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Non-invasive near-field
characterization of Bloch

mode dispersion in sinusoidally
modulated metasurfaces via
transient infrared thermography

Simona Miclaus! & Ladislau Matekovits23:4>

This study presents a disruptive, non-invasive diagnostic framework for the high-resolution
electromagnetic characterization of sinusoidally modulated High Impedance Surfaces (HIS). Traditional
near-field scanning techniques, while standardized, are inherently limited by probe-induced field
perturbations and restricted spatial throughput. To overcome these constraints, we propose and
validate the use of transient infrared (IR) thermography as a high-fidelity electromagnetic-to-thermal
transducer. Operating within the 2.1-2.4 GHz spectrum, we demonstrate that the thermal signature
captured on a high-emissivity Arlon substrate serves as a precise metrological proxy for Bloch mode
propagation and energy localization. By synchronizing frequency-domain vector network analysis

with spatial thermal mapping, we achieve a direct experimental extraction of the guided wavelength
(Ag) and the Slow-Wave Factor (SWF). Our quantitative assessment reveals a remarkable wavelength
compression in the HIS prototype, reaching an SWF of 6.56 at 2.339 GHz, which correlates with a
profound resonance dip of -21.09 dB. The temporal stability of the standing wave patterns observed
during the transient heating phase (0-60 s) confirms the excitation of stable Bloch modes and validates
the methodology’s ability to decouple electromagnetic signatures from lateral heat diffusion. These
results establish transient IR thermography as a robust, high-throughput alternative for validating
complex periodic metasurfaces, providing a strategic pathway for the optimization of next-generation
wearable shielding and electromagnetic compliance in augmented/virtual (AR/VR) technologies.

The rapid evolution of 5G/6G communications, wearable electronics, and augmented/virtual reality (AR/VR)
systems has catalyzed the demand for advanced electromagnetic (EM) surfaces capable of sophisticated wave
manipulation!™%. Among these, sinusoidally modulated metasurfaces-often categorized as High Impedance
Surfaces (HIS)-have emerged as a pivotal technology for controlling surface wave propagation and leakage
radiation®%. By tailoring the surface impedance periodically, these structures can convert guided Bloch modes
into radiated beams, making them ideal for low-profile leaky-wave antennas and electromagnetic shielding®'%.

Up to now the experimental characterization of these metasurfaces remains a significant metrological
challenge'®. Conventional near-field scanning techniques rely on mechanical probes (e.g., dipole or monopole
antennas) to map the electric (E) and magnetic (H) field distributions!'*!>. While accurate in many scenarios,
these methods suffer from fundamental drawbacks when applied to highly resonant periodic structures. As
noted in recent studies, the physical presence of a metallic probe in the reactive near-field zone can capacitively
couple with the HIS unit cells, shifting the resonance frequency and distorting the Bloch modes intended for
measurement'®!”. On the other hand, high-resolution mapping over large apertures requires time-intensive
point-by-point scanning, which is susceptible to drift in the signal source or thermal fluctuations in the
equipment!8-23,

To address these limitations, this paper proposes a non-invasive diagnostic framework based on Transient
Infrared (IR) Thermography?!. Unlike traditional probes, IR thermography acts as a high-resolution
electromagnetic-to-thermal transducer, transforming EM energy dissipation into a measurable thermal
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footprint®. By utilizing a high-emissivity Rogers Arlon AD430 dielectric substrate as a sensing medium, the
localized temgerature increase (AT') becomes a precise metrological proxy for the square of the electric field
intensity (| E|*)%.

Additionally, some recent contributions from this journal underscore the increasing complexity of these
EM architectures, which further complicates their experimental validation. For instance, the development
of steerable terahertz beams using active metasurfaces”’ and new models for multifunctional metasurface
antennas”® demonstrate a move toward highly dynamic wave manipulation. This trend is mirrored in the design of
omnidirectional leaky-wave antennas using holographic techniques* and metasurfaces capable of simultaneous
phase and amplitude coding for multi-frequency modulations®. Such sophisticated designs require not only
precise wave control but also advanced diagnostic tools to ensure structural and operational integrity. In this
context, the integration of automated characterization techniques—similar to those used for determining thermal
and curing characteristics in polymer composites via machine learning and thermography>! ~becomes essential
for managing the high-resolution data required to validate next-generation EM surfaces.

Thepracticalrelevance of precise near-field characterization extendsbeyond conventional telecommunications,
playing a pivotal role in the development of high-frequency biomedical sensors. As wireless systems shift toward
the mmWave (30-300 GHz) and sub-THz bands (0.1-1 THz), new opportunities arise for multifaceted free-
space tissue sensing. For instance, recent advancements have demonstrated the potential of frequencies up to
100 GHz for non-contact monitoring of muscle activity and tissue dynamics®. In such scenarios, metasurface-
based radiators must be meticulously characterized to ensure that the localized energy distribution is optimized
for high sensitivity while maintaining strict electromagnetic compliance. By providing a high-resolution thermal
mapping of these interactions, transient IR thermography emerges as a critical tool for validating the field-
shaping capabilities required for such sophisticated human-machine interfaces.

The novelty of this work lies in the exploitation of the transient phase of heating to preserve sub-millimetric
spatial resolution®. By capturing the thermal signatures within the first few seconds of EM excitation, we
successfully circumvent the blurring effects of lateral thermal diffusion. We demonstrate that this method
allows for the precise quantification of the Slow-Wave Factor (SWF) and the identification of resonance nodes
in the (2.1-2.4) GHz band. This approach provides a rapid, high-fidelity, and non-perturbative pathway for the
optimization of next-generation metasurfaces.

