography Imag-
ing (FTI), Thermo-Elastic Imaging (TEI), Thermo-Reflectance
Imaging (TRI), Nitrogen-Vacancy Center (NVC), and Rydberg
Atom (RA) imaging, emphasizing their spatial resolution, sensi-
tivity, and operational constraints. It also discusses the minia-
turization of wireless devices and the resulting shared interest
among antenna, EMC, micro-electronics and photonic commu-
nities in visualization as a multipurpose tool.

The paper is organized as follows. Sections 2 and 3 briefly
explains the genesis of EM wave visualization approaches and
suggests how they may be sorted in two major categories ac-
cording to the selected ’shooting’ imaging process. Section
4 is dedicated to the first, which is based on the formation of
point-to-point images from results obtained from measurements
made with manual, mechanical or electronic scanned RF probes.
Then, Section 5, deals with different global imaging processes in
which the EM field is visualized by its effect on a sensitive mate-
rial acting as an indicator photographic plate. Such a promising
approach transforming a field distribution into a full-scale or
enlarged image visible with an optical or infrared camera, has
the attractive advantage to use a ’one-shot’ camerawork, but
requires additional efforts to retrieve the full vector features of
the EM field when needed. Finally, an overall comparison of the
advantages and limitations of current visualization modalities
is proposed, along with suggestions for promoting their use.
The document concludes with discussions on the challenges of
selecting appropriate visualization methods for specific applica-
tions, the need for comparative assessments, and the future of
visualization technologies in education, research and industry.

2. Historical Revision of EM-waves Visual-
ization

Attempts to visualize radio waves began with their discovery at
the end of the 19th century (Fig. 1). The path followed since
then has been complicated, and however, very stimulating fac-
ing the characterization of radiating devices, whether intended
or not, mainly in the domains of Electromagnetic Compatibil-
ity (EMC) or as a support tool for antenna design. EM wave

imaging only effectively emerged when radio wave operating
frequency ranges reached the so-called microwave range for
radar applications during the second world war. At that time,
due to the lack of efficient computational tools, the design of
radar antennas still relied heavily on measurements [2] and was
mostly based on approximate and asymptotic formulations such
as physical optics, equivalent aperture, and geometric diffraction
theory. Additionally, the instrumentation available at the time
would be considered very primitive by today’s instrumentation
standards, making difficult to afford the phase measurements,
necessary for a proper use of Maxwell Equations.

Figure 1: A simplified chronology of the development of
EM-waves simulation and experimental methodologies and
their correlation with visualisation, from their equation setting
by Maxwell and their experimental validation by Hertz.

In the microwave range, the ’human-scaled’ wavelength
has clearly reignited interest in optical phenomenological and
instrumental analogies, which were initially brought up pre-
maturely at the discovery of electromagnetic (EM) waves but
were later set aside during the early days of radio [3]. Among
these optical analogies, holography [4], [5] and Scanning Near-
Field Optical Microscopy (SNOM) [6], [7] are two examples of
imaging-based measurement methods that have been success-
fully adapted from optics and are now recognized as part of the
microwave visualization toolkit.

To accelerate these techniques, which can be time-consuming
when they involve mechanical scans for data collection, the idea
arose in the 1950s to use optical and/or infrared indicator materi-
als that are sensitive to EM fields. These materials can function
like photographic plates to visualize field distributions with
sub-wavelength spatial resolution. However, despite its appeal,
this concept of indirect global visualization, initiated a century
earlier by Faraday’s experiment (1851) on the visualization of
magnetic flux lines produced by a permanent magnet using iron
powder sprinkled on a wax-coated cardboard [8], has not yet
fully concretized its promising potential or been accepted yet
for routine practice, as shown in section 5.

On the contrary, directly extending standard EM-field mea-
surement and simulation techniques toward visualization has led
to significant advancements. Until the 1960s, experiment-based
visualization primarily involved presenting measurement results
as field profile cuts or radiation pattern plots, with little effort to
create actual images. This changed when computers began to
permeate the EM measurement and simulation fields, resulting

2



RoE Journal Fast, Low-Invasive Visualization of EM-VNF Distributions: from Anechoic Chamber to Microscope - 3/17

in two major impacts on visualization. Firstly, simulation, due
to its flexibility and ability to handle complex configurations,
quickly began to offer wave visualization in a comprehensive
manner. Second, it spurred the development of Near-Field (NF)
measurement techniques, which had long been hindered by
heavy post-processing requirements to obtain the Far-Field (FF)
radiation pattern, as well as by the lengthy duration of NF mea-
surements process due to the mechanical scanning of the probe
or the Device Under Test (DUT).

However, the combined effects of increased computer power
and, in the late 1980s, a significant acceleration in NF data col-
lection through probe array systems [9], solved, at least partially,
the main drawback of the NF techniques, that was the long ac-
quisition time. These techniques enable to retrieve radiated field
distributions almost anywhere in space, even in the immediate
vicinity of the DUT, from a minimal amount of NF data and
within a reasonable timeframe, thanks to efficient wave-front
transform post-processing [10]. As will be demonstrated in
Section 4, the NF approach has progressively proven to be an
effective means of achieving direct simulation-like, experiment-
based visualization capabilities, with the invaluable benefit of
working with real devices, whether they are intentionally radi-
ating or not, thanks to usual available measurement equipment
and modalities.

3. Different Approaches to VNF Visualization
Based on previous observations, VNF visualization approaches
may be sorted in two major categories according to the selected
’image shooting’ process. The direct approach is based on mea-
suring the EM-field, while the indirect approach requires the
prior use of sensitive indicator materials whose response must
be translated into quantities related to the EM-field (Fig. 2).
Before comparing the two approaches, it is worth recalling the
general requirements to which they are subject as versatile func-
tional and operational visualization tools that can be used in a
wide range of applications, from the early steps of development
of futures wireless devices to their final compliance/quality test-
ing and maintenance. Firstly, these requirements are highly de-
pendent on the characteristics of the DUT under consideration,
particularly in terms of operational frequency band, transmitted
power, dimensions, availability of access ports, to say a few.
Secondly, for a given DUT, two distinct but complementary
visualization objectives can be envisaged, namely characteri-
zation of the radiated field, on which the DUT final effective-
ness depends, and/or detection and diagnosis of functional or
structural faults, in its broadest sense, for instance during the
antenna integration process in a module, or faults due to the
EM measurement process. Thirdly, the degree of complexity of
a visualization system is highly depending on the considered
application and its performance requirements.

For instance, performance metrics may include rapidity
(temporal resolution), invasiveness, spatial resolution, sensitiv-
ity, specificity, size and ease of integration of the visualization
system into the operational DUT context, etc... states, this pa-
per has deliberately focused on speed and non-invasiveness, as
these appear to be two key elements to be considered for meet-
ing the today practice visualization requirements for antenna

measurement and EMC testing.

Figure 2: Principle of visualization arrangements: a) Direct
approach using either a single probe mechanically scanned, or
an electronically scanned multi-probe array connected to a
RF-receiver, b) Indirect approach based on using a visible/IR
indicator material activated by a RF sensitive film and read by a
visible or IR camera.

