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Abstract

loT sensors are crucial for visualizing multidimensional and multimodal information and enabling future IT
applications/services such as cyber-physical spaces, digital twins, autonomous driving, smart cities and virtual/
augmented reality (VR or AR). However, 0T sensors need to be battery-free to realistically manage and maintain the
growing number of available sensing devices. Here, we provide a novel sensor design approach that employs
metasurfaces to enable multifunctional sensing without requiring an external power source. Importantly, unlike
existing metasurface-based sensors, our metasurfaces can sense multiple physical parameters even at a fixed
frequency by breaking classic harmonic oscillations in the time domain, making the proposed sensors viable for usage
with limited frequency resources. Moreover, we provide a method for predicting physical parameters via the machine
learning-based approach of random forest regression. The sensing performance was confirmed by estimating the
temperature and light intensity, and excellent determination coefficients larger than 0.96 were achieved. Our study
affords new opportunities for sensing multiple physical properties without relying on an external power source or
requiring multiple frequencies, which markedly simplifies and facilitates the design of next-generation wireless
communication systems.

Introduction

The ability to perceive and interpret information from
several dimensions and modes is essential for advancing
future information technologies' ™. Currently, various
sensors are used to detect diverse physical parameters,
including temperature, light intensity, humidity, pressure,
sound, angle, posture, pollution and radiation, as shown in
Fig. 1a®. These sensors serve numerous purposes, such as
optimizing power consumption, enhancing health care,
preserving the environment, supporting agriculture and
ensuring security. Recently, they have been incorporated
into wireless networks such as Internet of Things (IoT)
systems, which enable future cyber-physical spaces, digital
twins, autonomous driving, smart cities and virtual/aug-
mented reality (VR or AR)Y*°. This trend is reflected in
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the global prevalence of IoT devices, specifically the
substantial rapid annual growth rate of two billion or
more devices per year. Nevertheless, the growing demand
for IoT sensors has raised notable concerns about
managing numerous devices with limited human resour-
ces. More precisely, although these devices rely on bat-
teries to establish communication with remote systems, it
is not feasible to manually provide a new battery for every
individual device. Therefore, battery-free or maintenance-
free sensors are ideal for next-generation IoT systems.
Metasurfaces can serve as a viable option in this sce-
nario for detecting physical quantities without needing
battery replacement®?. Metasurfaces are artificially
engineered structures that exhibit distinct behavior on the
basis of the properties of their subwavelength unit cells
and the spectra of the incoming wave'' ™', Metasurfaces
exhibit a robust response to an incoming wave at a
designed resonant frequency and can efficiently sense
physical properties such as light intensity and temperature
by incorporating vanadium dioxide, MEMS, thermistors
and/or photocells (i.e, photoresistors) into the
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Fig. 1 Concept underlying the metasurface-based sensors. a Various sensors that are used in daily life. b Conventional metasurface-based sensor
design using frequency-domain scattering profiles that address the issue of regular battery replacement and (c) a corresponding equivalent circuit
model with scattering characteristics. Two circuit values (two physical properties) cannot be independently detected at a single frequency.

d Proposed metasurface-based sensor design using time-domain scattering profiles that additionally address the restriction of limited frequency
resources and (e) a corresponding equivalent circuit model with scattering characteristics. Even at the same frequency, two physical properties can
be independently detected in the time domain by using diode bridges with sensing circuit elements such as photocells and temperature-dependent
capacitors. This sensor design breaks harmonized oscillations and attains a large degree of freedom to detect multiple physical parameters.