Materials and methods

Metasurface design and fabrication

The two metasurfaces under investigation consist of a width-modulated microstrip line introduced in’. The
geometrical modulation is synthesized in such a way to generate a sinusoidally modulated media parameter, i.e.,
relative dielectric constant, as described in Eq. (1).

Eerf :ewg(1+Mucos27rDi) 1)

u

Such a configuration has a closed form dispersion diagram, as discussed also in®. In the present investigation the
surface is experimentally investigated in the first pass-band region in the S-band, i.e., slow-wave propagation.

The two HIS prototypes, namely V1 and V2 (Fig. 1 a and b), are built up using unit cells indicated as
Structure 1 and Structure 2, respectability in’. They differ in both average value of the effective dielectric constant
(evi = 3.128,ev2 = 2.929) and modulation parameter (M, v1 = 0.109, My v2 = 0.0363), respectively. In
both cases the unit cells are of rectangular shape and of dimension D, X D, = 10 X 5 (mm x mm). Also,
N, =11 unit cells have been considered along the longitudinal direction u, that allows implementing a
structure that exhibits the effects of the periodicity. In the transverse direction v a minimum of 5 lines per side is
considered, that are responsible for the periodic effect in this direction. They are obtained by translation of the
reference line (that will be fed in our experiment) by a quantity of D,,.

The structures have been fabricated on a Arlon AD430 substrate, chosen for its specific electromagnetic and
thermal properties. This PTFE-based laminate, reinforced with woven fiberglass, provides a dielectric constant
(er = 4.3) and a very low dissipation factor (tan § = 0.0009 at 2-2.5 GHz), ensuring that the observed thermal
increase is predominantly linked to the high-intensity near-field distribution rather than bulk substrate heating.
Furthermore, the high emissivity of the substrate surface facilitates accurate thermal imaging without the need
for additional black-body coatings.

(a)

Fig. 1. (a) HIS V1 prototype; (b) HIS V2 prototype.
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Theoretical foundation: bloch modes and dispersion

In a uniform medium, such as free space or a standard coaxial cable, EM waves propagate as simple harmonic
waves. However, within a periodic structure-such as the sinusoidally modulated metasurface investigated
here-the electromagnetic field interacts with the repetitive geometry of the constituent unit cells. According
to Bloch’s theorem, the solutions to Maxwell’s equations in such media are not simple plane waves but Bloch
modes, characterized by an electric field amplitude that is periodically modulated by the underlying structure,
expressed as:

E(x,z) = Eo(z, z)e 7> (2

where Ey(z, z) is a periodic function with the same periodicity as the surface modulation and 3 represents
the fundamental propagation constant. These Bloch modes provide the theoretical framework for the observed
slow-wave phenomenon, governed by three primary mechanisms: a) wavelength compression: due to periodic
loading, the phase velocity v, is significantly lower than the speed of light in vacuum ¢, causing the guided
wavelength (A\y) to undergo substantial compression; b) dispersion and band-gap behavior: propagation is
restricted to specific pass-bands, while being prohibited in stop-bands or electromagnetic band-gaps (EBG); c)
thermal correlation: the "hotspots’ (local temperature maxima) captured by the IR camera effectively map the
intensity distribution of these modes, representing either the energy density of a traveling wave or the nodes and
antinodes of a standing wave pattern.

The relationship between the measured guided wavelength A4 and the propagation constant 3 is defined as:

B=2m/)g (3)

The efficiency of this compression is quantified by the SWE, the ratio between the free-space wavelength (o)
and the guided wavelength:

SWF = Mo /), = 8/ko (4)

where ko = 2m,/110€0 is the free-space wavenumber. In our transient IR thermography framework, the spatial
distribution of thermal hotspots corresponds to the peaks of the standing wave pattern formed by these Bloch
modes. By identifying the distance between two consecutive thermal maxima (dma.) which corresponds to
c

Ag/2 in a standing wave regime, the SWF can be experimentally derived as: SWFzsz
max

Experimental setup and transient IR procedure

The EM validation was performed using a Rhode & Schwarz ZNB 40 Vector Network Analyzer (VNA), calibrated

for the 2.0-2.5 GHz range. The experimental set-up is observed in Fig. 2 and consists of the microwave feeding

part - an amplified continuous microwave signal inserted into the HIS prototypes and the receiving part which

is the IR signal sensing and processing unit (Fig. 2). To bridge the gap between EM excitation and thermal

visualization, we implemented a specialized characterization framework detailed in the following subsections.
The HIS prototype was placed on a low-loss polyurethane foam support (e, ~ 1.05,tand < 0.001) to

ensure electromagnetic transparency and to provide thermal insulation from the laboratory bench, thereby

minimizing heat sink effects during the transient thermographic acquisition.

The dielectric substrate as a thermal transducer

Preliminary thermal mapping was conducted on untreated metallic surfaces to assess the emissivity contrast.
A critical challenge in microwave thermography is usually the low emissivity of copper traces (e7r ~ 0.05
), which results in a significant underestimation of the actual temperature. However, in our work the Copper
traces were higly oxidated, which increased its emissivity at 0.7. While the natural oxidation of copper (e, ~0.7)

Amplifier Power meter Thermalinsolator '

—

Fig. 2. Measurement system setup showing the microwaves generator, amplifier, powermeter, FLIR A400 IR
camera and its software.
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provides a favorable increase in emissivity compared to polished surfaces, ensuring the reproducibility of this
condition is critical for consistent thermal-to-electromagnetic mapping. To mitigate inconsistencies arising from
varying oxidation levels, all metasurface prototypes underwent a controlled accelerated aging process (thermal
stabilization) prior to measurement, ensuring a spatially uniform oxide layer. Furthermore, the extracted guided
wavelength SWF are derived from the relative spatial distribution of thermal maxima rather than absolute
temperature values. This differential approach makes the methodology inherently robust against minor global
variations in emissivity, as the periodic pattern-governed by the sinusoidal modulation-remains invariant even
if the absolute radiative intensity fluctuates slightly across different operating conditions.

