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Observation of wave amplification and
temporal topological state in a non-synthetic
photonic time crystal

Jiang Xiong 1, Xudong Zhang1,2, Longji Duan1, Jiarui Wang1, Yang Long 3,4,
Haonan Hou1, Letian Yu3, Linyang Zou 5 & Baile Zhang 3,6

Photonic time crystals (PTCs) are materials whose dielectric permittivity is
periodically modulated in time. Akin to conventional photonic crystals, PTCs
give rise tomomentumbandgap aswell as to topological insulators in the time
domain. Here, we experimentally demonstrate the properties of a k gap in a
PTC with real dimensions, realized in a dynamically modulated microwave
transmission-line metamaterial. Wave amplification is observed within the k
gap, leading to a narrowing of the initial power spectrum and its shifting
toward the gap. To probe the mid-gap topological state, we introduce a tem-
poral interface separating two PTCs with distinct topological phases. The
phase difference measured between time-reflected and time-refracted waves
at the interface, together with the temporal confinement of the topological
state, proves the realization of nontrivial temporal topology. By integrating k
gap amplification with time-domain topological features, our work opens new
avenues for light generation and manipulation in time-varying photonic
materials.

Crystals generally refer to structures with periodicity in space. In
photonics, it has been known since the 1980s that photonic structures
with dielectric permittivity periodically modulated in space, com-
monly referred to as photonic crystals1–3, can give rise to photonic
bandgaps—frequency ranges where waves cannot propagate but
only decay evanescently—similar to the energy bandgaps in
semiconductors4 (Fig. 1a). Inspired by topological insulators5, photonic
bandgaps have been endowed with topological properties in the past
decade, leading to the development of photonic topological
insulators6–8. As a defining feature, the boundary between two topo-
logically distinct photonic topological insulators hosts topologically
protected edge states (Fig. 1b), as determined by the bulk-boundary
correspondence, a fundamental principle in topological physics. Tak-
ing the simplest one-dimensional (1D) photonic topological insulator9

as an example, the existence of an in-gap topological edge state
introduces a peak inside the topological bandgap in the wave trans-
mission spectrum through such a 1D system (Fig. 1c).

In a parallel development, the concept of time as an additional
dimension of crystallization has been developed in photonic time
crystals (PTCs)10–17, which are photonic materials whose permittivity
varies periodically in time. It has been shown that PTCs can exhibit
bandgaps in momentum, known as k gaps (see Fig. 1d). In contrast to
the spatially evanescent modes of conventional photonic bandgaps, k
gaps can host stationary, temporally amplifying modes. Here, the
vanishing group velocity accounts for the stationarity, while the non-
zero imaginarypartof the eigenfrequencydrives amplification.When a
k gap is excited through a temporal interface, rather than being spa-
tially reflected, the pulse remains inside the medium with a growing
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temporal amplitude18. Such amplification breaks the energy con-
servation law, thereby greatly differs from a passive slow-light system
supporting energy accumulation and field enhancement19,20. More-
over, since the spatially uniform modulation and conjugated eigen-
modes in k gap naturally satisfy the phase matching condition21,
temporal modulation induces non-resonant amplification over the
entire k gap, but is maximized at the mid-gap, providing a mechanism
of coherent light generation22 (e.g., lasers) by drawing energy from
time modulation rather than gain media.

Band topology can also be extended to k gaps in PTCs, giving rise
to topological phenomena in the time domain. It has been proposed18

that a k gap carries band topology characterized by the Zak phase23, a
topological invariant used to describe 1D topological insulators. In this
context, a nontrivial Zak phase enables a PTC to function as a “tem-
poral” topological insulator. At a temporal interface between two PTCs
with distinctZakphases, amid-gap temporal edge state can arise in the
k gap (Fig. 1e), analogous to the topological edge state in spatial
topological insulators7. This temporal topological edge state confines
energy in time rather than in space and extends the principle of bulk-
boundary correspondence to the timedomain. The existenceof this in-
gap topological state leads to a dip in the transmission spectrum
through the 1D system (Fig. 1f). Although temporal localization phe-
nomena were reported in several PT-symmetric platforms24,25—where
time corresponds to the cycle number of pulses circulating in the
coupled fiber loops and space is represented by the relative temporal
positions of the pulses within each cycle—as well as in non-photonic
systems26,27, the direct observation of a temporal topological edge
state in a genuine PTC within actual space-time has, until now,
remained elusive.