metasurface unit cells (Fig. 1b)'*7'%, In this approach, optimal scenario would include overcoming the

every identified physical property is associated with a
single resonant frequency. Thus, two physical properties
can be identified via two independent resonant fre-
quencies, which implies that two physical parameters
cannot be independently detected at a single frequency
(Fig. 1c). Moreover, in practice, the allocation of fre-
quency resources is rigorously regulated'®~>%. Thus, the

frequency-domain restrictions imposed by classic reso-
nant mechanisms and detecting multiple physical quan-
tities at only a single frequency. For this reason, this study
proposes metasurface-based sensors that change scatter-
ing profiles depending on the physical properties of the
surrounding environment even at the same frequency
(Fig. 1d, e). Our sensors are specifically designed to detect
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light intensity and temperature by integrating photocells
and temperature-dependent capacitors. Importantly,
however, these physical quantities are identified using
only a single frequency because of time-domain scattering
changes with a machine learning methodology****. By
altering the integrated circuit layout, the design concept
of our metasurface-based sensors may be extended to
detect additional physical properties. Thus, this study
helps achieve maintenance-free and sustainable next-
generation wireless communication systems.

Results and discussion
Fundamental design theory

A key solution for detecting multiple physical quantities
at the same frequency is to break the harmonized time-
domain response. To this end, time-varying metasurfaces
have been intensively studied and exploited for wavefront
control, which aids in designing reconfigurable intelligent
surfaces (RISs)** 7, nonreciprocal wave propagation®®??,
and radiofrequency (RF) and optical devices*>".
Although most time-varying metasurfaces require exter-
nal power sources such as active metasurfaces*®>*—>*,
passive and time-varying metasurfaces have been recently
proposed to change the electromagnetic response even at
the same frequency in accordance with the duration of the
incoming pulse®*>’; this approach is exploited in this
study. In fact, these pulse-width-dependent metasurfaces,
or so-called waveform-selective metasurfaces, rely on the
well-known transients of classic direct current (DC) cir-
cuits. More specifically, waveform-selective metasurfaces
comprise a periodic conducting pattern and resonate at
resonant frequencies, as seen in ordinary meta-
surfaces®®*’, However, by introducing a set of four diodes
as a diode bridge into the gap between conductor edges,
the waveform of the incoming wave (the sine function in
this study) is fully rectified (as in the waveform based on |
sin|), generating an infinite set of frequency components
in which most of the energy is concentrated around the
zero-frequency band. Therefore, transient phenomena
can occur if the reactive circuit components are included
inside the diode bridge. Specifically, this study uses a
capacitor connected to a resistor in parallel inside the
diode bridge. Under this circumstance, the reflection from
the metasurface is reduced during an initial period
because the incoming energy is stored in the capacitor
and dissipated with the parallel resistor. However, by
increasing the incident pulse width, the capacitor is fully
charged so that the incident wave is poorly absorbed and
strongly reflected even at the same frequency.

In particular, transient responses are characterized by
time constants and steady-state resistance, which are
associated with sensing circuit components whose circuit
values vary in accordance with physical quantities. For
example, some capacitors are well known to change their
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capacitance due to temperature changes. Additionally,
photocells have variable resistance values in accordance
with the surrounding light intensity. Therefore, by
incorporating these circuit elements as parallel capacitors
and resistors inside diode bridges, transients (or time-
varying responses) change depending on the temperature
and light intensity, which can be detected from scattering
waves. Specifically, as explained in the literature*® and the
Supplementary Information (Supplementary Note 1), the
time constant of our metasurface 7 is determined by

_ CRcRy

T= , 1
Rc +Ry &

where C and Rc represent the capacitance and resistance,
respectively, of the discrete components inside the diode
bridge (i.e., the parallel capacitor and resistor). Addition-
ally, R4 denotes the resistance of the two diodes at the
turn-on voltage. In particular, if Rc >> Ry, 7 is simplified
to