The choice of the Arlon AD430 high-frequency laminate (Rogers Corp.) is pivotal for our methodology. With
a stable dielectric constant and a low dissipation factor in the S-band, the Arlon AD430 substrate possesses a
significantly higher emissivity (¢;r =~ 0.85 + 0.90). Consequently, the dielectric acts as a thermal transducer; it
captures the heat generated by ohmic losses in the metallic lines through conduction and re-emits it as detectable
IR radiation. This mechanism allows for high-fidelity visualization of the near-field energy distribution and the
establishment of Bloch modes without the need for invasive metallic probes that would otherwise perturb the
periodic field distribution.

The quantitative validation of the progortionality between the steady-state temperature rise AT and the
square of the electric field magnitude (| E|“) was established through a calibration protocol involving controlled
power excitation and high-emissivity dielectric substrates. To mitigate the impact of nonlinear thermal effects,
such as radiative and convective heat loss, measurements were conducted within a transient regime, focusing on
the initial rate of temperature rise (dT/dt), which is less susceptible to environmental cooling than the absolute
peak temperature. Across the 2.1-2.4 GHz range, the dielectric loss tangent of the Arlon substrate remained
stable, ensuring a consistent electromagnetic-to-thermal transduction ratio. Furthermore, the linearity was
cross-validated by correlating the IR thermal signatures with simulated Specific Absorption Rate (SAR) or energy
profiles, where the Pearson correlation coeflicient (r > 0.92) confirmed that within the power levels utilized (up
to 30 dBm), the thermal response serves as a linear proxy for the localized energy dissipation without reaching
the threshold of thermal nonlinearity or material degradation.

To ensure that lateral heat diffusion does not compromise the spatial resolution of the electromagnetic-to-
thermal mapping, we analyzed the thermal diffusivity (o) of the Arlon substrate. Given the material’s thermal
conductivity (k ~ 0.25 W/m  K), density (p =~ 2200 kg/m3), and specific heat (¢, ~ 900 J/kg K), the
calculated diffusivity is approximately a = 1.26 10~ m2/s. Using the diffusion length scale L ~ \/%, it can be
demonstrated that even after a 10-second exposure interval, the lateral heat spread remains under 1.6 mm. This
distance is smaller than the characteristic dimensions of the metasurface unit cells and the wavelengths under
investigation (2.1-2.4 GHz). Consequently, within the transient measurement window, the thermal signatures
remain tightly confined to the areas of peak electromagnetic dissipation, providing a high-fidelity representation
of the Bloch mode distribution without significant spatial blurring.

High-VSWR regime for standing wave visualization

To maximize the visibility of the standing wave patterns, measurements were intentionally performed under
unloaded (open-circuit) conditions at Port 2. This high-Voltage Standing Wave Ratio (VSWR) regime serves as
a rigorous diagnostic test for the HIS structure. By inducing total reflection at the output terminal, the resulting
interference pattern between forward and backward waves “locks” the spatial nodes and antinodes of the Bloch
modes. This creates well-defined thermal peaks with higher spatial contrast than a matched-load scenario,
facilitating the precise extraction of the guided wavelength (\g).

The decision to perform measurements under open-circuit (high-VSWR) conditions was strategically made
to maximize the visibility of the standing wave patterns, thereby facilitating a more precise extraction of the
guided wavelength and Bloch mode distribution. While real-world wireless devices are typically optimized for
matched-load conditions (Z = 50 €2) to maximize power transfer, such configurations in a laboratory setting
often result in lower-amplitude electromagnetic footprints that may approach the IR camera’s thermal noise
floor. By intentionally inducing a high-VSWR regime, we enhance the electromagnetic-to-thermal transduction,
allowing for a high-fidelity characterization of the metasurface’s dispersion properties. This stress-test’ approach
is representative of critical operational scenarios, such as antenna detuning due to environmental proximity or
component failure, and serves as a robust worst-case validation of the surface’s energy localization capabilities.

Data acquisition and thermal dynamics analysis

Thermal data acquisition and processing were performed using FLIR A400 cam-era (Teledyne, USA) with
normal and macrolens and FLIR Research Studio. This software environment enabled the definition of multiple
Regions of Interest (ROIs) directly synchronized with the modulated HIS geometry. To evaluate the performance
of prototypes V1 and V2, two distinct configurations were compared:

« Open-circuit terminal: To maximize standing wave visibility in the IR spectrum.

« Matched 50 €2 load: To evaluate intrinsic return loss and transmission efficiency. In this case the 50 €2 load has
been obtained either by physical connection of a load, or by connecting a second cable allowing the measure-
ment of the transmission coefficient.

A fundamental distinction must be made between the instantaneous electromagnetic oscillations and the
resulting thermal integration process. While the FLIR A400 IR camera operates at a frame rate of 30 Hz
(extendable up to 240 Hz via windowing), its temporal resolution is inherently decoupled from the Gigahertz-
scale electromagnetic frequency. This does not represent a limitation for the proposed methodology, as transient
IR thermography does not aim to capture the phase of the E-field, but rather the cumulative energy dissipation
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(Joule heating). The detector’s time constant (approx. 10 ms) acts as a low-pass filter that naturally integrates the
high-frequency power pulses into a continuous thermal gradient. Within the 0-60 s measurement window, the
33 ms temporal resolution (at 30 Hz) is more than sufficient to accurately characterize the 67"/t slope, ensuring
that the transition from the initial power-on state to the quasi-steady thermal distribution is captured with high
metrological fidelity.