Worth noting that, due to the operating frequency raise
toward mm- and sub-mm wave and the resulting decrease of
the dimension of wireless devices, the indirect visualization
approaches are taking profit of the experience gained by visible
and/or infrared visualization modalities already practiced for a
while in IC fabrication processes. In other words, visualization
of EM waves is becoming more than ever a field of research
enriched by the fusion/combination of microwave and optical
methods and technologies.

4. Direct EM-Field Visualization using RF Sen-
sitive Probes

4.1. Early wavefront plotters
As already mentioned in Section 2, the lack of rigorous numeri-
cal tools for the design of reflector radar antennas has justified
the need to precisely determine experimentally the position
of the phase center of primary feeds, an essential issue for an
accurate prediction of the FF pattern. While amplitude measure-
ment was easily achieved with a probe connected to, whatever,
quadratic detectors or superheterodyne receivers, phase mea-
surement was the most based on an interferometric zero-method
requiring manual or mechanical iterative and time-consuming
adjustments of attenuator and phase shifter to ideally setup a
perfect cancellation of probe and reference signals. The first
attempt to speed-up the process was developed by RCA in 1947
which resulted in a so-called ’phase-front plotter’ [11]. It con-
sisted of a complex electro-mechanical recording arrangement
using an E-field coaxial probe mechanically scanned, solidary
of a stylus printing a current-sensitive paper sheet with a de-
gree of darkening in proportion to the output of a quadratic
detector submitted to the sum of the probe signal and of a
phase-controlled reference signal. The complete record show-
ing which parts of the scanned area have the same phase can be
obtained within a few minutes, leading to the conclusion that

“such a record may really be said to be a picture of the radio
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waves. . . ”. In fact, it was, without telling it, probably the early
microwave hologram recorder ever realized, even if not yet fully
exploited as such. This early plotter system was later signifi-
cantly improved, but complexified, for automatically drawing
true amplitude and phase contours [12] leading to recognize it
as the first NF antenna scanner [13]!

4.2. About probe invasiveness
The direct approach to the visualization of VNFs around a DUT
consists basically of constructing, pixel by pixel, an image from
the signal delivered stepwise by a single minimally invasive RF
probe scanned in space around it (Fig. 3.a,b). A wide range of
probes and measuring methods are available for this purpose
and may be combined in various ways depending on the re-
quired compromise between speed and invasiveness. Probes are
generally divided into ’metallic’ and ’dielectric’ probes. Metal-
lic probes are nothing but small antennas such as dipoles, loops,
waveguides, horns, etc. whose dimensions are minimized to
reduce their invasiveness while retaining sufficient sensitivity
and spatial resolution. Metal probes are generally connected
to a receiver by a cable or waveguide which, together with
the probe’s mechanical support, increases their overall inva-
siveness. However, the invasiveness of metallic probes can be
drastically reduced, if they are operated as scatterers according
to the Modulated Scatterer Technique (MST) [14], [15]. The LF
modulation of the load impedance of the probe (via low invasive
resistive wires, or a laser beam) results then in a modulated scat-
tered signal collected either by the antenna of the DUT itself,
when possible (mono-static mode), or by a distinct auxiliary
antenna (bi-static mode), as shown on (Fig. 3.b). Moreover,
the modulation of the probe improves measurement immunity
against non-modulated parasitic environmental scatterers.

On the other hand, dielectric probes, as their name suggests,
are metal-free and are usually connected to the receiver via non-
perturbing optical fibers. Instead of supporting electric currents,
dielectric probes exploit the perturbation induced in indicator
materials whose some physical properties (temperature, pres-
sure, humidity. . . ) are sensitive to EM wave exposure. The
perturbation induced via classical, or quantum mechanisms is
then detected via optical fibers or laser beams. For example,
probes based on electro-optics effects [16], [17], [18], or on
quantum technologies such as Rydberg atoms in vapor cells
[19], [20], or Nitrogen Vacancy Centers in diamond [21], [22]
offer, in addition to unrivaled minimal interaction with the DUT,
high sensitivity and sub-wavelength spatial resolution capabil-
ity. Recently, these complex technologies have been gradually
made accessible for a simplified and competitive laboratory im-
plementation, for EM field metrology and microwave imaging
applications, for example [23], [24].

Single-probe scanning suffers from obvious rapidity lim-
itations. However, in well-defined and accessible regions of
interest, robot-controlled scanning of a dielectric probe may be
efficiently used for fast and low-invasive visualization [25]. But
even manual scanning may be also considered [26]. More par-
ticularly, using Augmented Reality headsets with only common
sensor lab-equipment, has demonstrated its unrivaled efficiency
and flexibility for fast hand-held in-situ visual spatial and fre-
quency probing of EM field distribution, especially in complex

environments, whatever closed or outdoor [27], [15].

Figure 3: Principle of direct EM-field visualization
arrangements: single RF probe manually or mechanically
scanned: (a) receiving mode, (b) MST bi-static scattering mode
(b) [15]; (c) electronically scanned receiving probe array with
post-processing NF-to-VNF wave transform T.

4.3. Probes and probe arrays for antenna measure-
ment

More generally, the rapidity issue has been addressed by consid-
ering solutions based on fast electronic scanning probe arrays
(Fig. 3.c). But until the early 1980s, the simple idea of using an
array of fixed probes remained completely unimaginable, on the
argument that probe arrays would inevitably have introduced
an unacceptable level of interaction with the DUT. However,
this fatality was to be contradicted by a first generation of probe
array. The first ‘historical’ probe array (Fig. 4.a) [28] con-
sisted of a combination of small dipoles loaded by PIN diodes
integrated into a frequency selective surface (FSS) panel incor-
porating the wires required for sequential modulation of the
diodes. Furthermore, the panel was designed to be maximally
transparent in a given frequency band when all the diodes are in
the OFF state. Such a panel arrangement was part of an elec-
tromagnetic lens, coined Radant system [29], [30], developed
to provide a low-cost alternative to expensive phased arrays
beam scanning. Used as modulated probe array for NF mea-
surements, this technology enables easy electronic probe scan
via a simple LF multiplexer and offers the double advantage
of rapidity and low invasiveness. The first proof of concept
was obtained at S band with a monostatic MST setup involving
a 3m x 1m Radant panel whose only one line of 115 dipoles
was loaded with diodes, while all other dipoles were simulating
an OFF state loading. The panel was optimized for 2.8-3.2
GHz operation with a quarter wavelength probe spacing and
low invasiveness. At one wavelength distance of DUT’s con-
sisting of a horn antenna and 16x4 dipoles phased array, the NF
measurement rate was 0.5ms/point, as compared to 10ms/point
and 10µs/point, for electromechanical and electronic switches,
respectively.