T~ CRy, (2)

which indicates that the transition time is mostly
changed by C since the Ry is not adjustable. Additionally,
in the steady state, the capacitor approaches an open
circuit so that the reflecting state is related to the values
of Rc and Ry. Thus, Rcs can be exploited to control the
steady-state response. Moreover, because C and R¢ vary
because of the temperature dependence of capacitors
and the light-intensity dependence of photocells, our
metasurface can detect temperature and light intensity
in accordance with the reflected waveform. Note that
although this study limits the multifunctional sensing
capability to only two physical quantities, the proposed
concept can be further extended to detect additional
physical quantities by introducing extra circuit compo-
nents. For example, the above capacitor-based circuit
configuration can be integrated with an inductor-based
circuit configuration to produce a reflectance peak, dip,
or more advanced waveform, which can be associated
with more than two circuit parameters in the time
domain®"*%,

Numerical demonstration

Before experimental validation, we numerically show
how metasurface-based sensors vary their time-domain
response in accordance with circuit parameters. As shown
in Fig. 2a, the unit cells of our metasurface comprise a
ground plane, a dielectric substrate (Rogers 3003) and
conducting patches with minor trimming to deploy small
conducting pads and form a diode bridge including a
parallel RcC circuit (Rc=10 kQ and C=1 nF). For
simplicity, these simulations use ordinary capacitors and
resistors for C and Rc instead of a temperature-dependent
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Fig. 2 Numerically simulated reflectance profiles. a Realistic unit cell model with periodic boundaries applied for the incident £ and H directions.
b Frequency-domain reflectance. C, Rc and the input power were set to 1 nF, 10 kQ and 0 dBm, respectively. ¢ Time-domain reflectance at 3.9 GHz

capacitor and a photocell, respectively. Detailed infor-
mation for these simulations is provided in the “Simula-
tions” subsection of the Methods Section and the
Supplementary Information (Supplementary Note 2),
including the design parameters for the conducting geo-
metry, substrate and lumped circuit elements. Under
these circumstances, the reflecting profiles of the meta-
surface for 50-ns short pulses and continuous waves
(CWs) varied, as shown in Fig. 2b. According to these
simulation results, the metasurface considerably reduces
the reflectance magnitude only for short pulses near
3.9GHz, which is consistent with the pulse width-
dependent absorbing mechanism explained earlier. To
further clarify this reflectance trend, C and Rc were var-
ied, as shown in Fig. 2c, which indicates that the transition
time was shifted by increasing C from 10 nF to 100 nF.
Additionally, the steady-state reflectance decreased with
decreasing Rc from 10 kQ to 1 kQ. Importantly, these two
conclusions also support the aforementioned theoretical
design and ensure that two independent physical
quantities can be detected if they are associated with
changes in C and Rc. Related results and information are
provided in the Supplementary Information (Supple-
mentary Note 2).

Experimental demonstration

On the basis of the simulation results shown above, we
fabricated and experimentally tested the metasurface-
based sensor, as shown in Fig. 3a. For these measure-
ments, our metasurface was composed of 15 x 15 unit
cells and placed on a programmable hot plate that arbi-
trarily and directly controlled the temperature of the
metasurface sample. Additionally, a light source was
positioned in front of the metasurface and controlled by
pulse width modulation (PWM) signals. In addition to
these thermal and light sources, incident signals were
radiated by a standard horn antenna, and another horn

antenna was used to receive the reflected waveform. The
incident and reflected angles were set to 30°, and the
incident wave was a transverse electric (TE) polarized
wave. Detailed information about the measurements is
provided in the “Measurement Samples” and “Measure-
ment Methods” subsections of the Methods Section and
the Supplementary Information (Supplementary Note 2).
Under these circumstances, the temperature of the
metasurface and the surrounding light intensity were set
to 22.1 °C and 328 lux, respectively, which provided nearly
identical values of C and R¢ as those shown in Fig. 2b
(specifically, 10 nF and 10 kQ). Thus, the frequency-
domain profiles shown in Fig. 3b demonstrated a rela-
tively low transmittance for short pulses near 3.76 GHz
despite the use of the same frequencies, which was con-
sistent with the simulation results in Fig. 2b. Note that the
transmittance in Fig. 3b was entirely lower than that in
Fig. 2b because the measurement was performed in open
space to consider a realistic sensing environment, whereas
the simulation was conducted with periodic boundaries as
a simplified situation. Additionally, a minor frequency
shift appeared in the measurements because of differences
between the simulations and measurements, e.g., the
incident angle and parasitic circuit parameters that only
appeared in the measurement sample. However, despite
these differences, the reflectance profile evidently varied
in accordance with the incident waveform even during the
measurements.

