nature communications

Article https://doi.org/10.1038/s41467-023-36342-1

Pulse-driven self-reconfigurable
meta-antennas

Received: 3 March 2022 Daiju Ushikoshi"®, Riku Higashiura™®, Kaito Tachi"®, Ashif Aminulloh Fathnan®"®,
Suhair Mahmood', Hiroki Takeshita', Haruki Homma', Muhammad Rizwan Akram’,
Stefano Vellucci?, Jiyeon Lee®, Alessandro Toscano ®?, Filiberto Bilotti?,

Christos Christopoulos ®“# & Hiroki Wakatsuchi®®

Accepted: 24 January 2023

Published online: 06 February 2023

M Check for updates

Wireless communications and sensing have notably advanced thanks to the
recent developments in both software and hardware. Although various mod-
ulation schemes have been proposed to efficiently use the limited frequency
resources by exploiting several degrees of freedom, antenna performance is
essentially governed by frequency only. Here, we present an antenna design
concept based on metasurfaces to manipulate antenna performances in
response to the time width of electromagnetic pulses. We numerically and
experimentally show that by using a proper set of spatially arranged meta-
surfaces loaded with lumped circuits, ordinary omnidirectional antennas can
be reconfigured by the incident pulse width to exhibit directional character-
istics varying over hundreds of milliseconds or billions of cycles, far beyond
conventional performance. We demonstrate that the proposed concept can be
applied for sensing, selective reception under simultaneous incidence and
mutual communications as the first step to expand existing frequency
resources based on pulse width.

Wireless communication technologies have advanced at an acceler-
ated rate, especially in recent years, due in part to the increasing
demands for next-generation applications/services such as the Inter-
net of Things (IoT), fifth-generation mobile communication systems
(5G) and beyond 5G (B5G or 5G+), which manage a substantial
number of communication devices within a single network'?. In prac-
tice, communication devices are permitted to operate only in the
frequency resources assigned®™>. To effectively utilize the assigned
frequency resources, so far several modulation schemes have been
proposed to multiplex the data over the single channel by using fre-
quency, time or code divisions to increase the throughput and hence
accommodate more devices within the same wireless networks®’. For
instance, within a single wireless network using a given frequency

resource, different signals can be sent and received without inter-
ference depending on the modulation scheme used as a frequency,
time or code division multiple access system. In other words, mod-
ulation schemes introduce additional degrees of freedom to control
signals, enabling simultaneous communications and a more efficient
use of the limited frequency resources. From the hardware viewpoint,
various antennas have been developed and explored in depth to satisfy
certain requirements, including the physical dimensions, weight,
materials, and costs, while maintaining the expected antenna perfor-
mance metrics, such as radiation pattern, bandwidth, gain and desired
input impedance to be suitable for applications such as wireless sen-
sing, wireless power transfer, security and bioapplications®. In general,
these performance metrics vary depending on the frequency;
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conversely, antennas transmit/receive signals in the same manner at a
fixed frequency. However, if we were able to vary such performance
metrics at the antenna level itself by introducing an additional degree
of freedom, each network could accommodate more communication
devices without electromagnetic interference, making, thus, a sig-
nificant advancement in wireless communication technology.

To vary antenna performance, reconfigurability is a typical key
factor to consider. In fact, reconfigurable antennas are known to
exhibit radiation characteristics that can be varied by electrical,
mechanical (physical) or optical tuning mechanisms even at a constant
frequency’™. However, these mechanisms often rely on external
energy resources (e.g., direct current or DC power supplies) that
require regular maintenance and thus are not suitable for complicated
systems containing a large number of wireless communication devi-
ces, as expected, for instance, in advanced loT sensor networks for
industrial plants, healthcare services and smart houses and cities™". In
addition, the quest for the zero-power devices required by the current
energy/climate challenges is ever-growing. Therefore, we propose that
reconfigurable yet passive antennas will better satisfy the emerging
demands for next-generation wireless systems.

Such a passive reconfigurability may be artificially produced by
engineered subwavelength structures referred to as metamaterials™'
and metasurfaces” ™. These structures enable a straightforward
implementation of a variety of electromagnetic features, including
negative refractive indices™'*?° and extremely large impedance
surfaces”, by suitably designing subwavelength unit cells. In fact,
antennas designed with metasurfaces have shown extraordinary per-
formance/features even beyond conventional physical limitations,
such as miniaturization?, enhanced aperture efficiency?, ultrawide-
band radiation characteristics®?**, and super-resolution?. In addi-
tion, in wireless communications, metasurfaces serve as smart
reflective/transmissive surfaces to effectively control the commu-
nication characteristics, including bit error rates” >, or to convert an
incoming wave into a different wavefront'®'**21* A metasurface-
coating antenna has also been conceptually introduced to reduce the
level of interference and provide additional physical layer security in
wireless communications™.

These metasurfaces artificially produce tailored electromagnetic
properties but static or invariable responses with linear media.
To realize reconfigurability nonlinear metasurfaces have been
introduced®*~’, which give an additional state of impedance or elec-
tromagnetic properties at the same frequency even without external
DC power supplies or in a passive manner***’, For instance, meta-
surfaces embedded with Schottky diodes were recently reported to be
capable of discriminating between different waves by sensing the
waveforms or, more specifically, the pulse widths***’. The antenna
design enabled by introducing such waveform-selective metasurfaces
may allow an additional degree of freedom that can provide high
throughput to receive/transmit/sense electromagnetic waves in a nar-
row frequency band as opposed to conventional antennas that require
awide frequency band. Potentially, the selectivity of pulse width can be
exploited for sharing the same frequency resources to increase the
number of wireless communication devices within a single network.

Several studies have validated that radiation characteristics vary in
accordance with the pulse width**%, However, those studies were lim-
ited to numerical simulations without any experimental validation. In
addition, none of the previous studies considered more than one inci-
dent wave source since overlapping pulses were recognized as a single
combined pulse that could not be separated by conventional waveform-
selective metasurfaces**™*®, Moreover, in ordinary communication
environments, multiple signals propagate at the same time, which, in
practice, constrains waveform-selective performance®’. For these rea-
sons, both numerical and experimental validations are necessary for
alternative passive reconfigurable antenna design to independently
address multiple signals at the same frequency and at the same time.