The rapidity and low invasiveness of this low-cost MST
technology overcame preconceptions against the use of probe
arrays and provided a springboard for the further development
of antenna measurement systems, but not only. Indeed, without
waiting for a sufficient increase of its sensitivity to rival the
accuracy of single-probe NF antenna measurements, MST tech-
nology offered attractive camera solutions for less quantitatively

4



RoE Journal Fast, Low-Invasive Visualization of EM-VNF Distributions: from Anechoic Chamber to Microscope - 5/17

demanding detection applications. For these applications, the
visualization objectives are no longer to characterize the field
radiated by an antenna, but rather the field diffracted by the
materials under study in order to reveal their internal structure
non-invasively and specifically, when they are illuminated by a
known antenna. Thanks to their real time visualization capabil-
ity, the potential use of early MST-based microwave cameras in
the GHz frequency for fast, non-invasive, and non-destructive
fault detection and diagnosis has been widely investigated and
exploited for various industrial and medical applications, e.g.
[31]-[36]. Further improvement of sensitivity and specificity
were obtained, both on hardware and software levels, for ex-
ample through switched [37] or multiplexed [38] active probe
arrays, and advanced image reconstruction algorithms [39].

Today, the concept of probe panels for sensing cameras is
increasingly being addressed in the context of metamaterial
absorbers [40], which are currently a very active field of investi-
gation. The design of metamaterials offers the flexibility needed
to meet application dependent requirements. Proper adjustment
of multi-layer structures can balance sensitivity, invasiveness,
and mutual coupling between probes. This results in high pixel
density and sub-wavelength spatial resolution within specified
frequencies [41], [42]. If panels of sensing cameras exploit
metamaterial absorbers know-how, reciprocally, they may serve
as an unrivaled investigation tool for characterizing basic inter-
action phenomena of EM waves with metamaterials [41],[43].
As a result, metamaterial absorber panels have a wide range of
applications that require minimisation of reflected power, such
as, for example, improving wireless energy transfer or radar
target stealth [44].

As observed above for antenna NF measurements, the need
to obtain sensitivity and accuracy comparable to those obtained
with a single probe has led to the gradual replacement of MST
probes by multiplexed probes. This led to consider moving from
a panel of integrated probes to a modular assembly of indepen-
dent probes. For example, the use of multiplexed Vivaldi-type
probes has made it possible to both improve sensitivity and
extend bandwidth, at the cost of increasing system complexity
as well as measurement time and extending measurement dis-
tances to a few wavelengths in order to maintain an acceptable
level of invasiveness.

A significant simplification of multiplexed probe systems
was achieved by reducing the number of probes through hybrid
setup arrangements. These setups combine fast measurements
with linear or circular probe arrays, along with mechanical
translation or rotation of the Device Under Test (DUT), to cover
the surface to be scanned. For instance, circular probe arrays can
be effectively employed for cylindrical or spherical coordinates
by translating or rotating the DUT accordingly. Such circular
probe arrays have been developed in fixed, transportable and
mobile versions accommodating diameters ranging from 1 to
6 meters for applications in the wireless, aerospace and car
industries. They find many applications for testing antennas,
alone, integrated or in situ, across frequency bands from 70
MHz to 60 GHz with dynamic range of 50 to 70 dB. This fast
hybrid NF concept has been validated thanks to a multicentre
and multimodality evaluation campaign organized by EurAAP,
sealing its perfect acceptance among long, compact and single

probe NF antenna measurement ranges [45], [46].
Indeed, the potential of NF measurements is not only to

enable the calculation of the Far-Field pattern of electrically
large DUTs, their initial goal. NF measurements also enable
to retrieve the radiated VNF, even in the vicinity of small an-
tennas, thanks to the now well-controlled equivalent source
retrieval algorithms [47]. The visualization of the equivalent
current distribution offers a possibility to analyze and possibly
reduce the interaction between a small on-chip antenna and
its measurement setup, including mechanical support and the
connected micro-probe required to feed it [48]. From only two
tangent E or H components on a surface surrounding the DUT,
the three E and H components can be determined thanks to
wavefront transform or equivalent source reconstruction, of-
fering so remarkable flexibility in terms of 3D visualization
capability. Algorithms are available to process amplitude-only
data. They are particularly beneficial in scenarios involving mil-
limeter waves, where phase measurements can be challenging
[49]-[53]. Additionally, as discussed in Section 5, these algo-
rithms are required to translate temperature maps on thermal
sensitive indicator materials into vector field distributions.

Figure 4: Examples of fast visualization bi-static modulated
scattering-based setups: (a) array of modulated probes
embedded in a meta material/FFS substrate [15]; (b) virtual
array of photo-induced modulated probes [56].

Using photosensitive components as load of modulated
probes has been considered as an option from the early days of
MST to avoid any perturbation due to modulation wires [54],
[55]. Fig. 4.b shows a recent innovative extension of this option
involving a plasma induced ’virtual’ probe array consisting in
a photosensitive semi-conductor material sheet illuminated by
a scanned modulated near-infrared laser beam [56]. The con-
ductive spot in the semi-conductor induced by the laser beam
behaves as a scattering probe whose mm-scaled effective area
is determined by the beam cross-section. Scanning the beam
results in remarkable mm-scaled spatial resolution and avoids
any interpixel coupling [57]. For large DUT’s, a multilayer
matching approach may be used to reduce multiple reflection
disturbance between the DUT and silicon wafer. Compared
with a metasurface/FSS solution (Fig. 4.a), whose bandwidth
is limited by matching requirements for low invasiveness pur-
poses, the bandwidth of the virtual probe network extends from
a few GHz to several hundred GHz [58],[59]. However, when it
comes to translate measured data into vector EM field values,
the virtual probe array loses its advantage due to a less formal
definition of the induced currents for serving as probe structure.
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This example provides a perfect transition with Section 5 deal-
ing with indirect approach to EM wave visualization where a
sensitive indicator material, here a semiconductor wafer, is used
instead of a discretized set of probes.

Prior to concluding the discussion on direct methods uti-
lizing rapid field measurements with probe arrays composed
of metallic antennas, it is pertinent to examine dielectric probe
arrays, which are expected to be less intrusive. For example,
Electro-optic sensors (EOS), already prevalent in VNF mechan-
ically scanned measurements, have been suggested as suitable
candidates in several studies [25]. However, to the best of the
authors’ knowledge, these probes have yet to be effectively
implemented as array elements. The scenario is distinct con-
cerning quantum sensors. Specifically, Rydberg Atom (RA)
arrays have been identified as a promising approach [60],[61],
as evidenced by several related patents [62]-[65] on advanced
photonic vapor cell manufacturing technologies expressly pro-
posed for this application [65]. Moreover, since 2022, NIST has
consistently publicized an RF camera project that utilizes RA
probes as array elements. Despite this, current literature does
not reveal yet examples of operational RA-based probe arrays.
Conversely, diamond Nitrogen Vacancy Centres (NVC) tech-
nology has progressed from employing single diamond probes
in mechanical scans [66] to integrating a diamond film system
capable of real-time imaging at micrometer-scale spatial resolu-
tion, with a Field of View (FOV) covering several dozen square
millimeters [67].