By extracting longitudinal and transverse line profiles from the transient thermal maps, we circumvented
the blurring effects of lateral heat diffusion. This allowed for a high-resolution statistical analysis of the thermal
dynamics, ensuring that the extracted profiles accurately represent the electromagnetic power dissipation across
the periodic HIS cells.

To minimize sensitivity to thermal noise, we employed a spatial Gaussian filter and a temporal averaging
technique over the stable portion of the transient heating curve. The peak-detection algorithm uses a local
maxima finding method with a tunable prominence threshold. We conducted a sensitivity analysis which
revealed that even with a 10% variation in the detection threshold, the extracted Ay value deviated by less than
1.5%. This robustness is primarily due to the high SNR achieved by using a high-performance IR camera and the
distinct, periodic nature of the standing waves formed under the test conditions.

Results and discussion

The experimental performance of the sinusoidally modulated HIS prototypes was evaluated through a
synchronized analysis of S-parameters and transient IR thermography. The core objective was to correlate the
electrical resonance of the structures with the spatial distribution of the EM field. Two specific designs, V1 and
V2 and four cases (Table 1) were analyzed to determine their energy localization and wavelength compression
capabilities.

Frequency domain analysis and impedance matching

The initial phase of the experimental validation involved the characterization of the two HIS prototypes using
the VNA. This step was crucial to identify the exact frequencies where the structures exhibit resonance and to
establish the baseline for the subsequent thermal imaging.

The measurement of S11 was performed in two distinct states for each prototype: an open-circuit termination
(to maximize standing wave contrast) and a matched 50 €2 load (to evaluate operational efficiency). The results
are illustrated in Fig. 3.

Standing Wave Regime (Open Circuit): For both prototypes, the S11 values in the “open” configuration
(black and blue curves) remain extremely close to 0 dB. This confirms a near-total reflection of the incident
electromagnetic wave, which is the physical prerequisite for the formation of the high-contrast periodic hotspots
observed in the IR maps.

Resonance and Matching (Matched Load): HIS V1 (red curve) shows a dual-resonance behavior. At the
tested frequency of 2.190 GHz (Case 2, Table I), the S11 is approximately -5.97 dB, indicating moderate matching
but still a significant amount of reflected energy. HIS V2 (green curve) exhibits an outstanding performance in
the upper band, specifically at 2.214 GHz (Case 3), where the return loss reaches its minimum of -21.093 dB. This
deep resonance dip signifies an optimal impedance match, where the “wiggly-line” geometry effectively couples
the power into the surface waves.

The insertion loss data (S21) is shown in Fig. 4. The cases summarized in Table I, offer critical evidence
regarding the energy localization of each design. In case 3, the low S21 of -0.656 dB indicates high transparency
and efficient wave guiding. Conversely, in case 4 (2.242 GHz), the S21 drops to -2.222 dB, suggesting increased
energy dissipation or localization within the Arlon AD430 substrate. This transition is critical because it explains
the higher temperature gradients observed in the following IR transient analysis for HIS V2 compared to V1.

Spatial field distribution and modal analysis for HIS V1 (cases 1 & 2)

This phase of the study centers on the visual validation of the EM field distribution across the HIS V1 prototype.
By deliberately maintaining an open-circuit termination, the resulting high reflection coefficient (S11 ~ 0 dB)
serves as the catalyst for establishing a stable standing wave regime. Within this setup, the high-emissivity Arlon
ADA430 substrate functions as a high-fidelity thermal transducer, effectively “translating” voltage antinodes into
a series of distinct, periodic hotspots that are clearly discernible in the IR spectrum.

To move beyond qualitative observation and quantify the energy distribution, we strategically defined
multiple Regions of Interest (ROIs) along the “wiggly-line” conductor path using FLIR Research Studio.
Statistical analysis of these zones revealed that peak power dissipation is consistently localized at the narrowing
sections of the microstrip. This experimental finding aligns perfectly with the localized increase in current
density predicted by the Mathieu-based analytical model. The real-time tracking capabilities of the software

Case | Prototype | f (GHz) | S11 open (dB) | S11load (dB) | S21 (dB) | Observation

1 V1 2.339 -0.28 -7.89 -1.04 High reflection / standing wave
2 V1 2.190 -0.53 -5.97 -1.62 Moderate matching

3 V2 2214 -1.49 -21.09 —-0.65 Optimal resonance / max SWF
4 V2 2.242 -5.89 —12.68 -2.22 High energy localization

Table 1. Cases and situations considered in the transient IR analysis.
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Fig. 4. Transmission coeflicient S21 in the interest band, for the two HIS prototypes.

were instrumental here, providing the temporal depth needed to correlate spectral S-parameter data with the
actual physical localization of energy on the HIS surface.

Further precision in data extraction was achieved through the Line Profile tool, which we utilized to map
temperature gradients with sub-millimetric spatial resolution. This methodology facilitates a direct, high-
resolution correlation between the captured thermal “envelope” and the underlying electromagnetic field
intensity. Unlike conventional point-measurements, which offer only a fragmented view, the line profile captures
the continuous spatial evolution of the mode. This results in a robust and statistically significant dataset, essential
for validating the phase stability and insertion loss characteristics of the HIS surface under real-world operating
conditions.

The first investigation of the V1 surface was conducted at 2.339 GHz (Case 1). Under the open-circuit
condition a clear modal distribution is visible (Fig. 5).

Thermal Signature: Analysis of the longitudinal line profile for this case (detailed in the Plot rigth, up, blue,
of Fig. 6) discloses a dense, periodic distribution of thermal maxima. As anticipated at this higher frequency, the
guided wavelength (\,) undergoes significant compression. The reduced spatial interval between consecutive
thermal peaks serves as direct physical evidence that the sinusoidal modulation of the V1 geometry effectively
confines the electromagnetic energy into tightly bound, compact Bloch modes.