Here, we present a new antenna paradigm based on waveform-
selective metasurfaces that permit antenna characteristics to be sui-
tably reconfigured for different waves without external energy
resources. In particular, we demonstrate the realization of such
advanced control by spatially constructing different types of
waveform-selective metasurfaces as non-uniform waveform-selective
metasurfaces around a single omnidirectional antenna. Due to this
spatial configuration, our design is both numerically and experimen-
tally proved to be capable of selectively receiving/transmitting pulsed
surface waves and free-space waves at the same frequency and at the
same time in a passive manner. To this end, first we present a design of
a fundamental single-line system where one of the three types of
waveform-selective metasurfaces is deployed as a straight line
between two grounded monopole antennas to control surface wave
propagation. These waveform-selective metasurfaces are based on
periodic hexagonal conducting patches that transmit/absorb surface
waves depending on the frequency and pulse width. These three types
of waveform-selective metasurfaces are then integrated as a combined
selective multiline system to vary the direction of surface wave pro-
pagation over an entire 2D surface, which confirms that our systems
have variable radiation characteristics at the same frequency. We also
show that the proposed concept can be extended to design a selective
system for free-space wave control by assembling a monopole antenna
with waveform-selective metasurfaces based on slit (or slot) structures
to selectively radiate signals in free space. Moreover, we present three
specific applications to steer a main beam as a passive variable sensor,
to receive a signal under simultaneous incidence, and to build a mutual
selective communication system without a frequency change or an
external energy source. Thus, our study advances the design concept
of antennas and wireless communication environments at the same
frequency by using a new degree of freedom, the pulse width.

Results

Theory

The proposed antenna concept is based on waveform-selective
metasurfaces as explained below. Waveform selectivity refers to an
electromagnetic response that is strongly coupled to the transient
responses observed in fundamental electric circuits, more specifically,
DC circuits**™*. Because of this coupling, the difference in between
pulses can be sensed by waveform-selective metasurfaces, a property
which can be used to vary wave propagation as well as antenna char-
acteristics. The left panel of Fig. 1a shows two grounded monopole
antennas linked by a metasurface line composed of nine unit cells,
each of which is connected to a neighboring cell by a diode bridge
(Supplementary Fig. S1 and Supplementary Tables S1 and S2 contain
the specific design parameters). Consistent with other ordinary
metasurfaces”, this structure strongly responds to an incoming sur-
face wave at a resonant frequency, concentrating induced electric
charges near the gaps between conducting patches. However, the
rectification performed by the diode bridges generates an infinite set
of frequency components, including a zero-frequency component,
which dominates over any other frequencies. Therefore, transient
circuit responses appear even at a constant frequency by deploying
additional lumped components such as a resistor paired by a capacitor
or an inductor*”*. Specifically, the capacitor-based (C-based)
waveform-selective metasurface using the top circuit of Fig. 1b stores
pulsed energy in capacitors at first and later dissipates it in the resis-
tors. Importantly, this absorption performance decreases at steady
state because the capacitors are fully charged. As a result, a long sur-
face wave propagates over the C-based waveform-selective metasur-
face more strongly than a short pulse does. In contrast, the inductor-
based (L-based) waveform-selective metasurface using the middle
circuit of Fig. 1b exhibits poor absorptance during an initial time period
due to the electromotive force of the inductors. Hence, a short
pulse can be effectively transmitted. However, this force gradually
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Fig. 1| Fundamental Single-Line System. a Simulation model and measurement
sample. Ordinary grounded monopole transmitters (Tx) and receivers (Rx) were
connected by waveform-selective metasurface lines to vary surface wave propa-
gation and exhibit ultratransient responses at the same frequency. b Circuit con-
figurations for C-based, L-based and parallel waveform-selective metasurfaces.
Design parameters are seen in Supplementary Fig. S1, Supplementary Tables S1and
S2. ¢ Simplified equivalent circuit concept representing the two monopole anten-
nas (Tx and Rx) connected by the waveform-selective metasurface line. d Simulated
reflectance of the monopoles and normalized spectrum of a 50-ns sine wave pulse
of 2.42 GHz. e Simulated transmittances between the antennas connected by (left)

C-based, (center) L-based, and (right) parallel-type waveform-selective metasurface
lines as a function of frequency with a 10 dBm input power. In the legend, CW
represents a continuous wave as a sufficiently long pulse, while Pulse indicates a
50-ns-long short pulse (see Supplementary Fig. S6 for a comparison to an inter-
mediate pulse of 300 ns). f The corresponding transient transmittances at 2.4 GHz
in the (left) simulation and (right) measurement (also see Supplementary Fig. S6 for
simulated transmittances with variation of pulse width). g Measured results using
larger capacitances for the C-based waveform-selective metasurface line. C was
increased from 1 to 1 pF and 100 pF.
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disappears because of the zero frequency originated by the diode
bridge rectification so that a long pulse is strongly absorbed by the
L-based waveform-selective metasurface. Moreover, the two types of
circuit configurations can be combined in parallel as a parallel-type
(parallel) waveform-selective metasurface (see the bottom of Fig. 1b),
which strongly absorbs both a short pulse and a continuous wave
(CW). In this parallel waveform-selective metasurface, the absorption
is high during an initial time period and gradually decreases since the
capacitor is charged up. The absorption then increases again due to
the decrease of the electromotive force of the inductors. Therefore, an
intermediate pulse is weakly absorbed and thus transmitted over the
parallel waveform-selective metasurface. Thus, these three types
of waveform-selective metasurfaces (i.e., C-based, L-based, and parallel
waveform-selective metasurfaces) can be used to control incident
waves in different manners depending on both frequency and
pulse width. It is noted that the transient responses of these three
circuit types are predictable by a DC circuit simulation as well as by
using analytical calculation® (see Supplementary Fig. S2). The time
constants of the exponentially varying voltages as well as their trends
can be determined at will, hence facilitating the designs of the
waveform-selective metasurfaces.

Surface wave control has been broadly reported and exploited in
antenna applications, while most of them deal with frequency selec-
tivity only*®>*. In contrast, here we propose a waveform-selective
metasurface to control surface waves such that eventually different
signals from three antennas can be differentiated even though the
signals arrive simultaneously at the same frequency. As the first step,
the concept of our antennas can be simplified by the equivalent circuit
drawn in Fig. 1c. In this figure, a transmitting antenna (Tx) is represented
by an alternating current (AC) source, a switch, and input impedance 7,
while the impedance of a receiver (Rx) is represented by Z;. In addition,
Zr accounts for the rest of the energy, e.g., the energy traveling to free
space. The energy received by the receiver, however, varies depending
on the transmission line> between the two antennas, which is deter-
mined by the waveform-selective metasurface line. Note that, for the
sake of simplicity, the equivalent circuit here does not include addi-
tional circuit components to describe other effects, including the
coupling between antennas and the waveform-selective metasurface.
Nonetheless, these additional effects are fully considered by electro-
magnetic simulations as will be shown in the later parts of this study.