4.4. Probes and probe arrays for EMC/EMI and SI test-
ing

The previous section focused on visualizing radiated electro-
magnetic fields, intentionally or not, outside the DUT. Differ-
ently, this section is considering the visualization of VNF in
the close vicinity of the DUT and even more particularly in-
side, where they are typically guided rather than radiated. In
contrast to antenna measurement, the DUT transmits signals
and waves propagating in a structurally complex space, with
dimensions that can range from very small to comparable to
the wavelength, depending on the local operating frequency.
Within the Device Under Test (DUT), the frequency spectrum
can range from kilohertz (kHz) to tens of gigahertz (GHz). This
variation is contingent upon the location of the test point within
the sequence of the DUT’s low-frequency (LF), intermediate-
frequency (IF), and radio-frequency (RF) modules, as well as
the direct current (DC) power supply connections. In such a
situation, and especially at small probing distance, the VNF dis-
tribution is more dependent on the shape and the size of DUT
structure than on the wavelength. The required resolution scale
and probing distance to the DUT can then vary greatly, from
a few centimeters for standard printed circuits to a submicron
scale for chip components.

For PCB [68], [69] testing and diagnostics, VNF visual-
ization offers several advantages. It provides high-resolution,
real-time, and cost-effective methods to identify and address
some shared EMC/EMI and related signal integrity (SI) issues.
It allows for the detection of anomalies that cannot be identified
by standard global S-parameter measurements. High-resolution
analysis of VNF and current distribution images enables effi-

cient localization of structural or functional faults, identification
of ’hot spots’ or areas with parasitic emissions producing in-
terferences or cross-talks. It also allows for evaluating the
effectiveness of design changes and PCB optimization efforts
[70]-[74]. In addition to direct visual structural analysis, VNF
measurement techniques pave the road to the reconstruction of
equivalent sources in real-world scenarios. These scenarios are
frequently challenging to model accurately through numerical
simulations in that they often involve real-world complex in-
band and out-of-band coupling mechanisms. The reconstructed
currents provide detailed insights into these mechanisms and
allow for their modeling and prediction of far-field emissions.

As usually, the dimensions of the probe result from a balance
between sensitivity, low invasiveness, and the required spatial
resolution. Mostly, probes consist of short electric dipoles and
small magnetic loops, properly oriented for measuring tangen-
tial and/or normal components [75]-[78]. They may be operated
in either a receiving or MST mode. Dielectric sensors connected
with optical fibers to a receiver enable minimizing perturbations
induced on the DUT. The spatial resolution of such probes is
typically around 100µm but remains highly dependent on their
dimensions and distance to the DUT. These probes enable to
investigate various structures, such as microstrip lines, coplanar
waveguides (CPWs), substrate integrated waveguides (SIWs),
and multilayer PCBs. Related EMC/EMI or SI problems include
impedance mismatch, crosstalk, ground-bounce, and common-
mode currents near transmission line discontinuities like bends
and slots. Visualizing them allows targeted design modifica-
tions, such as filtering or shielding, to be implemented to resolve
these problems. For high-resolution sampling, miniature tip or
electro-optic probes can be used with NF Scanning Microwave
Microscopy (NSMM) systems [79]-[82]. These systems typi-
cally offer a spatial resolution of about a few ten nanometers,
suitable for detailed structural imaging of MMIC components
and circuits. With a single probe, the overall imaging time,
including acquisition and mechanical scanning, varies from a
few minutes to several tens of minutes.

To reduce mechanical scan time, using probe arrays has
been considered since the early 1990s as a powerful, efficient
solution for diagnosing and resolving EMC/EMI issues in PCB
design. Probe array systems may cover broad frequency bands
from 150 kHz to 8 GHz, ideal for ultra-high-speed PCB diag-
nostics [70]. They considerably reduce test times and perform
spatial scans in less than a second, with resolutions as fine as
a few millimeters. Typically, probe array consists of a two-
dimensional grid of current-sensitive magnetic probes [71]. For
instance, to cover a 40 cm square flat surface, the number of
probes ranges from 1,000 to 1,600, with a cm-scaled sampling
step. The loops are integrated into a multilayer printed circuit
board (PCB) structure, with a ground layer situated beneath the
top surface to shield the feed network from external interfer-
ences. Calibration processes are used to account for interaction
effects of the probes, the feed network and the ground plane
with the PCB [72]. The probes are typically cross polarized
allowing them to detect currents directed along two orthogonal
directions.

NF probe arrays of the previous sub-section, originally used
for antenna measurements, arose from the need to determine
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the FF patterns of electrically large antennas. It was not until
later that they were used to retrieve equivalent sources on the
DUT as well as its NVF distribution. On the contrary, the ex-
act opposite approach was followed in the case of VNF probe
arrays. They were initially dedicated to measure the EM-field
in the close vicinity of the DUT and, only later, considered to
possibly be used to determine its FF pattern. Depending on the
application, this VNF based methodology has been shown to
be possibly advantageously used for fast determination of FF
pattern with satisfactory accuracy while requiring a very simple
on-table setup [74],[83]. It may be also possible to translating
VNF probe arrays either to cover larger surfaces or to improve
spatial resolution, possibly until a few tenths of mm, thanks to
reducing the sampling rate and proper image processing. Al-
though this approach requires careful calibration to compensate
for interactions with the test object, it should be noted that in
some cases it was sufficient to place a simple absorber sheet
between the probe array and the test object to obtain acceptable
results. In summary, VNF visualization with a probe array ap-
pears as an effective tool for PCB testing and diagnostics due
to their precision, cost-effectiveness, visualization capabilities,
and adaptability to complex designs. As in case of antenna
measurement, the possible arraying of low perturbing dielectric
probes should deserve some clarification.

5. Indirect EM-Field Visualization using RF
Sensitive Indicator Materials

5.1. Early photographic visualization systems
This section explores visualization as a “staring” imaging pro-
cess, comparing it to optical instrumentation. It started in 1951
with the publication of an article in the Bell System Journal,
which detailed a photographic technique for “displaying spatial
patterns of sound waves and microwaves” [84]. This approach
was based on the use of a small dipole probe loaded by a neon
lamp whose brightness was in proportion with the power de-
tected. The experiment had to be carried out in a dark room and
the image of the probe was recorded by a fixed camera as the
probe was moved in space over the desired surface. Anecdotally,
such a forgotten visualization process has been recently updated
by replacing the in-dark time-consuming mechanical scan of the
luminescent probe with a real-time acquisition inside a 50cm
side cube filled with an array of 16x9x13=1872 magnetic loops
loaded with LEDs [85]. This network was used to visualize,
with a 4 cm sampling step, the VNF power distribution gen-
erated by a wireless device antenna operating at 13.56 MHz.
Would it be to say that the perspective of 3D probe arrays be
now open to further research and development? The future will
tell us. . . Coming back in 1955, another photographic approach
was described in a paper entitled “A New Method of Observing
Electro-Magnetic Fields at High Frequencies by Use of Test
Paper” [86]. It was explaining how to utilize thermal effects
caused by irradiating lossy materials with electromagnetic (EM)
waves. It is interesting to note that it referred to “. . . a simple
method of observing electro-magnetic fields at high frequen-
cies, which enables us to see the relative distribution at once,
it will be very convenient to the development of the theory of
high frequency circuits and to the design of radio machines and

instruments and their parts.” The foresight of that time was
remarkable! The test material used was a paper sheet soaked in
an absorbing cobalt chloride solution. When placed in the area
where the EM-field distribution was to be visualized, its color
changed from pale rose to blue due to the temperature increase
resulting from dielectric losses. This initial paper test method
was followed by various others that differed in the type of paper
and the observed effects, including polaroid [87], liquid crystal
[88], and photochromic films [89], among others. However, de-
spite their promising results, none of these early attempts made
a significant impact at the routine practice level, likely due to
the lack of commercially available sensitive paper materials.