In this work, we present an experimental study of the k-gap
properties in a PTC realized in a dynamically modulated transmission-
line metamaterial and metasurfaces28–31. We employ a differential
modulation strategy, which enables direct observation of the spatio-
temporal wave dynamics within the PTC. Moreover, the compact
constraints of wave in a microstrip guarantee us to fabricate a sample

with a sufficiently large number of unit cells and consequently permits
comprehensive experimental verification of k gap characteristics.
Through space-time Fourier transforms,wecapture the temporal band
structure, revealing the k gaps. We demonstrate wave amplification
within the k gap, where an arbitrary initial power spectrum narrows
and shifts toward the k-gap center, confirming the mechanism of
coherent light generation via temporal modulation. We then experi-
mentally probe the temporal topology of the k gap, characterized by
the Zak phase, from two perspectives. First, similar to previous studies
on 1D photonic topological insulators9, the time-reflected and time-
refracted waves through the PTC experience different phase shifts,
providing clear evidence of the quantized Zak phase. Second, we
introduce a temporal interface separating two PTCs with distinct Zak
phases. A clear topological state that confines energy in time and
induces adip in the transmission spectrum is observed experimentally.
This marks the first experimental observation of a temporal topolo-
gical edge state in a material platform.

Results
PTC Realization and experimental setup
In this work, we employ a microstrip dynamic transmission line (DTL)
to realize a PTC, with its geometry detailed in Fig. 2a. Such discrete
periodic loading ensures the DTL behaves as a spatially uniform
effective medium under DC bias in the long-wavelength regime
(effective-homogeneity limit), and accurately mimics a PTC when AC
modulation is applied28,31,32. The effective permittivity was computed
using the field-circuit equivalence33 across various DC bias levels
(Fig. 2b), and the equivalent circuit model of the DTL under the dif-
ferential modulation scheme is presented in Fig. 2c.

In conventional DTL designs, the transmitting signal along the
DTL and the external varactor modulation remain inherently coupled,
preventing clear observation of wave temporal dynamics in the rea-
lized PTC. To overcome this limitation, we adopt a differential mod-
ulation scheme. To achieve precise temporal control over the effective
permittivity, we use an arbitrary waveform generator (AWG) to
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Fig. 1 | Comparison between a conventional (spatial) photonic crystal and a
photonic time crystal. a Energy bandgap in a spatial photonic crystal. b Spatial
topological edge state in a 1D spatial topological domain wall. The energy is loca-
lized in spacewhile extended in the timedomain. c (brown) Transmission spectrum
of a spatial topological domain wall in (b), where the transmission peak in the
bandgap corresponds to the topological edge state. (gray) Transmission spectrum
of a pure spatial photonic crystal, in the whole bandgap frequency range most of

the energy is reflected back. d k gap in a photonic time crystal. e Temporal topo-
logical edge state in a temporal topological domain wall structure. The total energy
is localized in timewhile extended in space. f (brown)Transmission spectrumof the
temporal topological domain-wall structure in (e) shows a pronounced dip to zero
at the mid-gap edge state. (gray) Transmission spectrum of a single photonic time
crystal, where the transmitted energy is amplified in the whole k gap.
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produce both the probe and modulation signals (Fig. 2d). The fabri-
cated DTL is presented in Fig. 2e, and the integrated measurement
platform is shown in Fig. 2f. This differential modulation scheme,
synchronized via an externally generated clock signal, enables direct
observation of the genuine spatial-temporal evolution of electro-
magnetic waves within the time-modulated DTL.

Compared to an infinitely long PTC in theory, any practically
realized PTC with finite length has specific spatial boundaries. In this
work, the DTL implemented PTC has two terminal ports at both ends,
and they affect the experiment in several aspects, as elaborated in
Supplementary Note 3. Detailed descriptions of the DTL fabrication,
differentialmodulationcircuit, and experimental setup are provided in
the Methods section.

Dispersion and k-gap amplification
We first demonstrate the dispersion of a static DTL. The experimen-
tally extracted band structure of the static DTL is presented in Fig. 3a,
with all varactors biased at a DC voltage of 0.6 V. A broadband probe
pulse is initially injected into the DTL, and we obtain the static dis-
persion v(�ω, �k) by a 2D Fourier transform of the recorded spatio-
temporal voltage v(xl , t) along the meandered line, where xl denotes
the position index. Throughout this work, frequencies are normalized
by the modulation frequency Ω, and the wavevector k is accordingly
scaled by the unit wavevector k0 =