The transmission between the two antennas can be more pre-
cisely calculated by using other methods, such as ABCD matrices and
the Friis transmission equation®. However, one may intuitively under-
stand from the simplified equivalent circuit of Fig. 1c that the amount
of energy transmitted to the receiver depends not only on Z, and Z;
but also on the transmission line in between, which is determined by
the type of waveform-selective metasurface and varies in behavior with
the incident pulse width. In addition, connecting more metasurface
lines to the transmitter potentially influences the radiation direction
from the transmitter. In this manner, we propose that omnidirectional
antennas can be reconfigured to be time-varying directional antennas,
as demonstrated below.

Fundamental single-line system

First, we numerically designed and evaluated waveform-selective
metasurfaces using a co-simulation method of ANSYS Electronics
Desktop 2020R2 (see “Simulation Method” of the Methods Section
and Supplementary Fig. S3), which were experimentally validated (see
“Measurement Samples” and “Measurement Methods” of the Methods
Section and Supplementary Fig. S4). In the absence of waveform-
selective responses, the monopole antennas used in Fig. 1 were
numerically adjusted to efficiently radiate signals at ~2.4 GHz, as shown
in Fig. 1d. However, the transmittance varied depending on the inci-
dent pulse width, as explained above and numerically demonstrated in
Fig. le (see Supplementary Fig. S5 for power dependence and

Supplementary Fig. S6 for pulse-width dependence). In particular, our
waveform-selective metasurfaces were also designed to operate at
~2.4 GHz by properly choosing design parameters including the con-
ducting dimensions, substrate thickness, etc. Importantly, the pulsed
sine waves used in this study (simply called pulses below) had very
narrow spectra compared to the bandwidths of both the antennas and
the waveform-selective metasurfaces, as shown in Fig. 1d (cf. the
bandwidth of the pulse in Fig. 1e). This ensured that our antennas did
not rely on the difference in the frequency spectrum of pulsed sine
waves to change the transmission characteristics. With a limited power
level, these metasurfaces showed the same transmittance in the time
domain, as their diodes had not yet been turned on (Supplemen-
tary Fig. S7).

However, by increasing the input power to 10 dBm, each type of
waveform-selective metasurface maximized transmittance at a differ-
ent time period even at a fixed oscillating frequency of 2.4 GHz
because of their transient, waveform-selective absorbing mechanisms.
For instance, as seen in the left panel of Fig. 1f, when the L-based,
parallel and the C-based waveform-selective metasurfaces were used
between the transmitter and the receiver, a transmittance peak
appeared near 30 ns, 300 ns and 10 ps, respectively. In other words,
most of the energy of a short pulse, an intermediate pulse and a long
pulse can be effectively transmitted by the L-based, the parallel, and
the C-based waveform-selective metasurfaces, respectively. Such
transient transmittance was experimentally observed but with a small
frequency change to 2.42 GHz as shown in the right panel of Fig. 1f (see
Fig. 1a for one of the measured samples and Supplementary Fig. S8 for
the frequency characteristics). Compared to the simulation results (the
left panel of Fig. 1f) where each transmittance peak was at least 10 dB
larger than the transmittances of the other curves, in the measurement
results (the right panel) the vertical gaps between the transmittance
peaks and the second highest transmittances were reduced to smaller
values. This was in part because the lumped circuit components were
soldered by hand, which led to a difference in the amount of the solder
used and thus resulted in minor frequency shifts. With small frequency
adjustments less than 40 MHz, larger contrasts between the three
transmittances were experimentally obtained in Supplementary
Fig. S9. More details are seen in Supplementary Figs. S10 and S11. Note
that these waveform-selective mechanisms can be characterized by the
values of the circuit elements, such as capacitance and inductance®.
For instance, the C-based waveform-selective metasurface shown in
the right panel of Fig. 1f was used again in Fig. 1g but with C increased
from 1to 1 uF and 100 pF. As a result, the transient response appeared
even over the order of several hundred milliseconds, which corre-
sponds to billions of cycles (see Supplementary Fig. S12 for related
simulation results). Note that this ultratransient response was readily
designed and experimentally validated by replacing discrete capacitor
components of the C-based waveform-selective metasurfaces (i.e.,
replacing C of Fig. 1b with a larger capacitance). The other types of
waveform-selective metasurfaces can operate in a similar time period
by using larger circuit component values. Theoretically, conventional
antennas without waveform-selective metasurfaces may be able to
achieve the same performance by using an extremely large quality
factor®®. Realistically, however, this mechanism becomes ineffective
due to the presence of even a minor lossy component.

Combined selective multiline system

Next, we numerically and experimentally demonstrated that the pro-
pagation direction of the transient antenna design introduced in Fig. 1
can be readily extended by increasing the number of variable trans-
mission lines, namely, the number of waveform-selective metasurface
lines. Figure 2a shows that a transmitting antenna expressed by an AC
source, a switch and input impedance Z, is connected to three variable
transmission lines Z¢, Z;, and Zp representing C-based, L-based, and
parallel waveform-selective metasurface lines, respectively. Z;, Z,, and
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a Extended equivalent circuit concept using additional waveform-selective meta-
surface lines to selectively transmit signals. Three variable transmission lines Z, Z;,
and Zp represented C-based, L-based and parallel waveform-selective metasurface
lines, while Z;, Z,, and Z; were impedances of three receivers Rx1, Rx2, and Rx3.

b Monopole transmitter connected by all three types of waveform-selective
metasurface lines. ¢ (left) Simulated and (right) measured transmittances to Rxl,
Rx2, and Rx3. The frequency was set to 2.36 GHz and 2.45 GHz in the simulation and
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measurement, respectively, while the input power was fixed at 15 dBm in both
cases. d Image of a prototype with three waveform-selective metasurfaces fully
extended on a 2D surface to vary radiation characteristics over the entire surface.
e Corresponding measured transmittances at 2.24 GHz with 23 dBm. Note that the
2D metasurface case had a lower operating frequency due to a higher number of
electronic circuits soldered to hexagonal patch sides, which introduced more
parasitic elements.

Z3 denote the impedances of the three receivers. This concept is spe-
cifically realized by the schematic and the measurement sample of
Fig. 2b, where the three lines used in Fig. 1f are connected to forma 'Y
shape. In this design, the transmitter is positioned at the center to
transmit a signal to the three receivers at the terminals of the meta-
surface lines. Figure 2c shows both numerically and experimentally
that each receiver featured a maximum transient transmittance at a
different time period since each waveform-selective metasurface line
efficiently transmitted the signal during a different time slot.