5.2. Introducing IR as visualization modality
Without waiting for Hertz experiments, InfraRed (IR) sensing
has continuously and considerably evolved since IR discov-
ery by Herschel in 1800 [90]. From the first thermal sensors
such as thermocouples and bolometers until to today’s CCD
and CMOS focal plane arrays (FPAs) used in IR cameras, its
evolution has been driven by interdependent advances in ma-
terials, electronic technology and applications [91],[92]. Born
from the need to filter sun light to avoid eye burning during
astronomical observations, the rapid growth of IR technology
resulted from its ability to enable seeing what was escaping
to human vision. As with microwave radar applications, the
development of IR imaging was accelerated during the Second
World War by defense applications to see enemy targets on the
battlefield through the darkness of night or smoke. Elimination
of the need for cryogenic cooling and further advances in sili-
con microelectronics resulted in a technological breakthrough
enabling low-cost, high-performance sensors [93]. Hence IR
imaging gradually moved from niche military tools to widely
used technologies in civilian markets such as non-invasive ma-
terial testing [94] or medical diagnostic imaging [95]. FPAs
appeared in the 1970s, enabling true ”staring” mode imaging
without mechanical scanning. Finally, integration of read-out
circuits with Charge-Coupled Devices (CCDs) and later CMOS
technology allowed the development of fast, high-resolution,
two-dimensional arrays with millions of pixels [96]. Current
efforts continue to focus on increasing pixel density (over 1 mil-
lion pixels), multi-spectral capabilities and intelligent sensors
with integrated signal processing.

5.3. EM-Infra-Red thermography
In addition to the first photographic evaluations using thermal
paper, briefly described in Section 5.1, the electromagnetic
(EM) and thermal (TH) visualization technologies were com-
bined more and more effectively from the mid-1970s because
of their complementarity. IR Thermography (IRT) [97]-[100]
emerged as a preferred method for mapping the fields radiated
by microwave antennas [101],[102] or currents on conductors
[103] or leakage sites in IC’s [104]. In addition, due to their
specific advantage over IR in terms of penetration into materials
or biological tissue, microwaves have also begun to be exploited
for passive industrial detection and medical diagnostic appli-
cations, just as it has been done previously with IR imaging.
Fig. 5.a shows a basic planar IRT setup comprising a sheet
of absorbing material, either continuously spread or pixelized,
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placed close to the DUT. When exposed to EM wave radiated
by the DUT, the power absorbed by the sheet results in a local
increase of temperature proportional to the power radiated by
the DUT. To minimize the effects of the thermal environment,
a lock-in technique [104]-[106] is commonly employed, con-
sisting in synchronizing the camera with a signal modulating,
typically ON-OFF, the DUT. Such a modulation enables to iso-
late the temperature increment (∆T) caused exclusively by the
DUT, without considering environmental factors, while also
minimizing unwanted image distortions resulting from thermal
conduction and convection in the absorbing sheet. As a result,
∆T maps pictured by an IR camera can be correlated with the
local dissipated power density and hence to the distribution of
electric or magnetic VNF intensity radiated by the DUT. The
correlation factor depends on the dielectric permittivity and/or
magnetic permeability of the absorbing material as well as on
its thermal properties and thickness. These factors impact must
be accounted for optimizing of the lock-in modulation signal
frequency with respect to sensitivity, rapidity and spatial res-
olution requirements [102]. The spatial resolution of such an
EM-IR thermography system depends not only on the operating
wavelength of the camera (usually in the Near IR) and the size
of its FPA pixels, but also on the absorbing material. Indeed,
governed by heat equation, the temperature information cap-
tured by a given camera pixel is in global intensity relation with
other pixels rather than an intensity of single pixel. The tem-
perature impulse response (Point Spread Function) was shown
to be approximately look as a bidimensional Gaussian expres-
sion. The temperature PSF may be either measured or predicted
thanks to EM-Thermal multi-physics codes. Such codes may be
also usefully exploited to assess the degree of interaction of the
absorbing sheet with a given DUT and, possibly, to compensate
for the PSF spreading thanks to proper calibration. They also
can be used to suggest how maintaining acceptable interactions
and conduction or convection effects. Typically, IRT offers
a spatial resolution in the few microns scale which, any way
remains largely sub-wavelength at the operating wavelength of
the DUT.

Figure 5: Thermal-based EM field sensing setups using: (a) an
absorbing sheet as temperature indicator ; (b) an array of small
thermal probes, antennas loaded by thermistors [107] or RFID
tags equipped with thermometers [109].

To improve the sensitivity, pixelized screens have been pro-
posed, each pixel acting as a materialized thermal sensitive
probe. Fig. 5.b shows two examples of EM-Thermal probe
arrays consisting of small metallic antennas loaded by a thermal-

sensitive components and mounted on a loss-less and thermally
insulated substrate. In the upper case Fig. 5.a, the component
is a resistor, whose thermal emission is visualized with an IR
camera [107], The array structure and the antenna dimensions
are considered as a meta-surface and optimized to maximize
the power collected by the antennas [108].

In the bottom case Fig. 5.b the probes consist of RFID
tags loaded with integrated micro-thermometers and wirelessly
connected to an RFID reader [109],[110]. Such a probe array
is dedicated to medical hyperthermia treatment of superficial
tumors. It consists of a dual-frequency band meta-surface en-
abling both microwave heating at 414MHz and temperature
sensing at 913MHz. The structure is flexible and can fit the
body part to be treated by hyperthermia. In this application, the
aim is not so much to characterize the field radiated by the DUT
inside the body to be treated as to measure its global effective-
ness based on the map of the surface temperature for which it
is responsible, by comparison with desired map obtained at the
outcome of an optimized treatment planning via multiphysics
modeling.

Similarly, IRT has been primarily used for diagnosing and
detecting faults in antennas and circuits [111],[112]. Temper-
ature maps can reveal and localize not only structural anoma-
lies in passive components but also malfunctions in active cir-
cuits, as many potential defects directly affect temperature. Al-
though translating ∆T into vector EM field distributions may
not be straightforward, IRT has also been utilized for NF and
FF pattern measurements [113]-[116], thanks to various post-
processing based on holography and plane-to-plane iterative
techniques that enable retrieval of EM field phase and polariza-
tion [117],[118].