ffiffiffiffiffiffiffiffi
εef f

p
Ω=c0. A frequency bandgap

emerges at �ω = 1 as a consequence of the coupling between the
transmission line and the periodically loaded BSFs. By modeling the
BSFs as effective LC resonators, we numerically calculate the
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Fig. 2 | A genuine photonic time crystal implemented in a microwave
transmission-line metamaterial. a Schematic view of the dynamic transmission
line. It is a microstrip line periodically loaded with shunt varactors and series
inductors. Themicrostrip line applied has a 4.9mmwide trace line photoetchedon
a 1.575mm thick FR4 substrate with dielectric constant εr = 2.2 and loss tangent
tanδ =0.001 (b) εr of the effectivemedium in c atω= 2π ×65MHz with the varactor
bias voltage. The variation spans of a sinusoidal time-varying vðtÞ and the resultant
quasi-harmonic εr ðtÞ are denoted by orange and red arrows, respectively, and they
are both within the relatively linear portion of the curve. c Equivalent circuit model
for the dynamic transmission-line unit cell and the resultant effective time-varying
medium. Symmetric topology is utilized in the equivalent circuit model for the

transmission-line unit cell in (a). d Schematic of a three-stage power-dividing net-
work, where the modulation signal is first spitted by a 180-degree phase shifting
power divider, and enters two stage 8-way power dividers, finally enter the bias tee
for varactor feeding. e Fabricated meander-line DTL comprising 64 unit cells. The
left inset shows a close-up view, while the schematic below illustrates the corre-
sponding circuit topology for one unit cell, varactor pair positioning with opposite
polarity, and the applied out-of-phase time-varying modulation signals. f Scaffold-
like measurement platform, showing the 3-stage power dividing network in d. A
scanner synced with AWG and an oscilloscope is set above the sample for space-
time scanning in situ measurement.

Article https://doi.org/10.1038/s41467-025-66154-4

Nature Communications |        (2025) 16:11182 3

www.nature.com/naturecommunications


dispersion relation32,33 (solid line in Fig. 3a), which shows good agree-
ment with the measurement. At �ω =0.5, the dispersion remains linear,
ensuring the k-gap formation in the subsequent modulation.

When the DTL is sinusoidally modulated in time, a PTC and its
Floquet bands emerge, with k gaps open in momentum space. To fully
excite the Floquet eigenmode in positive and negative momentum
space, we inject a broadband Gaussian pulse train from both ports of
theDTL simultaneously. By converting themeasured space-time signal
into the frequency-momentum domain, we obtain the Floquet band
structure shown in Fig. 3b. The measured dispersion reveals two

hallmark features of a PTC: (1) periodic replication of bands along the
frequency axis and (2) opening of momentum band gaps at �ω = 1/2.
Using the temporal Transfer Matrix Method (TMM)34 and Floquet
theory35, the theoretically calculated dispersion relation (yellow solid
curves in Fig. 3b) exhibits excellent agreement with the experimental
data. Note that we excite the PTC through a temporal interface. As a
result, the k-gap mode, having zero group velocity, remains confined
within the transmission line and undergoes self-amplification, produ-
cing dark spots in the measured dispersion within the gap region. A
horizontal stripe at �ω = 1 is attributed to minor leakage of the
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Fig. 3 | Observation of k-gap amplification. a Static dispersion of the microstrip
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sured voltage along the line. The frequency is normalized by Ω, and the wave
number is accordingly scaled by that of a wave propagating in the static line
without BSF loading at this frequency. Theoretically calculated dispersion is over-
laid on the measured results. b Band structures of the DTL when the temporal
modulation is added. The heatmap shows the measured normalized band struc-
ture, and the theoretical band structures is overlaid as the solid yellow line for
comparison. k gaps open at �k = ±0:57. c Spatiotemporal evolution of the node
voltage when excited at k gaps. d Four zoomed in space-time sections in (c) with