As another planar scenario, hexagonal patches were fully
deployed on a conducting ground plane to demonstrate that radiation
characteristics can be changed over the entire 2D surface in Fig. 2d.
This structure had a transmitting monopole and three types of
waveform-selective metasurfaces, as shown in the Y-shaped structure
in Fig. 2b. However, each waveform-selective metasurface occupied
one-third of the area around the transmitter so that the surrounding
waveform-selective metasurface was changed by every 120° of refer-
ence angle to the transmitter. Under these circumstances, due to the
presence of the different waveform-selective metasurfaces, the surface
wave generated by the omnidirectional transmitter was expected to
propagate over the ground plane unidirectionally, unlike conventional
static metasurfaces”**. As shown in Fig. 2e, the change in the radiation
pattern of the transmitter was measured with the simplified method
using three monopole receivers. In such transmittance measurements,
an average transient transmittance peak first appeared between 0.01
and 0.1 ps in the L-based waveform-selective metasurface receiver area
(Rx3), and then another such peak appeared between 0.1 and 1ps in

the parallel waveform-selective metasurface receiver area (Rx2).
Finally, a larger transient transmittance was measured in the C-based
waveform-selective metasurface receiver area (Rx1) at ~10 ps. These
results indicate that most of the energy of a short pulse, an inter-
mediate pulse and a long pulse can be effectively radiated to the
directions of the L-based, the parallel, and the C-based waveform-
selective metasurfaces, respectively. As fundamentally demonstrated
in Figs. 1 and 2, these results confirm that the use of non-uniform
waveform-selective metasurfaces can provide an additional degree of
freedom to control surface waves and vary radiation characteristics
even at the same frequency. Note that our antenna designs demon-
strated in Fig. 2 were spatially constructed with different waveform-
selective metasurfaces. This means that our antennas used the spatial
dimensions as an additional degree of freedom, which is later exploi-
ted to selectively distinguish different waves even under simultaneous
incidence.

System for free-space wave control

To demonstrate the applicability to waves propagating in a wireless
network or in free space, we also show that the proposed concept can
be used to design a selective system for free-space wave control, as
illustrated in Fig. 3a. In this figure, as seen in Fig. 2a, a transmitter is
represented by an AC source, a switch and input impedance Zp. In the
case of free-space wave control, however, C-based, L-based, and par-
allel waveform-selective metasurfaces are used as simple planar layers
in parallel to the transmitter and, thus, represented by variable
shunt impedances Z, Z;, and Zp instead of transmission lines that
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30 dBm (see Supplementary Fig. S16 for frequency-domain profiles). d Experi-
mental sample designed based on the simulation model above. e Experimental
measurement results at 3.85 GHz with 30 dBm. f Schematic for measurement of the
antenna radiation pattern where the metasurface hexagonal prism was rotated
counter clock-wise forming an angle ¢ to the Tx-Rx line. In the current schematic
@ =60°. Also, in this schematic, the C-based, L-based and parallel waveform-
selective metasurface panels were represented by the same colors as the ones used
in (b). g Time-varying radiation patterns of the metasurface antenna in (left) polar
coordinate system and (right) Cartesian coordinate system, where the right axis
represents a comparison to ideal directive condition. Detailed information on the
ideal directive condition is presented in Supplementary Fig. S17.
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correspond to free space. Z;, Z,, and Z3, similarly, are the impedances
of the three receivers, respectively. To specifically design such a sys-
tem, a transmitting monopole antenna (18 mm tall) is surrounded by a
set of waveform-selective metasurface panels in Fig. 3b. Note that, for
simplicity, this scenario used a ground plane and the mirror image of
the monopole to readily evaluate the radiation characteristics of a
dipole antenna suspended in free space, unlike the surface wave cases
in Figs. 1 and 2. The waveform-selective metasurfaces used in Fig. 3b
were based on slit (or slot) structures**”” and, thus, designed to
strongly transmit incoming signals at a resonant frequency (see the
structure and frequency characteristics in Supplementary Figs. S13
and S14, respectively, and the design parameters in Supplementary
Tables S3 and S4). However, this resonant mechanism was either
maintained or disrupted depending on the three types of waveform-
selective metasurfaces used (two panels each, as shown in Fig. 3b).
Note that even though the overall metasurface size in two panels was
comparable to the wavelength (the dimension was equivalent to
0.9Ax0.65\) the single meta-atoms are subwavelength (-0.25\).
Thus, the metasurface effectively worked as a homogenized surface
for the monopole antenna®-*.

To observe the change in radiation characteristics in a simple
manner, we used three monopole receivers placed in front of each
waveform-selective metasurface (see Supplementary Fig. S15 and
Supplementary Tables S5 and Sé6 for details and design parameters).
Under this circumstance, the waveform-selective metasurface-based
antenna steered the main lobe of the radiation by increasing the input
power to 30 dBm at 3.85GHz, as plotted in Fig. 3c (the frequency
dependences are presented in Supplementary Fig. S16). Note that
compared to the surface wave demonstrations seen in Figs. 1 and 2,
this configuration used a higher frequency near 3.85 GHz instead of the
frequency region near 2.4 GHz to reduce the dimensions of the mea-
surement setup. At first, the signal was most efficiently radiated out of
the panels containing the L-based waveform-selective metasurfaces, as
obtained by Rx1 in Fig. 3b and shown by the black curve in Fig. 3c.
Then, the L-based waveform-selective metasurface gradually reduced
the transmittance, but the parallel waveform-selective metasurface
started strongly transmitting the signal, where Rx2 measured the lar-
gest transmittance near 1 ps (see the red curve in Fig. 3c). This large
transmittance, however, then decreased, while the C-based waveform-
selective metasurface eventually maximized the transmittance, as
shown by the blue curve in Fig. 3c.

Next, we compared the simulation results with measurement
results. The simulated results in Fig. 3c were entirely consistent with
the measurements of the sample shown in Fig. 3d, as plotted in Fig. 3e,
except minor discrepancies in, for instance, the magnitude of trans-
mittance and shift of time scales. Such discrepancies arose primarily
due to the presence of some additional factors in the experimental
case, including extra parasitic circuit components. Nonetheless, these
measurements ensured the experimental feasibility of the proposed
concept for free-space waves.

Furthermore, to experimentally visualize the radiation pattern
over a 2D plane, we rotated the hexagonal metasurface prism of Fig. 3d
every 10° while monitoring the transmittance from a monopole
receiver in a far-field distance as seen in Fig. 3f. Consistent with the
above simulation and measurement results, the radiation patterns
plotted in Fig. 3g indicated that the maximum antenna directivity was
achieved towards three different angles depending on the time period
of the signal. The radiation pattern also clarified that the corner
direction of each metasurface panel gave the highest transmittance as
seen, for example, in 0.02 ps (the black lines in Fig. 3g), where the
maximum transmittance was observed at 60° angle corresponding to
the corner direction of the L-based waveform-selective metasurface
panels. The side-lobe level in this time was 10 dB lower than the peak,
indicating that receiving antennas located in other directions would
receive low-intensity signals from the transmitter (see Supplementary

Fig. S17 for the full-time-varying far-field pattern). Besides the above 2D
far-field profile, to get a clearer picture of interference paths, such as
crosstalk, we have estimated the coupling from the transmitter to a
receiver via the other two external antennas, and the result is shown in
Supplementary Fig. S18. The calculated crosstalk was much lower than
the power through the main path while in the measurement they dif-
fered by at least 20 dB.