The main advantages of IRT include its low invasiveness,
speed, ease of operation, and the ability to provide micron-scale
sub-wavelength spatial resolution. In contrast to traditional
electromagnetic (EM) probes, which may cause distortion in the
measured field due to metal components, cables, and mechanical
supports, IRT offers the advantage of delivering relevant heat
maps almost instantaneously, similar to capturing an optical
image on photographic film.

However, the low invasiveness of IRT sheets, designed to
minimize backscattering towards the DUT while maintaining
acceptable sensitivity, results from optimizing the overall re-
flection, absorption, and transmission budget based on specific
application requirements [119]. Sensitivity remains a challenge
for IRT, as it requires the DUT to emit power in the watt range,
either independently or with an external generator if accessible.

5.4. Other thermal based imaging systems
Over the last decade, other thermal based imaging modalities
have been promisingly developed to overcome IRT limitations.
Due to the dimensional aspects resulting from the increased
operating frequency of wireless devices and the integration of
antennas with RF/IF circuits in the same module, some of these
methods are derived from those used for IC and chip manufac-
turing technology [104]. For antennas and circuits, temperature
maps can be used to verify satisfactory operation through their
dependence with respect to field strength and currents, while
detecting unexpected hot spots can indicate functional abnor-
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malities. These EM-Thermal visualization modalities exploit
the temperature sensitivity of Optical Indicator (OI) materials
when exposed to EM wave. These materials enable translating
EM-induced temperature maps into visible images using opti-
cal cameras or microscopes, achieving sub-wavelength spatial
resolution at DUT’s operating frequencies.

Unlike Infrared Thermography (IRT), which is a passive
imaging approach, these thermal-based methods are active.
They require the OI material, typically a thin sheet or a coat-
ing, to be illuminated by a visible light source to stimulate its
thermal sensitivity and make its effects detectable through the
reflected light. The wavelength of the reflected light can be
either the same or different from that of the incident light.

Temperature-dependent effects, such as thermo-fluorescence,
thermo-elasticity and thermo-reflectance, are being increasingly
explored for NF and VNF visualization all throughout the chip-
package-PCB-antenna development line. These imaging tech-
niques have demonstrated their feasibility in various DUT di-
mensions and frequency bands. Depending on the considered
specific application active imaging offers a wide range of visu-
alization solutions, from full-scale down to microscopic scale.

Figure 6: Schematic experimental setups for
thermo-fluorescence imaging using optical indicators: (a)
Rhodamid B (RhB) fluophore coating for transmission
arrangement (λ1=530nm, λ2 around 600nm) [121]; (b) NVC
Diamond thin film are used as optical indicator in a
reflection-based microscopic arrangement [126].

5.4.1. Thermo-fluorescence imaging
In this sub-section, two different experimental arrangements are
described. The first one shown on Fig. 6.a enables to perform
large-scale imaging of the electric or magnetic field intensity as
well as local temperature measurements. The wave transmitted
by the DUT is illuminating the OI which consists of an absorb-
ing screen coated by a thin fluophore-doped layer coating. The
OI is also symmetrically illuminated by the light of two LED’s
at a wavelength λ1 (around 535nm) well-suitable for exciting
the Rhodamid B (RhB) fluophore coating, selected for its ad-
vantages in terms of quantum efficiency and spectral separation
between absorption and emission spectra [120],[121].

A portion of the LED light is absorbed by the film and
excites the fluorophore layer. The transmitted light is then
captured by a CMOS camera after being properly filtered to
retain a wavelength of approximately 600nm, which is close to
the peak of the RhB fluorescence spectrum.

Such measurement setups enable acquisition of high-resolution
maps (several megapixels) within seconds for low-invasive visu-
alization of VNF distribution of DUTs such as broadband fractal
[121] or X-band transmittarray antennas [122]. Because of their
large area of investigation (around 50cm x 50cm), their wide
frequency ranges from kHz to THz and their reasonable power
requirement (a few watts), these devices look as practical and
versatile low-invasive tool for qualitative antenna analysis, fault
detection and diagnosis of antenna. If necessary, quantitative
results may be obtained thanks to proper calibration. Like for
IRT, only VNF intensity is directly accessible, but further post-
processing can be used for phase retrieval and FF calculation.
Last but not least, especially for educational purposes, worth
noting that the cost of a visible CMOS camera is significantly
smaller compared to that of an IR camera.

Fig. 6.b shows a second quite different option for an ex-
perimental arrangement now exploiting OI materials based on
quantum magneto-optic effects. Optically Detected Magnetic
Resonance (ODMR) is one of these effects which has been
a rapidly growing branch of quantum technology aiming to
exploit the fragility of quantum states for detecting small exter-
nal signals with high sensitivity. More particularly, Diamond
Nitrogen-Vacancy Centers (NVC), as a defect with microwave
manipulable spin state and optical readout at room temper-
ature, have attracted much attention for high resolution and
sensitive microwave near-field characterization. During the
past decade, the potential of scanning low-invasive single, sub-
millimeter-sized, probe was demonstrated for characterizing
3-D microwave field distribution with microscale resolution
[123] or even nanoscale [124]. Several papers have been de-
voted to investigating the potential of NVC miniaturized sensors
and data processing for magnetic VNF measurements around
MMIC’s or antennas in S-band [125],[126].

A significant advancement was recently made by employing
millimeter-sized square diamond chips as probes along with a
CMOS camera. This technique enables the prevention of any
displacement in the system structure and facilitates rapid visible
imaging of MW field distribution, thereby ensuring high time
efficiency and stability. The principle of a reflection visualiza-
tion system based on this concept is shown on Fig. 6.b. Such an
arrangement was used to visualize the magnetic field around a
100 micrometers radius wire antenna, in the 2.7-3.2 frequency
band [127]. The spatial resolution was about 3µm with a FOV
5mm x 5mm and a power level about 0.8W. As compared to
scanning microscopy solution, the gain in rapidity is signifi-
cant, at the cost of lower spatial resolution. As compared to
the previous Rhodamid B option, the sensitivity is better at the
cost of a smaller FOV. A further advantage is that, instead of
the magnetic field intensity, it is possible to measure its ampli-
tude thanks to a synchronous pulsed sequence combined with
the CCD. A full reconstruction formulation of the local field
vector, including the amplitude and phase, is developed by mea-
suring both left and right circular polarizations along the four
nitrogen-vacancy crystalline axes [128].

5.4.2. Thermo-elastic imaging
Thermo-Elastic Optical Indicator Microscopy (TEOIM) is re-
garded as another promising high-resolution visualization tech-
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nique. It employs polarized light microscopy to visualize the
electromagnetic near-field distribution across a broad spectrum
of operating frequencies. Fig. 7.a shows a typical TEOIM
setup. The OI is composed of a slide glass substrate coated by
a thin Indium-Tine-Oxide (ITO) film absorbing the magnetic
field of the DUT. The heat generated in the ITO film diffuses
into the thermo-elastic glass substrate, resulting in a thermal
stress photo-elastic effect. The circular polarization state of the
incident LED light (typ. λ1=530nm) changes, after specular
reflection, into an elliptically polarized state to be analyzed by a
polarimetric microscope equipped with a CCD camera. Proper
image processing enables retrieving temperature, magnetic field
and electrical currents [129],[131].