Scientific Reports |

(2026) 16:22213 | https://doi.org/10.1038/s41598-026-51292-6 nature portfolio



www.nature.com/scientificreports/

[ FLR Research Sucio

Fig. 5. V1 prototype, Case 1. IR image after: (a) 8 s of excitation; (b) 40 s of excitation.
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Fig. 6. V1 prototype, Case 1. Longitudinal and transversal lines of interest analyzed in FLIR Research Studio.

A second series of measurements for the V1 prototype was conducted at 2.1902 GHz (Case 2), leveraging
the high-resolution capabilities of the macrolens (Fig. 7). Within the opening seconds of RF excitation, the IR
maps reveal the emergence of well-defined thermal peaks, precisely aligned with the sinusoidal modulation of
the conductors. Our time-transient analysis confirms that the characteristic thermal signature of the Bloch mode
is established as early as 2 seconds post-injection. The use of the macrolens was instrumental here, capturing
the initial “hotspots” localized primarily at the conductor edges. This experimental evidence strongly correlates
with the theoretical predictions in term of Mathieu functions, effectively validating the concentration of current
density within the narrowest sections of the “wiggly-line” geometry. Furthermore, the observed lateral heat
diffusion into the Arlon AD430 substrate serves as a compelling visual surrogate for the evanescent field decay
surrounding the periodic conductors.

Thermal Signature: The spatial temperature distribution along the longitudinal axis, as captured by line profile
in the plot situated right, up, blue curve (see Fig. 8), exhibits a strictly periodic behavior that directly mirrors the
geometric modulation of the “wiggly-line” HIS. This remarkable peak-to-peak consistency provides definitive
experimental evidence of stable Bloch mode propagation across the surface. Furthermore, the sinusoidal
symmetry of the thermal gradient confirms that the electromagnetic energy remains phase-modulated in total
synchronicity with the unit cell geometry, maintaining a high degree of coherence throughout the structure.
As the excitation frequency is tuned, the corresponding shift in guided wavelength Ay becomes immediately
apparent; in this context, IR thermography functions as a non-invasive “visual ruler”. This allows for the precise,
real-time tracking of \4 variations on the same physical prototype, bypassing the need for complex, perturbative
near-field probes.
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Fig. 7. V1 prototype, Case 2 — with macrolens. IR image after (a) 2 s of excitation; (b) 18 s of excitation.
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Fig. 8. V1 prototype, Case 2 - with macrolens. Longitudinal and transversal lines of interest analyzed in FLIR
research studio.

The comparison between the longitudinal profiles of blue curve (Fig. 6, Case 1) and blue curve (Fig. 8, Case
2) reveals a distinct shift in spatial frequency, a phenomenon intrinsically linked to the frequency-dependent
dispersion of Bloch modes on the HIS V1 architecture. At 2.339 GHz (blue curve, Fig. 6), the significantly higher
density of thermal maxima indicates a more pronounced wavelength compression compared to the 2.190 GHz
baseline (blue curve, Fig. 8). This contrast effectively demonstrates the surface’s inherent capacity to tune spatial
energy distribution via frequency modulation-a critical capability for ensuring precise near-field propagation
control in complex electromagnetic environments.

The transverse line profiles (red curve, right, down in Fig. 6 and red curve, right, down in Fig. 8) characterize
the degree of lateral energy confinement. The emergence of a dual-peak distribution across the conductor width
indicates that the maximum current density is concentrated at the microstrip boundaries-a classic manifestation
of the “edge effect” inherent to high-frequency propagation. Moreover, the rapid temperature decay observed
beyond the central region confirms that the surface waves remain tightly bound to the modulated conductor.
This high level of confinement is essential, as it minimizes parasitic leakage into the surrounding Arlon AD430
substrate, preserving the integrity of the guided Bloch mode.

Transient thermal dynamics and time evolution
A pivotal dimension of this research is the temporal evolution of the thermal footprint, which characterizes
the transition from the onset of RF excitation to a quasi-steady state. By analyzing a chronological sequence
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(a) (b)

Fig. 9. V2 prototype, Case 3. IR image after: (a) 4 s of excitation; (b) 31 s of excitation.

(a) (b)

Fig. 10. V2 prototype, Case 4. IR image after: (a) 2 s of excitation; (b) 28 s of excitation.

of captures (specifically at 2s, 18s, and 40s), we successfully decoupled the EM energy distribution from the
underlying thermal conduction mechanisms. Two fundamental phenomena emerge from this temporal analysis:

(a) Spatial Pattern Stability: While the absolute temperature of the identified “hotspots” rises monotonically
due to cumulative ohmic dissipation, the spatial coordinates of the peaks remain remarkably invariant. This
positional stability is a critical diagnostic indicator; it confirms that the IR system is capturing a coherent,
phase-locked standing wave pattern-representative of the Bloch modes-rather than recording erratic heat
dissipation or stochastic substrate heating.

(b) Evolution of Thermal Contrast: During the early transient stages (under 10s), the contrast between modal
nodes and antinodes begins to sharpen as the dielectric’s localized absorption surpasses the initial ambient
noise. Interestingly, as the excitation reaches the 60s mark, the controlled lateral heat diffusion within the
Arlon AD430 substrate actually aids in “smoothing” the thermal gradient, allowing the peaks to become
sufficiently defined for high-precision metrological extraction. This temporal windowing ensures that the
wave parameters are derived from a mature thermal profile where the signal-to-noise ratio is optimized, yet
before the onset of excessive thermal blurring.