Next, we clarified how the time-domain response
varied with changes in temperature and light intensity.
In these measurements, we simplified the loaded circuits
inside the diode bridges and used pairs of either
temperature-dependent capacitors and fixed resistors or
fixed capacitors and photocells, which facilitated the
analysis of the temperature and light intensity depen-
dences. First, pairs of temperature-dependent capacitors
and fixed resistors (10 kQ) were used with variable
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Fig. 3 Experimental validation. a Measurement sample and measurement system using light and heat sources in free space. b Frequency-domain
reflectance. The temperature, light intensity and input power were set to 22.1 °C, 328 lux and 30 dBm, respectively. c-e Time-domain reflectance of
the metasurface-based sensor using (c) temperature-dependent capacitors and fixed resistors (10 kQ)), (d) fixed capacitors (1 nF) and photocells and
(e) temperature-dependent capacitors and photocells. The frequency was set to optimal values to increase the time-domain variation in (c-e)

(specifically, 3.82 GHz in (c) and (d) and 3.76 GHz in (e)).

temperature values at 3.82 GHz, as shown in Fig. 3c.
According to these measurements, the transition time
decreased with increasing metasurface temperature
from 23.5 °C to 65.0 °C because the capacitance of the
temperature-dependent capacitors decreased, which
decreased the time constant. This result was consistent
with the numerical simulation in Fig. 2c and Eq. (2).
Additionally, when pairs of fixed capacitors (1 nF) and
photocells were alternatively used within the diode
bridges, the metasurface varied the steady-state reflec-
tance, as shown in Fig. 3d. Specifically, the reflectance
decreased from —309dB to —37.5dB as the light
intensity increased from 3 lux to 1970 lux, which
resulted in a decrease in the effective resistive

component of the photocells and strong absorption of
the incident wave in the steady state.

Moreover, the metasurface was experimentally eval-
uated using the temperature-dependent capacitors and
the photocells, as shown in Fig. 3e. This measurement
result also ensures that the changes in temperature and
light intensity affect the reflectance profiles. For example,
by increasing the temperature from 40 to 70 °C, the time
constant of the metasurface was reduced so that the
reflectance curves were shifted to a smaller time scale (i.e.,
comparing the solid curves with the dashed curves).
Additionally, increasing the light intensity from approxi-
mately 300 to 2000 lux decreased the steady-state reflec-
tance from approximately —23 dB to —33 dB (see the
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Fig. 4 Simultaneous estimation of temperature and light intensity from reflected waveforms. a, b Use of 11 training datasets for (a)
temperature and (b) light intensity estimation. ¢, d Use of 458 training datasets for (c) temperature and (d) light intensity estimation. The
determination coefficients of (a)-(d) were 0.6456, 0.5841, 0.9861 and 0.9610, respectively. Additional results are provided in the Supplementary

Information (Supplementary Note 4).

difference between the black curves and the red curves).
Therefore, by associating C and the Rc with physical
quantities, our metasurface design independently con-
trolled the time constant and the steady-state response. In
the Supplementary Information (Supplementary Note 3),
this metasurface-based approach is also demonstrated via
simpler versions of structures such as microstrips and
one-dimensional metasurface lines, which further vali-
dates the time-varying scattering effect even at the same
frequency in accordance with the temperature and light
intensity.