Figure 7: Schematic experimental reflection setups for thermal
imaging using optical indicators: (a) Indium-Tint-Oxide (ITO)
for thermo-elastic polarimetric microscopy arrangement [129].;
(b) Spin Cross Over (SCO) coating for multi-spectral
thermo-reflectance imaging.

TEOIM has been demonstrated to provide optically resolved
temperature, electric, and magnetic microwave VNF images
selectively with a comparable sensitivity, response time, and
bandwidth of existing methods. It is considered as a practical
investigation tool for various applications such as non-contact
thermal imaging of PCB circuits [129], VNF imaging of anten-
nas [131],[132] in the 0.1 to 10 GHz frequency range, with a
field of view up to 5 cm x 5 cm. Its low invasiveness enables
measurements at millimeter-scaled distances and DUT power
levels in the Watt range. TEOIM systems seem particularly
well-suited for studying the interaction phenomena between
electromagnetic waves and metamaterials [133], with a focus
on their structural characterization and optimization. This ap-
proach facilitates the development of improved designs and
enhanced functionalities.

5.4.3. Thermo-reflectance imaging
The principle of a Thermo-Reflectance Imaging (TRI) system
is shown on Fig. 7.b. Its looks like a free-space reflectometer
where the incident light is provided by a LED source while
the reflected light is observed with a CCD camera after proper
focusing with a microscope. The image provided by the camera
is a map of the reflection coefficient on the plane over which
the system is focused. The focusing can be manually achieved
either on a thermal optical indicator film or directly on the DUT
itself generally consisting of metal and/or semi-conductor re-
gions. In both cases, TRI exploits the temperature dependence

of the local reflection coefficient. Like for IRT, the temperature
increase T due to the DUT can be isolated thanks to a lock-
in method consisting of synchronizing the camera exposure
with the DUT modulated excitation. The operating wavelength
must be selected in Thermo-Reflectance microscopy has been
initially developed to be utilized by device manufacturers as a
high-resolution non-invasive technique for quick failure analysis
and temperature profiling of the devices under operating condi-
tions [134]. Modulated thermo-reflectance set-ups and scanning
thermal microscopy provide nano-meter and micro-meter scale
thermal metrology[135]-[137]. In some cases, thermal images
can serve as complementary information to the traditional elec-
trical device test. Thermo-reflectance imaging is routinely used
for IC and micro-electronics technology [138],[139].

Beyond small circuit imaging, thermo-reflectance has been
considered as a holistic Near-Field (NF) visualization and test-
ing solution for Chip-Package-PCB-Antenna modules based on
combined thermo-reflectance and thin-film coating using Spin-
Crossover (SCO) materials. The unprecedented quality of the
SCO coating process exhibits highly reliable thermometric per-
formance with diffraction limited sub-m spatial, sub-s temporal
and 1◦C thermal resolution [134]. In addition, the resulting per-
formance qualifies the SCO coating process, in terms of fabrica-
tion and switching endurance (surpassing 107 thermal cycles in
ambient air), for industrial testing ensuring highly reproducible
measurement results. Such sensing solutions have been val-
idated through several practical applications using front-end
modules manufactured in advanced technologies co-designed
with antenna-in-package (AiP) modules [140]-[142].

6. Opening Discussion and Conclusion
The measurement and visualization of electrical and magnetic
fields has been an important task in the big scope of instrumenta-
tion, measurement, and education for many years as it enables a
better understanding of physical phenomena. Fast recording of
microwave field distributions remains an interesting approach
for several scientific and engineering fields including the in-
vestigation of field radiation in terms of antenna design, EMC
testing and of course educational purposes.

This overview paper has covered a wide range of modalities
that enable the visualization of electromagnetic (EM) wave
distribution, both around and inside wireless devices. These
methods can be used directly or indirectly—through thermal
signatures or other similar effects—to analyze the VNF (Very
Near Field) distribution. The primary goal of these modalities
is to characterize the radiated field itself or to detect potential
faults, thereby offering diverse and valuable applications in the
ongoing development of wireless devices. Beyond promising
proof-of-concept demonstrations, some imaging systems have
already achieved commercialization levels suitable for various
industrial needs—from early product prototyping to final quality
control—and are also fundamental tools in EM wave education
and research.

Due to the difficulty of a quantitative comparison of so dif-
ferent methods, we are limited to show a qualitative description
of the advantages and limitations of each family:

Classical direct EM-Field visualization using RF Probes
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have the main advantage of the sensitivity and the matureness
of the technology. However, the resolution is limited by the
probe size, and, if some source reconstruction methods are used,
it would be possible to get a resolution in the sub-wavelengths
(the exact resolution depends on the method). The use of multi-
probe allows to speed up the acquisition processes, but making
more complex the RF system, including switching networks.
Metamaterials is a promising technology for solving some of
the issues of these multiprobe systems at frequencies above 100
GHz. With these methods, we have direct access to the electric
or magnetic field.

Indirect EM-Field Visualization techniques require the mea-
surement of another physical parameter; therefore, it is required
a conversion between EM signal and this new physical pa-
rameter (i.e. temperature). This paper has analyzed the use
of photographic, infrared, thermography, thermo-fluorescence,
thermo-elastic and thermos-reflectance films. These techniques,
which are stemming from optics or infrared frequencies, have
been already extensively used in micro-electronics for detection
diagnosis of IC (integrated circuits). The main advantages of
these techniques respect the RF probes are the speed, allowing
almost real-time acquisition, and sub-wavelengths spatial reso-
lution due to optical read-out. Some of the problems of these
techniques is that you lose information of the phase and polar-
ization. There are some techniques (hardware and software)
to reconstruct phase and modulations, at the cost of significant
complexity of the systems. In this family, we can include the
new quantum technologies, like the use of Rydberg Atoms or
NVC sensors. These technologies are not yet mature enough,
but they should improve very fast in the next years.

Current efforts in direct imaging should now focus on mini-
mizing the invasiveness of probe arrays. The potential use of
EOS (Electro-Optic Sampling) and Rydberg Atom technolo-
gies—pending confirmation of their cost-effectiveness—represents
a significant advancement, thanks to their high sensitivity, spa-
tial resolution, and adaptability to various modulated signal
waveforms. Additionally, research into metamaterials should be
continued, aiming toward the ultimate goal of achieving fully
invisible cloaking [143].

Indirect thermal-based VNF visualization faces multidisci-
plinary challenges that go well beyond the traditional expertise
of antenna and EMC communities. Close collaboration with
materials science and solid-state physics is essential to develop
comprehensive multi-physics simulation capabilities. These
are crucial for validating experimental procedures, determining
the best methods for translating temperature maps into field
or signal information, and moving beyond mere visualization.
Instead, machine learning techniques could be employed to diag-
nose faults by correlating local field deviations with temperature
anomalies.