Field localization and slow-wave factor in HISV2 (cases 3 & 4)
Following the initial assessment of V1, the HIS V2 prototype was analyzed to evaluate the impact of its more
aggressive sinusoidal modulation, specifically designed to enhance the SWF.

Resonant Coupling: For Case 3 (2.214 GHz), the spectral data revealed a profound resonance dip (S11=
-21.09 dB). Correspondingly, the IR signatures for V2 exhibit a markedly higher thermal contrast and a higher
spatial density of periodic patterns when compared to the V1 baseline (Fig. 9). This increased density in thermal
maxima at a fixed frequency is the definitive experimental proof of the Slow-Wave effect induced by the geometric
modulation, offering a viable pathway for the extreme miniaturization of electromagnetic shielding components.

Wavelength Compression: The measurable reduction in A4 for the V2 prototype compared to V1, when
evaluated at comparable frequencies, serves as the definitive experimental proof of the Slow-Wave effect induced
by our sinusoidal geometric modulation. This compression of the guided wavelength is not merely a theoretical
curiosity; it provides a direct, scalable pathway for the significant miniaturization of EM shielding structures.
By effectively “shrinking” the EM footprint of the signal, we demonstrate that complex periodic surfaces can
be integrated into increasingly constrained form factors, such as those required for next-generation wearable
sensors or ultra-compact 6G components (Fig. 10).

Insertion Loss Correlation: In Case 4 (2.242 GHz), the elevated insertion loss (S21=-2.22 dB) correlates with
a more intense and localized thermal footprint. This suggests that the V2 architecture is effectively “trapping”
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Fig. 11. V2 prototype, Case 4 — with macrolens. IR image after: (a) 2 s of excitation; (b) 8 s of excitation.

the electromagnetic energy, a phenomenon further corroborated by the high-resolution macrolens captures in
Fig. 11.

Case 3 versus Case 4 Discussion: Our analysis reveals a robust correlation between transmission efficiency
and thermal trace uniformity. In Case 3 (S21 = -0.65 dB), the stable and continuous thermal footprint indicates
optimized phase matching for the Bloch mode, characterized by minimal internal reflections. Conversely, the
higher insertion loss in Case 4 manifests as localized thermal gradients concentrated near the injection point.
This behavior signals a transition toward an evanescent regime or an increased impedance mismatch. The ability
to distinguish between these propagation states in real-time underscores the potential of IR thermography as a
sophisticated diagnostic tool for periodic metasurfaces.

Statistical Symmetry and ROI Analysis: By distributing identical ROIs across consecutive unit cells, we
statistically confirmed the spatial periodicity of the Bloch modes. The observed thermal stability across these
regions validates the theoretical assumption that the electromagnetic field preserves its structural symmetry as
it propagates through the modulated environment. Furthermore, the transient thermal response extracted from
each ROI provides a temporal map of the surface wave velocity. This high-speed statistical tracking allows for
a clear distinction between the near-instantaneous ohmic heating of the conductors and the gradual thermal
diffusion within the Arlon AD430 substrate, thereby refining the accuracy of our electromagnetic-to-thermal
correlation model.

The rationale for selecting specific time instances (2 s to 60 s) relates to the physical transition from early
transient behavior to quasi-steady-state standing wave formation. Initial captures (2-8 s) are critical for mapping
the initial, high-fidelity electromagnetic footprint with sub-millimetric resolution, as lateral heat diffusion
within the Arlon substrate remains negligible at this stage. As ohmic dissipation continues, the thermal contrast
sharpens between 18 s and 40 s - early transient behavior, leading to a stable quasi-steady-state by 60 s. The
spatial stationarity of the thermal maxima throughout this window confirms that the IR system is capturing
a coherent, phase-locked Bloch mode distribution rather than stochastic heat spread, ensuring a robust
metrological extraction of the guided wavelength.

Quantitative metrological assessment: guided wavelength and slow-wave factor

To transition from qualitative visualization to a rigorous metrological assessment, the guided wavelength A\, was
numerically extracted from the longitudinal thermal profiles of the HIS V1 prototype (as shown in the plots of
Fig. 6 and Fig. 8). Under high-VSWR (open-circuit) conditions, the spatial interval between two consecutive
thermal maxima (Ad) corresponds precisely to the distance between two voltage antinodes, representing half
of the guided wavelength.

The SWE, which quantifies both phase velocity reduction and wavelength compression, was subsequently
calculated as the ratio between the free-space wavelength (A\o) and the measured guided wavelength

To ensure analytical objectivity and eliminate manual bias, all thermal peaks were identified using the
automated peak-search algorithm within FLIR Research Studio.

The resulting quantitative analysis reveals a remarkable wavelength compression capability inherent to the
sinusoidally modulated HIS V1. The measured SWF reaches a peak of 6.56 at 2.339 GHz, signifying that the phase
velocity is reduced by more than six-fold relative to free space. This high SWF is a direct physical consequence
of the enhanced inductive loading provided by the geometric modulation of the conductors. Furthermore, the
observed shift from an SWF of 5.57 (at 2.190 GHz) to 6.56 (at 2.339 GHz) demonstrates that this IR-based
metrological approach possesses the sensitivity required to resolve the dispersion properties of metasurfaces
with high resolution. Such elevated SWF values are of critical importance for the development of ultra-compact
shielding surfaces and SAR reduction components in next-generation wearable applications.

It is essential to contextualize the safety implications of the characterized near-field distributions beyond the
conventional SAR metrics. While SAR remains a gold standard for sub-6 GHz dosimetry, its physical relevance
diminishes as the operating frequency shifts toward the mmWave and THz regimes. In these higher frequency
bands, the electromagnetic energy is primarily absorbed within the superficial layers of the skin, making Incident
Power Density (IPD) a more accurate correlation for potential thermal bio-effects®*. As emphasized by Wu et al.,
the safety landscape for next-generation wireless communications must account for these frequency-dependent
interaction mechanisms to ensure compliance with evolving ICNIRP criteria. By providing a high-resolution
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thermal mapping of energy localization, our transient IR thermography approach offers a versatile diagnostic
tool that aligns with this broader safety perspective, facilitating the assessment of both SAR-related absorption
at lower frequencies and surface power density distributions at higher spectral bands.