their respective starting time labeled as t0. The wave in k gaps exhibits a mode
transition frompropagatingmode to a standingwave profile. eTemporal evolution
of power spectrumalong theDTLwhen an initial signal ofwide spectrum isused for
excitation. The momenta at the central frequency of the input signal and the
experimentally measured k-gap center are denoted by blue and red dashed lines,
respectively. Note that thepower spectrum isnormalizedby the total power at each
moment. f Experimentally extracted k gap and excitation momenta energy evolu-
tion in a log scale. The k-gap mode undergoes exponential growing while the
excitationmomenta energy remains uniform in time. The orange box indicates the
saturation region where the energy stops growing.
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modulation signal, which is not fully canceled by the differential
modulation scheme. The details of the theoretical calculation are
provided in Supplementary Method 2, and a simplified investigation
on the system loss impact is provided in Supplementary Discussion 3.
The k-gap modes, by virtue of their non-resonant amplification
mechanism, can spontaneously generate coherent standing waves
regardless of the input22. When a pulse with a broad momentum
spectrum is incident on a PTC, it encounters a purely temporal
boundary—unlike the spatial boundary of a conventional photonic
crystal, which enforces total reflection. Under momentum conserva-
tion, all momentum components of the incident wave lying on the
original light line map onto the PTC band structure. The momenta in
the band region can couple to propagating-wave eigenmodes without
experiencing amplification, whereas the momenta within the k gaps
induce exponential amplification, giving rise to standing waves31,36 and
spontaneous formation of spatiotemporal pattern22,37. To demonstrate
these unique phenomena, we excite the DTL with a quasi-
monochromatic wave whose central momenta lies well outside the k
gap. Due to the finite spatial size of DTL, a small fraction of the wave’s
spatial spectrum leaks into the k-gap region. We record the full spatial-
temporal evolution of the wave in DTL and visualize the dynamics in
Fig. 3c. In addition, we also plot in Fig. 3d four space-time sections,
each with a different starting time labeled as t0, illustrating how the
wave evolves under time modulation. Before modulation starts, the
incident wave propagates as a traveling wave (t0 = � 10T). Once
modulation is switched on, amplification occurs and a standing-wave
pattern gradually forms (t0 = 120T), accompaniedby a reduction in the
effective wavelength, confirming dominant momentum conversion.
To further analyze the dynamics, we extract the temporal evolution of
the normalized spatial power spectrum by applying a spatial Fourier
transformat each time step (Fig. 3e). In thisfigure, �kinc and

�kgap are the
normalizedmomentumat the central frequencyof the input signal and
that at the k-gap center, respectively. Even though the input momen-
tum (�kinc =0:41) lies far away from the k-gap center (�kgap =0:57), the k-
gap momenta dominate the power spectrum shortly after the mod-
ulation starts, overshadowing all out-of-gap components. Note that
this apparent momenta transition arises entirely from the normal-
ization strategy and does not imply a violation of momentum con-
servation in a PTC. This observation confirms the spontaneous
emission behavior of PTCs as predicted theoretically22. Additionally,
we plot the temporal evolution of the spectral power for both the
incident andmid-gapmomentumcomponents in log scale (Fig. 3f) and
fit them with a straight line, demonstrating the predicted exponential
amplification of the k gap. The small gain of the �kinc arises from the
spatial truncation and spectral broadening due to the finite size of the
DTL. A detailed discussion on this effect is given in Supplementary
Discussion 4. It is also worth noting that a discrepancy between the
measured result and the perfect exponential growing dashed line
becomes apparent after a sufficiently long time (marked in orange in
Fig. 3f). We attribute such a saturation to practical limitations in the
experimental setup: 1. Finite modulation energy input from power
amplifiers. 2. Intrinsic loss in multiple components (DC supply, BSF,
etc.). 3. Non-linear capacitance-voltage response at large amplitude.
Throughout the measurement, we carefully design the modulation
scheme so that all the expected physical events happen long before
such saturation emerges.

Band topology and Zak phase
Interestingly, PTCs also exhibit band topology in the temporal Bril-
louin zone, characterized by the Zak phase. Firstly, as theoretically
established in both PTCs18 and spatial photonic crystals9, in a 1D peri-
odic system with lattice mirror symmetry, the Zak phase of each band
is quantized to 0 or π. Furthermore, the sign of a wave scattering
observable, i.e., the reflection wave phase for a spatial photonic
crystal9 or the phase difference between the time-reflected and time-

refracted waves for a PTC18, can be used to determine the Zak
phase of bulk bands. In the context of PTCs, this relation is explicitly
given by:

sgnðφnÞ= ð�1Þn+ lexpði
Xn�1

m= 1

θZakm Þ ð1Þ

whereφn is the phase difference between the time-reflected and time-
refracted waves for the nth k gap (with the lowest gap number index as
1), evaluated at the last temporal interface between a PTC and the
subsequent static medium. l accounts for the number of band
crossings under the nth momentum gap (l =0 in our study), and θZak

m
represents the Zak phase of mth band. Note that the term “time-
reflected wave” denotes the spatially backward propagation wave
caused by a temporal interface via time-modulation18,29. We plot in
Fig. 4a the temporal profile of both PTCs with distinct Zak phase,
where both PTC satisfies the temporal mirror symmetry (V ðtÞ=V ð�tÞ)
but with opposite symmetry center. When two PTCs with distinct Zak
phases are temporally cascaded between a temporal interface (shown
by a black dashed line in Fig. 4b), a mid-gap topological edge state
emerges inside the kgap. In our experiment, the sinusoidalmodulation
opens only the first momentum bandgap. Therefore, we extracted
φ1(referred to simply as φ hereafter) to characterize the k-gap
topology. In the experiment, due to the finite spatial length of the
DTL, the momentum resolution inside the k gap is limited, making it
difficult to resolve the intensity/phase spectrum with high precision.
To circumvent this issue, we repeat the measurement at different
modulation frequencies and effectively increase the number of
measurable points in momentum space. Detailed methodology and
the phase extraction procedure are described in the Supplementary
Method 3 and 4. The experimentally extracted values of φ at nine
momenta points in the k gap are shown in Fig. 4c with blue triangles
and red diamonds corresponding to two PTC configurations with
θZak
1 = 0 and π, respectively, referred to as PTC1 and PTC2 with