Estimation of physical quantities

We further present an approach to estimate tempera-
ture and light intensity on the basis of the physical
quantities associated with C and Rc. Although other
approaches are potentially applicable for predicting these
two physical quantities (e.g., use of theoretical equivalent
circuit models4°’43’45), we adopted a machine learning
approach based on random forest regression”*, Our esti-
mation approach was composed of four steps. First, the
measured time-domain reflectance profiles were divided
into 40 segments of time on a log scale. Second, in each
segment, an average reflectance value was obtained.
Third, these average reflectance values were used as

explanatory variables for the training data. Finally, on the
basis of the training data, the temperature and light
intensity were estimated and compared to their actual
values. We varied the number of training datasets and test
datasets, while the total number of these datasets was
fixed at 2290 (i.e., the ratio between the training datasets
and test datasets was varied within the entire dataset of
2290). Further details are provided in the “Estimation
Method” subsection of the Methods Section.

The corresponding estimation results are shown in
Fig. 4. When only 11 datasets were used as training
datasets in Fig. 4a, b, the correlation between the esti-
mated values and the original values was poor, with
determination coefficients of 0.6456 and 0.5841 for tem-
perature and light intensity, respectively. However, by
increasing the number of training datasets to 458, these
determination coefficients improved to 0.9861 and 0.9610
for temperature and light intensity, respectively. These
results indicate that a proper number of datasets need to
be used for the training process, which is consistent with
other reports on Al-based metasurface studies*®~**, More
importantly, these results validate that our metasurface-
based sensors can be used to estimate physical quantities
at the same frequency. The Supplementary Information
(Supplementary Note 4) provides additional results,
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including the use of an estimation method other than
random forest regression.

Discussion

Unlike conventional structures our meta-
surfaces are passive yet able to break classic harmonic
oscillations even at a fixed frequency owing to the lumped
transient circuit elements, more specifically, their circuit
values, such as capacitance and resistance. In particular,
our metasurfaces enable us to control time-varying
responses as the capacitance and resistance change
depending on the surrounding environment, which has
not been demonstrated in the literature®>*>—*"*, Addi-
tionally, although our metasurface-based sensors behave
differently in accordance with the pulse duration of the
incident wave, as shown in Fig. 2b, the sensing process
itself requires CWs (i.e., not different pulses), as shown in
Fig. 2c. Therefore, our metasurface-based sensors do not
need additional complicated modulation techniques if the
pulse width is sufficiently long. In the literature,
waveform-selective metasurfaces are integrated with an
antenna design to tailor antenna characteristics, including
radiation patterns in accordance with the pulse duration
even at a constant frequent:y”’so’5 !, To date, the concept
of such waveform selectivity has been introduced into, for
instance, sensors*, RISs*”*% IoT tags® and signal pro-
cessing31’54. However, unlike conventional studies, our
metasurfaces allow us to control time-varying responses
via changes in the circuit values of lumped components,
as mentioned above. Note that our machine learning
approach itself is quite ordinary and readily available
from, for instance, the built-in functions of Python. This
machine learning approach cannot predict physical
quantities without our metasurfaces, which indicates that
the uniqueness of our study lies in our metasurface design
but not in the machine learning approach.

Our metasurface-based sensing approach was experi-
mentally validated to be capable of estimating more than
one physical quantity by breaking the harmonic oscilla-
tion of metasurfaces in the time domain and using only
one frequency component. Our approach is rational
because the use of frequency resources is strictly deter-
mined in practice to avoid electromagnetic interference
issues'®™'. This approach may apply to one of the
industrial, scientific and medical (ISM) bands, where
frequency resources are readily available without rigorous
license issues for the use of radio-frequency (RF) waves.
Moreover, our approach is useful for managing and
designing future IoT systems. Conventionally, IoT sensors
were designed to obtain multidimensional and multi-
modal information for realizing next-generation IoT sys-
tems, including cyber-physical space, digital twins,
autonomous driving, smart cities and VR/ARY®. How-
ever, this conventional approach requires regular