As a reference result, Supplementary Fig. S19 shows simulation
results where all the transmittances remained the same and constant
when the input power level was not large enough to turn the diodes on.
In addition, Supplementary Fig. S20 represents the simulation results
using only one of the three waveform-selective metasurfaces for all six
panels. As shown in Supplementary Fig. S20, transient transmittance
varied if the incident power was sufficiently large, but all the receivers
received the same amount of energy, which indicates that the radiation
characteristic was transient but omnidirectional. Note that as men-
tioned in Fig. 2, the antenna design of Fig. 3 was also spatially con-
structed with different waveform-selective metasurfaces. In other
words, spatial dimensions were used as an additional degree of free-
dom, which plays an important role to separate different pulsed signals
even at the same time as demonstrated in the following part of our
study. Also, as mentioned in Fig. 2, the results of Fig. 3 indicate that
most of the energy of a pulsed signal is effectively radiated to different
directions depending on the pulse width (e.g., a short pulse to the
direction of the L-based waveform-selective metasurface receiver).

Passive variable sensor

Now that we have so far designed and validated the antennas to vary
radiation characteristics at the same frequency depending on the pulse
width of a surface wave and a free-space wave, we use the proposed
metasurface-based antennas in three different situations to explore
how such ultratransient directional antennas can be used for practical
applications, even under the restriction of a single frequency band due
to a limited frequency resource. In Fig. 3, the antenna was shown to
steer the main lobe or transmit a signal to different receivers, which fits
in existing wireless communication environments to vary the radiation
characteristics and avoid electromagnetic interference. However, we
propose an additional application using the reflected waveform of the
transmitted signal to detect a scattering object as a passive yet variable
sensor. As shown in Fig. 4a, a copper plate (51 mm tall and 70 mm wide)
was placed in front of the antenna shown in Fig. 3. Note that
we changed the location of the copper plate, which also influenced the
reflectance in the time domain as the radiation characteristics of
the antenna depend on the pulse width. Therefore, these results
were compared to the reflectance without the copper plate to detect
the difference in between and where the plate was positioned.

Under these circumstances, as shown in Supplementary Fig. S21a
and more clarified in Fig. 4b, the transient reflectance experimentally
increased during different time slots depending on the conductor
position. Specifically, in contrast to the result obtained without the
copper plate (Supplementary Fig. S21a), when the copper plate was
located in front of the L-based waveform-selective metasurface panels,
which efficiently radiated an electromagnetic wave during the initial
time period, there was a larger transient reflectance until 0.2 ps.
Similarly, the transient reflectance increased at ~1 s and 10 pus when
the plate was positioned in front of the parallel and C-based waveform-
selective metasurface panels, respectively. These differences in
reflectance appeared even if more than one copper plate were
deployed, as demonstrated in Fig. 4c and Supplementary Fig. S21b. As
seen in the black curve of Fig. 4c, for instance, a reflectance increased
during an initial time period and near 1ps, when two copper plates
were positioned in front of the L-based and parallel waveform-selective
metasurfaces, since they independently increased transmittance dur-
ing these time slots. These results indicate that multiple objects can be
sensed by using several types of waveform-selective metasurfaces or
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Fig. 4 | Passive variable sensor to detect the location of scattering objects.

a Antenna system used in Fig. 3 in close proximity to a copper plate (70 mm wide
and 51 mm tall). The distance between the copper plate and the closest waveform-
selective metasurface panels was set to 1.0 cm as a default value. The frequency and
power were 3.85 GHz and 30 dBm, respectively. b Measurement results when the
copper plate was deployed in front of either the C-based, L-based, or parallel
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waveform-selective metasurface panels. Additional measurement results using two
copper plates with (c) the same distances and (d) different distances. d The dis-
tance between one of the copper plates and the L-based waveform-selective
metasurface was set to either 1.0 cm or 9.4 cm, while the distance between another
plate and the parallel waveform-selective metasurface was fixed at 1.0 cm.

non-uniform waveform-selective metasurfaces. Moreover, the dis-
tances between the copper plates and these waveform-selective
metasurfaces were changed in Fig. 4d and Supplementary Fig. S21c.
As seen in Fig. 4d, the increase in reflectance was relatively limited
during an initial time period when the distance between one of the
copper plates and the L-based waveform-selective metasurface
increased. In contrast, the gap between the two curves in Fig. 4d was
relatively small near 1 ps, since the distance of another copper plate to
the parallel waveform-selective metasurface was fixed. Thus, these
results demonstrate that the distance to a scattering object can be
detected from the difference in reflected waveforms. Additional
results are seen in Supplementary Fig. S22. In this figure, reflectances
are shown as a function of the distance between the monopole antenna
and a copper plate.

In conventional methods to detect the direction of a scattering
object, an antenna or a sensor (or a radar) usually changes its direction
or posture as seen in parabolic antennas, adjusts the input phase as
seen in phased arrays or sweeps the frequency component as a chirp
signal®. Without any of these active changes, however, our waveform-
selective metasurface-based antennas can potentially detect the loca-
tion of scattering objects since the antennas keep varying their main
lobes depending on pulse width, which is exploited as a new degree of
freedom in wireless communications. Also, the proposed method only
used a single transmitter unlike phased arrays composed of several
radiating elements and phase shifters or adjustment components.
Moreover, no duplexer was needed to perform detection even though
only a single antenna was used. It is noted that our prototype here
preferentially selected only three different angles. To increase the

angular resolution, the metasurface can be arranged as a polygon with
a higher number of sides that are associated with different waveform-
selective functionalities. The metasurface antenna here detected
objects and instantly differentiated their distances, while the detection
reliability was limited by the noise floor as seen in Fig. 4d. Therefore,
the performance can be improved by several factors including the
number of sides, complexity in the circuit realization and the mono-
pole antenna setups.