In this sense, the use of machine learning and artificial
intelligence techniques are being developed for different ap-
plications in antenna design processes. Reference [144] is a
very complete review of the possibilities of integrating artificial
intelligence (AI) and machine learning (ML) techniques into
the optimization and measurement of antenna designs. This
review examines the latest advancements in applying AI/ML ap-
proaches, exploring several algorithms such as neural networks,

decision trees, genetic algorithms, and particle swarm optimiza-
tion, highlighting their potential, challenges, limitations and
future research ways. This review concludes that AI/ML ap-
proaches have the capacity to transform antenna optimization
and measurement processes by offering quicker and more pre-
cise solutions to complex problems. The use of AI/ML can
be applied in the same way to all the visualization techniques,
being able to improve the quality of the processed results and
the speed of the EM field acquisition.

The relative novelty and promising prospects of visualiza-
tion modalities for the characterization and diagnostics of wire-
less devices suggest that they merit consideration as a future
open research area for the antenna design and measurement
communities. It would be beneficial to focus research efforts
and promote realistic proof-of-concept studies by: i) identifying
applications with practical relevance, ii) establishing qualitative
and/or quantitative performance criteria, and iii) conducting
multi-modality comparison campaigns using available opera-
tional prototypes.

Currently, based on the state-of-the-art, it remains challeng-
ing to accurately assess the impact of different visualization
modalities and determine their optimal application fields—whether
used individually or as complementary tools. However, targeted
optimizations can be envisioned to address specific needs re-
lated to speed, invasiveness, sensitivity, and spatial resolution.
These improvements could enable VNF measurements around
or inside wireless devices with sufficient accuracy to reliably
diagnose failures in real time.

The application for new antenna systems, including recon-
figurability, adaptive antennas or massive MIMO, among others,
where there is not clear separation between antenna, RF sub-
system, and digital processor, is direct. In these new antenna
technologies, there is not a unique radiation pattern, but differ-
ent ones depending on the value of amplitude and phase for each
element in the case of the analog active arrays, or even infinite
cases depending on the adaptive weights assigned by the signal
processors in the adaptive arrays or massive MIMO scenarios.
Therefore, the quality of the AUT should be evaluated using the
extreme near field in the antenna aperture [145].

Finally, combining some of the techniques discussed in
this paper with emerging approaches based on artificial intel-
ligence could significantly accelerate antenna and device mea-
surements—potentially enabling real-time analysis.
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Visualization of EM-Very-Near-Field Distributions around
Wireless Communication/Sensing Devices: From Anechoic
Chamber to Microscope”, European Conference on Anten-

11



RoE Journal Fast, Low-Invasive Visualization of EM-VNF Distributions: from Anechoic Chamber to Microscope - 12/17

nas and Propagation (EuCAP2025), Stockholm, April 7-11,
2025.

[2] S. Silver, Antenna Measurement, Chap.12, in “Microwave
Antenna Theory and Design”, Vol. 12, MIT Radiation Lab-
oratory Series, McGraw Hill, 1949.

[3] J. F. Ramsay, ”Microwave Antenna and Waveguide Tech-
niques before 1900”, in Proceedings of the IRE, vol.
46, no. 2, pp. 405-415, Feb. 1958, doi: 10.1109/JR-
PROC.1958.286869

[4] R.K. Amineh, N. K. Nikolova, XX? Ravan, ”Mi-
crowave/Millimeter Wave Holography Based on the Con-
cepts of Optical Holography,” pp.17-32, chap.2 and
“Microwave/Millimeter-Wave Holography for Near-Field
Imaging Applications,” pp.63-117 (chap.4) in Real-Time
Three-Dimensional Imaging of Dielectric Bodies Using Mi-
crowave/Millimeter Wave Holography , IEEE 2019, doi:
10.1002/9781119538875.

[5] G. Tricoles, N.H. Farhat, “Microwave Holography: Ap-
plications and Techniques,” Proc. IEEE, vol.65, No.1, pp.
108-121, Jan.1977.

[6] S.M. Anlage, V.V. Talanov,A.R. Schwartz, “Principles
of Near-Field Microwave Microscopy,” January 2006,
Journal of Scanning Probe Microscopy 1:207-245, DOI:
10.1007/978-0-387-28668-6-8.

[7] Z.Chu, L.Zheng, K.Lai, “Microwave Microscopy and
Its Applications,” Ann. Rev.Mater.Res.2020.50:1.1–1.2,
doi.org/10.1146/annurev-matsci-081519-011844.

[8] Michaels Faraday’s Iron fillings, The Royal
Institution, https://www.rigb.org/explore-
science/explore/collection/michael-faradays-iron-filings.

[9] J.Ch. Bolomey, et al., ”Rapid Near-Field Antenna Testing
Via Arrays of Modulated Scattering Probes”, in IEEE Trans.
Ant. and Propag., vol. 36, no. 6, pp. 804-814, June 1988.

[10] M. Sierra Castaner and L.J. Foged, “Post-processing Tech-
niques in Antenna Meausrements”, Sci.Tech Publishing,
IET, London, 2019.

[11] D. Iams, “Phase-front Plotter for Centimeter Waves”, RCA
Review, Jan. 1947, pp. 270-276.

[12] R.M. Barret, M.H. Barnes, “Automatic Antenna Wave-
front Plotter Numerical Calculation and Experimental Veri-
fication”, Electronics,Vol. 25, pp.121-125, Jan.1952.

[13] A. Yaghjiyan, “An Overview of Near-Field Antenna Mea-
surements”, IEEE Trans. Ant; and Propag;, Vol.AP-34 No.1,
pp30-44, Jan.1986.

[14] J.H. Richmond, Vol.3, 1955, pp. 13-15nd, “. H. Richmond,
”A Modulated Scattering Technique for Measurement of
Field Distributions,” in IRE Transactions on Microwave
Theory and Techniques”, vol. 3, no. 4, pp. 13-15, July 1955,
doi: 10.1109/TMTT.1955.1124953.

[15] J.Ch. Bolomey and F. Gardiol, “Engineering Applications
of the Modulated Scatterer Technique”, Artech House, Lon-
don, 2001.

[16] J. Peng, S. Jia, J. Bian, S. Zhang, J. Liu, X. Zhou, “Re-
cent Progress on Electromagnetic Field”, Sensors 2019,
doi:10.3390/s19132860.
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[145] M. Sierra-Castañer, “Review of Recent Advances and Fu-
ture Challenges in Antenna Measurement”. Applied Com-
putational Electromagnetics Society. Express Journal. Feb.
2016, Vol. 1 No. 2. Pag. 64-67.

17


	Introduction
	Historical Revision of EM-waves Visualization
	Different Approaches to VNF Visualization
	Direct EM-Field Visualization using RF Sensitive Probes
	Early wavefront plotters
	About probe invasiveness
	Probes and probe arrays for antenna measurement
	Probes and probe arrays for EMC/EMI and SI testing

	Indirect EM-Field Visualization using RF Sensitive Indicator Materials
	Early photographic visualization systems
	Introducing IR as visualization modality
	EM-Infra-Red thermography
	Other thermal based imaging systems
	Thermo-fluorescence imaging
	Thermo-elastic imaging
	Thermo-reflectance imaging


	Opening Discussion and Conclusion
	References