11-13,38,49
’
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replacement of internal batteries to maintain commu-
nication with external internet/cloud systems. Because the
number of IoT sensors is increasing rapidly, maintaining
all IoT sensors manually and replacing their batteries will
soon be unrealisticc Here, our metasurface-based
approach does not require the use of batteries but per-
mits the sensing of multiple physical quantities, addres-
sing an emerging issue in the design of future IoT
systems. In particular, although this study was limited to
sensing two physical quantities as a proof of concept, our
approach can be extended to sensing more than two
physical quantities by adding additional circuit compo-
nents that react with other physical quantities and char-
acterize the time-domain response of metasurfaces®***2,

For more practical use as IoT sensors, further
improvements of our metasurface-based sensors are
required. For example, the metasurfaces demonstrated in
this study rely on commercial diodes that require a large
amount of input power to rectify incoming signals and
vary the time-domain response associated with physical
quantities. Therefore, reducing the power level by using
customized low-power diodes helps design battery-free
metasurface-based multifunctional sensors in an energy-
efficient manner. Additionally, the successful imple-
mentation of our approach in realistic environments
depends on how reflected (or scattered) waveforms are
associated with physical quantities. This study addressed
this issue by exploiting random forest regression, which
provided excellent determination coefficients larger than
0.96. Although other sensor technologies may provide
greater accuracy, our determination coefficient can be
further improved by adopting other machine learning
techniques suited for individual application scenarios
(refer to Supplementary Note 4 in the Supplementary
Information). Moreover, cost-effectiveness is an impor-
tant point in our study since the proposed metasurface-
based sensors are maintenance-free and do not require
human resources to replace the batteries of conventional
IoT sensors. Therefore, the proposed approach only
requires the fabrication cost of the metasurfaces. This
cost-effectiveness can be further evaluated and discussed
in future studies. The present study evaluated our
metasurfaces with plane waves but not with spatially
modulated waves®>™>’, which can be exploited as an
additional degree of freedom to sense physical quantities.
At the same time, however, the use of spatial modulation
may narrow the applicable sensing scenarios in terms of
the angles of the incident wave and the metasurface.
Finally, connecting our sensing approach to IoT/cloud
systems is an important issue that is not fully demon-
strated in this study. In particular, real-time feedback is
needed for IoT systems in cyber-physical space, smart
cities, autonomous driving, farming and health care®®°!,
where wireless networks are expected to reduce the
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estimation time for physical quantities by using, for
example, simplified learning models and fast-speed cal-
culation approaches.

Conclusion

In conclusion, we present a metasurface-based sensor
design that achieves multifunctional sensing without the
need for multiple frequencies or an external power
supply. Our metasurface showed variable reflectance
profiles in the time domain, which were independently
determined by lumped circuit parameters that were
responsive to the two physical quantities of interest,
specifically, temperature and light intensity. Addition-
ally, we introduced an approach to estimate the tem-
perature and light intensity from the reflected waveform
of the metasurface via random forest regression. Thus,
the temperature and light intensity were successfully
detected, with determination coefficients of 0.9861 and
0.9610, respectively. Our study affords new possibilities
for sensing multiple physical quantities without the need
for an external power supply or several frequencies,
which facilitates the design of next-generation wireless
communication systems.