Selective reception under the simultaneous incidence
The second application is the selective reception of simultaneous
incidences. From the viewpoint of efficient communication
systems/environments, many signals may travel at the same time to
increase the entire spatial data transfer rate. However, none of the
waveform-selective metasurfaces that have been reported thus far
is capable of distinguishing different pulsed waves if the signals
arrive at the same time since the pulses are received as a single
combined signal****®, We addressed this issue in Fig. 5, where the
central grounded monopole (effectively dipole) shown in Fig. 3 was
placed near different types of waveform-selective metasurfaces that
were spatially constructed to face different directions. This implies
that our configuration exploited spatial dimensions as an additional
degree of freedom (see Fig. 3a). Therefore, the proposed antenna
design can be used for selectively receiving a pulsed signal from a
particular incident angle.

Figure 5a shows the simulation model tested using the same
configuration as that in Fig. 3 but using the central antenna as a
receiver and the three external antennas as transmitters, each of which
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Fig. 5 | Selective reception under simultaneous incidences. a Simulation model
using three external monopoles as transmitters. The center monopole selectively
received different signals due to the presence of different waveform-selective
transmitting metasurfaces. Frequency and input power were 3.85 GHz and 30 dBm,
respectively. b Transmittances using (left) only one external transmitter and (right)
more than one external transmitter. ¢ Received voltages in different time slots.

d Experimental sample and corresponding (e) transmittances and (f) received
voltages with input power adjusted to 36 dBm. The distance between the trans-
mitters (Tx1-Tx3) and the receiver (Rx) was 70 mm. Additional simulation results
are shown in Supplementary Fig. S23, where the distance between the transmitters
and the receiver was increased to 200 mm to represent a more realistic far-field
distance.

generated a sine wave of 3.85GHz (30 dBm) with a different phase
offset, specifically, —120, 0, and +120° for Tx1, Tx2, and Tx3, respec-
tively. In this case, if the three signals have the same input power level,
the total power received at the central receiver becomes ideally zero

(or practically low) since the three incident signals cancel out each
other, unless these signals are selectively filtered by waveform-
selective metasurfaces. Therefore, the phase offset of the external
transmitters clarify which signal dominated others even at the same
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frequency, as well as the direction of the signal source. In addition, the
distance between the central receiver and the external transmitters
was reduced to ensure a sufficiently large input power for the mea-
surements (see Supplementary Fig. S23 using the previous far-field
distance).

First, when only one of the transmitters generated a signal, the
simulation result was obtained, as plotted in the left panel of Fig. 5b.
According to this result, transient transmittance was maximized dur-
ing different time ranges, depending on which transmitter sent the
signal. In addition, when more than one transmitter was activated,
multiple transmittance peaks appeared, as plotted in the right panel of
Fig. 5b. In particular, the three-source case turned out to follow the
largest values among the three individual curves (see the left panel of
Fig. 5b). To more clearly analyze the primary signal source, the voltage
of the received signal was investigated in the time domain. According
to the phases calculated in Fig. 5c (or the time of zero voltage), only
one of the three signals was found to be relatively dominant across
three time periods (i.e., ~0.05, 0.45, and 10 ps). This result indicates
that by combining non-uniform waveform-selective metasurfaces with
angular (or spatial) characteristics, different signals can be selectively
received at the same frequency, even if the signals enter the proposed
antenna at the same time. In addition, experimental validation is pro-
vided in Fig. 5d-f. In these measurements, basically we used the same
conditions as the ones applied to the simulations in Fig. 5a-c, except
for the input power adjusted to 36 dBm (see the detailed measurement
method in Supplementary Fig. S24 and “Measurement Methods” in the
Methods Section). First, as seen in Fig. 5b, the measurement results
seen in Fig. S5e showed similar transmittance peaks with minor shifts in
the time domain due to several factors including the absence of solder
and some additional parasitic circuit parameters that were not fully
included in the simulations and affected the time constants of Fig. Se.
Despite these time-domain shifts, however, a single transmitted signal
was found to dominate over the others, as shown in Fig. 5f. When all the
three transmitters generated signals, the magnitude of the transmitted
voltage slightly changed due to the interference between all the three
signals. However, the phase remained almost the same as that of each
dominant signal. These results experimentally confirm that the pro-
posed antenna is capable of selectively receiving different pulses even
under simultaneous incidences. Note that, as mentioned above, con-
ventional design of waveform-selective metasurfaces or related
antennas suffered from the fact that multiple pulsed signals arriving at
the same time appeared as a single combined pulse that could not be
distinguished by previous waveform selectivities. However, this
drawback is overcome in the proposed antenna design concept by
using spatial dimensions as an additional degree of freedom.

Mutually selective communication system

As the third application, we show that waveform selectivity can be
exploited by multiple antennas to design a mutually pulse-width-
selective communication system. In Figs. 3 and 5, only one antenna was
permitted to selectively transmit/receive a pulsed signal in accordance
with the pulse width. In contrast, the system proposed here is one step
closer to a realistic wireless communication environment where ideally
several antennas are expected to transmit and receive signals at the
same time to increase the data transfer rate of the entire space. To
realize such a system, the waveform-selective metasurface panels used
only for a transmitter in Fig. 3 can be deployed for the three external
antennas, since these external antennas are also given waveform-
selective radiation characteristics, which means that mutually pulse-
width-selective communications are established between any pair of
antennas.

For simplicity, such a communication system was demonstrated
using surface waves together with the three waveform-selective
metasurface lines used in Fig. 2b. However, the three metasurface
lines were combined to form a triangle shape instead of a Y shape in

Fig. 6a. Each corner had a grounded monopole so that all the paths
between the three antennas were connected by either a C-based, an
L-based or a parallel waveform-selective metasurface to independently
use different types of waveform selectivities without severely inter-
fering with the other paths. In addition, the antennas were pro-
grammed to generate a sine wave (10 dBm at 2.36 GHz) with a phase
offset of -120, O or +120°.

Under these circumstances, when only one of the three antennas
generated a signal, the transmittances to the other two receivers were
maximized in different time slots, as shown in Fig. 6b. This demon-
strates selective transmission to the receiving antennas. In addition,
Fig. 6¢c shows that different signals were selectively received in dif-
ferent time ranges. In other words, the communication system shown
in Fig. 6a exhibited not only the selective transmission capability (as
presented in Figs. 2 and 3) but also the selective reception capability
(as shown in Fig. 5), both of which were observed in every single
antenna element of Fig. 6a.