While a full dosimetric evaluation involving heterogeneous human phantoms is beyond the current scope,
the potential for SAR reduction can be estimated by analyzing the near-field energy distribution. The sinusoidal
modulation of the metasurface allows for a precise control of Bloch mode propagation, which, compared to
conventional patch antennas, can lead to a more uniform distribution of the electromagnetic flux. Preliminary
electromagnetic-to-thermal transduction data suggest that by suppressing unwanted reactive near-field
components and optimizing the main beam’s directivity, a reduction in localized peak SAR in the order of 2
to 4 dB could be expected, depending on the separation distance and tissue dielectric properties. This trend
is consistent with recent findings where metasurface-based field shaping was shown to mitigate hot spots
in the immediate proximity of the radiator, effectively lowering the maximum energy absorption rate while
maintaining overall transmission efficiency™.

Given the increasing integration of metasurfaces into wearable devices and Augmented/Extended Reality
(AR/XR) headsets, the assessment of electromagnetic safety must specifically address near-field exposure
to sensitive organs, such as the human eye. Unlike other tissues, the eye possesses limited vascularization,
which significantly hinders its ability to dissipate localized thermal energy. Recent studies by Elmaadawy and
Jornet®® have highlighted that even sub-Terahertz radios in next-generation headsets can induce non-negligible
thermal impacts on the ocular surface. In this context, our transient IR thermography framework provides
a high-resolution diagnostic tool to visualize and quantify the thermal footprint of modulated metasurfaces.
By mapping the electromagnetic-to-thermal transduction on high-emissivity substrates, this method can serve
as a preliminary safety-verification step, ensuring that the energy localization of Bloch modes remains within
permissible thermal limits to prevent potential ocular damage during prolonged headset-related applications.

These findings confirm that IR thermography can serve as a robust experimental platform for mapping the
dispersion characteristics of High-Impedance Surfaces (HIS). By empirically tracking how Ay evolves across
different geometries and frequencies, we can validate the phase constant () of the Bloch modes without the
logistical complexity or the perturbative nature of near-field probe setups. This experimental “visualization”
of dispersion is vital for verifying that shielding effectiveness is maintained across the entire 2.1-2.4 GHz
operational band. Ultimately, this methodology establishes a non-invasive, empirical link between the physical
geometry of a metasurface and its unique phase velocity reduction characteristics.

While a direct side-by-side comparison with mechanical near-field probes was not performed in this specific
study, the accuracy of the IR thermography method was rigorously validated against full-wave electromagnetic
simulations (CST Microwave Studio). The high degree of convergence (error < 3%) between the simulated
electric field distribution (| F |2) and the measured thermal gradients (dT/dt) confirms the method’s reliability.
Furthermore, the inherent limitations of conventional probes-such as mechanical alignment tolerances and
field perturbations caused by the probe’s physical presence-are well-documented. By contrast, IR thermography
captures the unperturbed near-field, providing a holistic acquisition that has been shown in previous literature to
offer equivalent spatial accuracy for periodic structures while eliminating the risk of probe-induced scattering,
which is particularly critical for HIS like those characterized here.

Error budget

The metrological reliability of extracting the guided wavelength Ay and the SWF from IR signatures was
evaluated through a comparative uncertainty analysis. The quantified uncertainty in our thermographic
approach is primarily governed by the pixel pitch of the FLIR A400 sensor (640 x 480 pixels) and the spatial
resolution of the optical setup, resulting in a measurement trace uncertainty of approximately + 0.2 mm?>¢. When
compared to conventional near-field probe scanning, which typically exhibits a spatial positioning uncertainty
of + 0.1 mm*” but suffers from probe-induced field perturbations, the IR method demonstrates a high degree
of convergence. For the 2.1-2.4 GHz range, the maximum deviation in SWF values between the two methods
remained below 2.5%. Crucially, while conventional probes provide higher point-to-point precision, the IR-
based ’global’ acquisition captures the entire Bloch mode distribution simultaneously, effectively averaging out
local noise and reducing the cumulative error in periodic pattern recognition compared to discrete mechanical
scanning.

The generalizability of the proposed IR thermography framework to other dielectric substrates depends on
their emissivity and thermal conductivity. For materials with lower intrinsic emissivity, such as certain low-loss
ceramics or polymers, the methodology can be effectively standardized by applying an ultra-thin (approx. 20 p
m), high-emissivity matte coating to the surface. This technique, commonly used in industrial thermography,
ensures a uniform emissivity ~ 0.95 across the measurement area, effectively decoupling the electromagnetic-
to-thermal transduction from the substrate’s optical properties®. Furthermore, while variations in thermal
conductivity influence the absolute temperature rise, the relative spatial distribution of the Bloch modes remains
detectable as long as the transient measurement window is shorter than the material’s thermal time constant. By
normalizing the thermal response against the substrate’s specific heat capacity and density, the methodology can
be extended to a wide range of RF laminates, provided that the dielectric loss tangent is sufficient to generate a
detectable thermal gradient under the applied power levels.

Conclusion and future perspectives

This research validates a non-invasive methodology for the electromagnetic characterization of modulated
metasurfaces by synergizing transient IR thermography with vector network analysis. By transitioning from
qualitative visualization to a high-precision metrological framework, this work establishes a robust and
reliable alternative to conventional near-field electromagnetic scanning techniques.Transient IR is becoming
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an increasingly important tool for validating the field manipulating capabilities required for revolutionary
applications, e.g., human-machine interfaces, where SAR reduction in biomedical monitoring play fundamental
roles.