Methods
Simulations

Numerical simulations were performed via a cosimu-
lation method in ANSYS Electronics Desktop (version
R2) 2022. This method models metasurfaces in an
electromagnetic solver (HFSS). Importantly, all of the
discrete circuit components were replaced with lumped
ports. The scattering parameters of the metasurfaces
were then used in a circuit simulator (Circuit) as circuit
models. In these circuit simulations, lumped ports were
connected to the actual circuit components used, which
was equivalent to directly including the circuit compo-
nents in electromagnetic simulations. However, this
cosimulation method facilitated the entire simulation
process for readily obtaining the final simulation results
compared with stand-alone electromagnetic simulation
approaches®®. Short-pulse simulations (as shown by the
red curve in Fig. 2b) were conducted via 50-ns pulses. In
this case, the total reflected energy was compared with
the total incident energy to calculate the reflectance.
Additionally, CW simulations (as shown by the black
curve in Fig. 2b) were performed via the harmonic bal-
ance approach, where the steady-state response was
directly obtained. Here, we calculated the reflectance by
dividing the reflected energy by the incident energy
during 2 cycles. Moreover, we also calculated the tran-
sient reflectance in the time domain (as shown in
Fig. 2¢). In this case, the time-varying reflectance was
obtained by calculating the moving average of the
reflected energy for 250ns with discretized 100 ps
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time steps and comparing it with the moving average of
the incident energy. The detailed design parameters of
the simulation models are given in the Supplementary
Information (Supplementary Note 2).

Measurement samples

Our metasurface measurement samples consisted of a
ground plane, a dielectric substrate (Rogers 3003) and a
periodic array of square conducting patches with minor
trimming to connect discrete circuit components. These
design parameters are fully summarized in the Supple-
mentary Information (Supplementary Note 2). The
diodes used were provided by Avago (HSMS-286x series).
The temperature-dependent capacitors and photocells
were produced by Murata Manufacturing Co.
(RDEF51H013Z0P1HO03B) and Luna Innovations (NSL-
19M51), respectively.

Measurement method

Although detailed measurement setups are illustrated in
the Supplementary Information (Supplementary Note 2), to
characterize frequency-domain profiles (as shown in
Fig. 3b), we used not only a vector network analyzer (VNA)
(Keysight Technologies, N5249A) but also an amplifier
(Ophir, 5193RF) to sufficiently increase the input power
level and turn on the diodes loaded on the metasurfaces.
For time-domain profiles (e.g., those shown in Fig. 3c to
Fig. 3e), we used a signal generator (Anritsu, MG3692C) as
a signal source. Similarly, the abovementioned amplifier
was used to ensure that the input power level was suffi-
ciently large. Additionally, an isolator was used to protect
the amplifier and the signal generator from excessive
reflection. Part of the incident wave was sent to an oscil-
loscope (Keysight, DSOX6002A), while most of the energy
was radiated to the metasurfaces through a standard horn
antenna (Schwarzbeck Mess-Elektronik, BBHA9120D).
Importantly, the surrounding light intensity and the tem-
perature of the metasurfaces were controlled by a light
source (Safego, C36W-FL) and a programmable hot plate
(AS ONE, ND-2A). These light and heat sources were
arbitrarily controlled by pulse width modulation (PWM)
and  proportional—integral-derivative ~ (PID)  control,
respectively. Owing to these two sources, the metasurfaces
varied the reflected waveforms that were received by
another horn antenna and measured by the oscilloscope. As
mentioned in the above “Simulations” subsection, the
transient reflectance varying in the time domain was
obtained by comparing the reflected energy with the inci-
dent energy.

Estimation methods

The reflected waveform was used to estimate the
actual temperature and light intensity. This study used
Python program codes based on random forest
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regression to obtain the results shown in Fig. 4. Here, we
used a built-in function of Phyton (specifically, “split”)
to select training datasets at random from all of the
measurement datasets (2290 in total), while the
remaining datasets were used as test datasets. For
example, in Fig. 4a, b, 11 datasets were selected at
random as training datasets, whereas the remaining
2279 datasets (=2290 to —11) were used as test datasets.
In Fig. 4c, d, the number of training datasets was
increased to 458, whereas that of the test datasets was
reduced to 1832. In the Supplementary Information
(Supplementary Note 4), the relationship between the
number of training datasets and the number of test
datasets was varied to demonstrate how these numbers
influence the estimation performance. Ridge regres-
sion® was also alternatively applied to estimate the
temperature and light intensity in the Supplementary
Information (Supplementary Note 4).
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