The proposed system was experimentally validated using the
measurement sample of Fig. 6d and the method introduced in Fig. 5
(see Supplementary Fig. S24). As a result, similar trends were obtained
in Fig. 6e, where signals were selectively transmitted to receivers. In
addition, two transmittance peaks appeared in each case of Fig. 6f even
if two signals were simultaneously excited. Note that the locations of
the two peaks were close to the peaks of the single source cases (i.e.,
compare the blue curves to the black and the red curves). These
measurement results showed minor differences with the simulation
results in Fig. 6b and Fig. 6¢ in terms of the magnitudes of the trans-
mittances and the locations of the transmittance peaks. Nevertheless,
the proposed mutually pulse-width-selective communication system
was both numerically and experimentally validated. It is noted here
that the response of the parallel waveform-selective metasurface was
important in enabling the proposed mutually selective communication
concept, since it provided a time range to design a variable directive
transmission. Similarly, as discussed in Figs. 4 and 5, the parallel
waveform-selective metasurface also contributed to the realization of
an angle-resolved sensing system and a space-time selective surface
under a continuous incidence, which would otherwise be impossible to
realize the same feature using only L-based and C-based waveform-
selective metasurfaces.

Discussion

In this study, we demonstrated a proof-of-concept of pulse-driven self-
reconfigurable antennas that contained several types of waveform-
selective metasurfaces. Despite their simple configurations, the pro-
posed antennas enabled successful variation of the antenna char-
acteristics depending on the pulse width even at the same frequency.
Specifically, Fig. 1 and Fig. 2 showed antennas generating surface waves
that propagated in accordance with pulse width, while Fig. 3 demon-
strated how free-space wave radiation changed at a constant fre-
quency. However, in order to facilitate the application of the proposed
antennas, performance may need to be further optimized. For
instance, Fig. 4 showed the application of a prototype antenna to sense
a scattering object by varying the pulse width. This sensing capability
was limited due to reflection from the waveform-selective metasurface
panels since only one of the three types of panels permitted a signal to
radiate out, while the other two types reflected the signal to the
transmitting monopole, which appeared as a relatively strong reflec-
tion (see the results without copper plates in Supplementary Fig. S21).
This performance can potentially be improved by introducing strong
nonreciprocity into the waveform-selective metasurfaces*®. In this way,
the signal from the transmitting antenna would pass through the
metasurfaces, but only the propagation from the outside to the
antenna (only the wave reflected from the outside) would be selec-
tively filtered so that the reflectance curve without the conductor plate
in Supplementary Fig. S21 is significantly lowered to recognize objects
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Fig. 6 | Mutually pulse-width-selective communication system. a Simulation
model using three antennas connected by either C-based, L-based or parallel
waveform-selective metasurface line. The frequency and input power were set to
2.36 GHz and 10 dBm, respectively. b Simulation results of transmittances from
(left) antenna 1, (center) antenna 2, and (right) antenna 3. ¢ Simulation results of

transmittances to (left) antenna 1, (center) antenna 2, and (right) antenna 3.

d Measurement sample. The frequency and input power were set to 2.38 GHz and
15 dBm, respectively. e Measurement results of transmittances from (left) antenna
1, (center) antenna 2 and (right) antenna 3. f Measurement results of transmittances
to (left) antenna 1, (center) antenna 2, and (right) antenna 3.

that require much higher sensitivities. In addition, our antennas relied
on the diodes of commercial products. For this reason, the minimum
power and dynamic range to achieve waveform selectivities or exploit
pulse-driven reconfigurability were limited, as the diodes used had a
turn-on voltage and a break-down voltage of finite values (0.3 V and
7.0V, respectively). Between these voltages, diodes can be used to
rectify incoming signals and achieve waveform-selective antenna per-
formance. In particular, the turn-on voltage is important in wireless
communications. In Fig. 3, for example, the incident power level was

set to 30 dBm, which was much higher than ordinary communication
signal levels (e.g., =70 dBm). Within the choice of commercial pro-
ducts, Schottky diodes as used in this work have a lower turn-on vol-
tage than PIN diodes, but have higher equivalent resistance that
potentially adds an ohmic loss leading to a reduced radiation effi-
ciency. Enhanced performance can be achieved by using advanced
semiconductor technologies, such as the latest microfabrication pro-
cess, especially to lower the turn-on voltage of the diodes. Moreover,
we note that compared to the simulation results, the measurement
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results showed a reduced transmittance or a reduced efficiency due to
parasitic losses introduced during the fabrication process such as
soldering of the surface mount devices (SMD). In Supplementary
Fig. S25, we estimated the reduced transmittance by deliberately
adding parasitic losses in the simulation and showed that an additional
100-Q series resistance yielded a comparable transmittance profile to
the measurement. To enhance the efficiency of the metasurface, a
reliable fabrication process may be used to minimize the parasitic
losses from SMD soldering. Despite the possibility of improving per-
formance, the concept of the proposed antenna designs provides a
new degree of freedom to control electromagnetic waves or wireless
communication signals even at the same frequency which has not been
shown previously. This was demonstrated here as selective transmit-
tersin Figs. 1-3, a passive variable sensor in Fig. 4, a selective receiver in
Fig. 5, and a mutual selective communication system in Fig. 6.

In the geometrical context, the hexagonal prism shape composed
of the metasurface panels in Fig. 3 was meant to show the controllable
radiation pattern depending on time, which is extensible into more
than three angles. The metasurface prism can be arranged as a regular
polygon with a reduced side number such as an equilateral triangle.
However, the prism side length determined by the dimensions
of metasurface panels should be carefully adjusted to maintain
appropriate distance between the transmitting monopole and the
metasurface panels, avoiding destructive phase interference (see
Supplementary Fig. S26 for the analysis on triangular metasurface
prisms). In addition, a regular polygon with a higher number of sides
such as a decagonal prism may increase the polygon radius too much,
which exponentially increases the power required to achieve
waveform-selective profiles. As for relations with the distance between
the receivers and the directivity of the transmissive antennas, Friis
transmission equation may be used to briefly approximate the power
of the secondary reflections from external antennas. The power
received by an antenna Py in decibel is Pr = Pr+ G+ Gg + 20log(A/4md).
Here, Py is the transmitted power, Gy and Gy are the gains of the
transmitter and the receiver, respectively, and 20log(A/4nd) is the
distance-dependent power reduction where A is the operating wave-
length and d is the distance between the two antennas considered. In
the case of the metasurface in Fig. 3b, the power received by Rx2 via
Rx1 was -28.45 dBm according to the Friis formula, considering that
the simulated gain of the monopole antennas was Gr= Gg = 3.25dB and
the transmitted power was Pr=0 dBm. This calculated received power
was approximately the same as the measured power as seen in Sup-
plementary Fig. S18d which was around -28 dBm, confirming that
there was only limited influence of the secondary reflections from
external antennas via the metasurface panels.