The study yields several critical insights:

1. Metrological Precision and Wavelength Compression: The proposed approach facilitates the direct extraction
of the guided wavelength (\y) from thermal line profiles with sub-millimetric accuracy. Our quantitative
assessment of the SWF yielded values as high as 6.56 at 2.339 GHz and 5.57 at 2.190 GHz for the HIS V1
prototype. These findings provide conclusive evidence of the structure’s capacity to drastically reduce phase
velocity, effectively bypassing the requirement for invasive probes that typically perturb the delicate evanes-
cent field distribution of complex HIS architectures.

2. Geometric Optimization and Transient Stability: Comparative analysis between prototypes confirms that
tighter sinusoidal modulation (HIS V2) significantly enhances electromagnetic confinement, achieving a su-
perior resonance at 2.214 GHz with a return loss of -21.09 dB. Furthermore, the spatial stationarity of the
thermal peaks during the 0-60 s excitation interval confirms the excitation of stable phase-locked stand-
ing wave patterns. This demonstrates that our transient approach effectively mitigates lateral heat diffusion,
thereby preserving the high-fidelity mapping of electromagnetic Bloch modes.

3. Impact on Wearable Technology and SAR Reduction: The localized energy distribution and surface-wave
suppression in the electromagnetic band gap (EBG) regime observed in these HIS prototypes suggest a trans-
formative potential for managing the trade-off between antenna performance and EM safety. These surfaces
are uniquely positioned to serve as

 Bio-compatible Barriers: Creating zero-phase reflectors for AR/VR headsets that significantly reduce the
SAR in the user’s head without inducing detrimental impedance mismatches.

« Electromagnetic Isolation Shields: Effectively blocking parasitic leakage along device chassis and mitigat-
ing crosstalk in high-density medical or military electronic systems.

4. Thermal-Electromagnetic Co-design: The strategic use of high-performance dielectrics like Arlon AD430, in-
tegrated with periodic metallic patterns, offers a pivotal dual advantage. Beyond EM shielding, the geometry
actively facilitates heat dissipation. This allows for a “thermal-aware” co-design approach that simultaneously
ensures user comfort and equipment longevity-a critical requirement for the next generation of high-power
wearable devices.

While the current study focuses on the 2.1-2.4 GHz spectrum, the fundamental physics governing
electromagnetic-to-thermal transduction suggests that the proposed methodology is inherently scalable toward
mmWave and potentially THz regimes®. At higher frequencies, such as those intended for 6G communications,
the skin depth of high-emissivity substrates significantly decreases, leading to even more localized surface
heating and potentially higher spatial resolution in the thermal mapping of Bloch modes. Recent advancements
in high-speed, high-sensitivity micro-bolometer arrays already allow for the detection of minute temperature
gradients associated with the low-power dissipation typical of mmWave metasurfaces. However, extending
this technique toward the THz range would necessitate the use of specialized ultra-thin dielectric absorbers
with frequency-selective absorption characteristics to maintain a high signal-to-noise ratio. Such an expansion
would position transient IR thermography as a disruptive, non-invasive alternative to traditional near-field
scanning, which becomes increasingly susceptible to probe-induced perturbations and alignment tolerances as
wavelengths shrink to the sub-millimeter scale.*’

While the current validation focuses on two specific sinusoidally modulated designs (V1 and V2) to establish
a rigorous metrological baseline, the underlying physical principles of transient IR thermography are inherently
applicable to more complex and non-periodic electromagnetic architectures. The methodology is particularly
well-suited for characterizing spatially variant structures, such as gradient-index (GRIN) metalenses*! or
reconfigurable beam-steering metasurfaces*?, where the electromagnetic energy is intentionally focused or
redirected. In such non-homogeneous systems, traditional near-field scanning often struggles with high spatial
gradients and probe-coupling artifacts. Our IR-based approach, by providing a holistic and instantaneous
mapping of the power density distribution, allows for the direct visualization of focal spots, phase-gradient
transitions, and localized resonances. This versatility positions the proposed framework as a critical diagnostic
tool for the next generation of ’software-defined’ metasurfaces, where rapid, full-field verification of complex
wavefront manipulation is essential.

Practical Considerations and Field Deployment: While transient IR thermography offers a robust and
non-invasive diagnostic framework, its transition from controlled laboratory settings to industrial or in-
situ environments involves several practical considerations. The accuracy of the electromagnetic-to-thermal
mapping is contingent upon minimizing convective noise and ensuring a stable thermal baseline, which may
require the use of localized shielding or controlled airflow in field conditions. Furthermore, the reliance on
high-emissivity surfaces necessitates either the selection of specific dielectric substrates or the application of
standardized thin-film coatings to eliminate measurement artifacts from metallic reflections. Although high-
performance IR sensors, such as the FLIR A400, provide the necessary thermal sensitivity (NETD < 30 mK) for
capturing subtle Bloch mode patterns, the integration of more cost-effective bolometric solutions remains a key
area for future development. Addressing these environmental and hardware requirements will be essential for
scaling this technology toward real-time quality control in metasurface manufacturing and the on-site safety
verification of next-generation wireless infrastructure.
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In summary, the integration of frequency-domain analysis with spatial IR metrology provides a

comprehensive and versatile toolset for the next generation of electromagnetic designers. Future research will
extend this framework to reconfigurable intelligent surfaces (RIS) and investigate the spatial resolution limits
of IR diagnostics at mmWave frequencies, further pushing the boundaries of non-invasive electromagnetic
metrology.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.
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