From the viewpoint of efficiently utilizing frequency resources,
the performance of our antenna design depends on the number of
pulses that are selectively received/transmitted. As presented above
(e.g., Fig. 1g and Supplementary Fig. S11), the transient responses
basically follow exponential functions determined by time constants*’.
For this reason, only three different pulses (short, intermediate and
long pulses) were unambiguously distinguished by our prototype
antenna up to 10 ps as shown in Fig. 5. Communication signals can be
more efficiently used by increasing the number of separated pulses,
which is achieved by adding more metasurface filters. However, such
improvement may be hampered by several fundamental restrictions
including the slow mechanism to obtain transmittance variation that is
based on the transient responses following exponential functions.
Although this slow variation may still be acceptable in a small number
of filters such as shown in this work, it is likely to impose tight limita-
tions when a higher number of filters is used. Therefore, a new
mechanism is needed to go beyond this ordinary waveform-selective
response that is not limited by exponentially time-varying voltages of
RLC circuits. Nonetheless, we demonstrated that the proposed
antenna design is experimentally realizable with quite long pulses even

beyond many practical pulse-width ranges, reaching billions of cycles
or several hundred milliseconds (Fig. 1g). Performance can be further
extended by replacing the lumped circuit components since their
values relate to time constants that determine how the waveform
selectivity or transient response is characterized (see past studies with
respect to more advanced pulse controls®® and equivalent circuit
models for time constants®).

In addition, for the efficient use of frequency resources, different
modulation schemes can be combined to accommodate more com-
munication devices in a single wireless network®’. In recent years,
orbital angular momentum (OAM) has been widely explored in which
additional degrees of freedom can be achieved at the same frequency
by exploiting orbital momenta of waves along with the established spin
momenta, i.e., left/right hand circularly polarized waves**“°. Although
the OAM is simple in concept and efficient multiplexing can be
achieved, implementing the OAM technique in an antenna through the
use of a metasurface usually requires a large design thickness that is
proportional to the wavelength, which is acceptable in the optical
range but not at lower frequencies. In addition, the challenging design
of receiver antennas to detect OAM waves in the far-field makes it
nearly impossible to utilize for long-distance communications. In
contrast, our waveform-selective metasurfaces can be designed with a
subwavelength thickness and be installed directly to an antenna any-
where in a wireless network environment*. Nevertheless, the concept
of waveform selectivity can be integrated with the OAM as well as with
other modulation schemes®’ to accommodate an increasing number
of wireless communication devices in a single wireless network and to
more effectively share the same frequency resource. With such a
potential, our study is expected to advance the design concept of
antennas and wireless communication environments at the same fre-
quency and become the first step to expand existing frequency
resources by using a new additional degree of freedom, the
pulse width.

In conclusion, we have presented a design concept of
metasurface-based antennas and their applications to reconfigure
antenna characteristics at the same frequency without external energy
resources, namely, in a passive manner. The proposed antennas
exhibited ultratransient, pulse-width-selective characteristics that
enabled the realization of varied scattering parameters at a constant
frequency over several hundred milliseconds. This capability is not
practically achievable by conventional antenna design methods but
was made possible by the utilization of waveform-selective meta-
surfaces. In particular, the use of spatially constructed non-uniform
waveform-selective metasurfaces led to selective control of the
radiation characteristics of ordinary omnidirectional antennas, which
were validated both numerically and experimentally. Finally, these
antennas were used in three applications, specifically to steer a main
beam as a passive yet variable sensor, to receive a signal under
simultaneous incidence and to build a mutually selective commu-
nication system without a frequency change or an external energy
source. Unlike previous studies which were limited to simulations only
and a single signal source, our study both numerically and experi-
mentally verified selective transmission and reception even under
simultaneous incidence as often seen in realistic communication
environments. Our study is expected to provide a new degree of
freedom to design wireless communication systems and to contribute
to the efficient use of limited frequency resources in the next gen-
eration of communication environments.

Methods

Simulation method

We designed and evaluated antennas based on waveform-selective
metasurfaces by using a co-simulation method*>** that integrated an
electromagnetic (EM) solver with a circuit simulator within ANSYS
Electronics Desktop 2020R2. In this method, first, the EM models were

Nature Communications | (2023)14:633

12



Article

https://doi.org/10.1038/s41467-023-36342-1

simulated in the EM solver without lumped circuit components that
were replaced by lumped ports (Supplementary Fig. S3). The scatter-
ing parameters obtained in the EM solver were then used in the circuit
simulator along with the lumped components connected to the
lumped ports. This method is equivalent to directly connecting the
lumped components to the EM models in the EM solver, although it
significantly improves the simulation efficiency and contributes to
optimizing the antenna models. We note that diodes were properly
simulated using the corresponding SPICE model where nonlinearity
was included. Unlike other simulation methods based on time-domain
analysis such as the Finite Difference Time Domain (FDTD) method or
the Transmission Line Modeling (TLM) method®, the co-simulation
method performs transient analysis within the circuit level, which does
not normally produce field distributions but more efficiently provides
voltages and currents at discrete circuit components.

Measurement samples

Our waveform-selective metasurfaces were fabricated using
Rogers3010 substrates (1.27 mm thick) and Broadcom HSMS-286X
series product diodes. The design parameter details are given in Sup-
plementary Tables S1-S6. The conducting patterns were covered by
coating layers to prevent the influence of oxidation and to facilitate the
soldering process. In addition, the front surface of the measurement
sample used in Fig. 2d was mostly covered by a resist that helped limit
the solder area.

Measurement methods

As shown in Supplementary Fig. S4, input signals were generated by a
signal generator (Anritsu MG3692C) or an arbitrary waveform gen-
erator (AWG) (Keysight Technologies M8195A). In particular, the AWG
was used to generate pulses longer than 10 ps, as shown in Fig. 1g. The
duty cycles of the pulsed signals were set to 0.1% or less to ensure that
the pulse periods were relatively long enough, compared to the pulse
width. This was because the electric potential within diode bridges
needed to be restored to zero voltage before a next pulse came in. If
the power levels were too small, an amplifier (Ophir 5193RF) was used
to ensure that the incident power levels were sufficient to realize
waveform-selective responses. The reflection to the amplifier was
reduced by an isolator (Pasternack PE83IR1004). For the measure-
ments of Figs. 5 and 6, a divider (Clear Microwave D38004), phase
shifters (Pasternack PE8245), and a coupler (ET Industries C-058-30)
were additionally used (for instance, see Supplementary Fig. S23 for
the setup of Fig. 5). The incident, reflected and transmitted powers/
energies were measured using an oscilloscope (Keysight Technologies
DS0OX6002A or Teledyne LeCroy WaveRunner9404 M). The frequency
characteristics of the proposed antennas were measured by using a
vector network analyser (VNA) (Keysight Technologies N5249A).

Data availability
The data that support the findings of this study are available from the
corresponding author upon request.

Code availability
The codes that are used to generate results in the paper are available
from the corresponding author upon request.
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