opposite temporal lattice mirror symmetry center. The theoretical
relation of φ and k calculated by the Transfer Matrix Method are
plottedwith blue and red solid lines for comparison. The experimental
results agree well with the theory. As expected, PTC1 and PTC2 exhibit
the same monotonicity in φ kð Þ but with opposite signs, highlighting
their distinct k-gap topologies.

Temporal topological edge state
Finally, we observe the emergence of a temporal edge state at the
interface between PTC1 and PTC2. In the context of spatial photonic
crystals, it has been demonstrated9 that the appearance of an unim-
odular transmission spike at a specific frequency for two photonic
crystals with distinct gap topologies ensures a topological edge state
confined in space, which is also the point where the summation of the
reflection phases of the respective spatial photonic crystals approa-
ches zero. By analogy, a similar phenomenon is expected in the tem-
poral domain: the zero point of the summation of φ for two PTCs with
distinct Zak phase (indicated by the black line and dots in Fig. 4c)
predicts a critical momenta kc, where a temporal topological edge
state arises. Unlike that in SPCs, the temporal topological edge state in
PTCs manifests as a dip in the total energy spectrum, while the
remaining momentum components within the k gap exhibit high
transmission. Both the theoretical (pink solid line) and experimentally
extracted (red dot) total energy spectrum are plotted in Fig. 4d. The
rationale for adopting total energy |T + R| instead of transmission |T| is
explained inSupplementaryDiscussion 1. As expected, a dip appears at
�k =0:564 in the total energy spectrum,which is close to the theoretical
prediction kc (marked by dashed green lines in both Fig. 4a, b). Note
that owing to the unavoidable loss in the system, the edge state total
transmission energy is less than unity. Therefore, for better compar-
ison, we normalize both the theoretical and experimental results by

Article https://doi.org/10.1038/s41467-025-66154-4

Nature Communications |        (2025) 16:11182 5

www.nature.com/naturecommunications


the maximum value in the k gap. As a consequence, the normalized
edge state transmission is reduced to a close-to-zero value. To probe
the associated field dynamics, we excite the DTL at this critical
momentum and plot the spatiotemporal field evolution in Fig. 4e. The
field shows temporal localization centered at t =0, consistent with a
temporally localized edge state. We extract the temporal power evo-
lutions of the edge state momenta and plot it in Fig. 4f (blue curve).
Prior to the temporal interface between PTC1 and PTC2, the energy
exhibits exponential growth as a k-gap mode. After the temporal
switching, the energy undergoes exponential decay, forming a tem-
poral localization profile. This distinct growth-decay pattern con-
stitutes the first direct observation of a temporal topological edge
state in a genuine PTC as a material platform. Long after the temporal

switching, the energy is finally re-amplified, which originates from the
simultaneous excitation of temporal growth and decaying k-gap
eigenmodes. Note that the temporal asymmetrical growth-decay pro-
file originates from intrinsic losses in the DTL, as also discussed in
Supplementary Discussion 3, which suppresses the pre-interface
amplification rate and enhances the post-interface decay rate. For
comparison, the temporal power evolution of an extended bulk state
at �k =0:19 is also shown as the red curve in Fig. 4d, rendering a field
temporal pattern with a temporally stable magnitude. Field evolutions
of several other gap momentum components are also examined
and are provided in the Supplementary Discussion 2. Compared to
the pronounced temporal localization observed in Fig. 4f, these
components exhibit significantly shallower temporal peaks and
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emerges at t =0 in k gap, while an extended state is obtained in bulk band.
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correspondingly higher transmission, consistent with their weaker
confinement in time.

Discussion
We have experimentally demonstrated two defining properties of a
PTC: k-gap amplification and temporal topology, both observed in a
genuine PTC implemented via a dynamically modulated transmission-
line metamaterial platform. The k-gap amplification reveals a funda-
mentally distinct mechanism for coherent light generation that cir-
cumvents the need for conventional gain media. The temporal
topology extends the concept of topological insulators into the time
domain, effectively realizing a “temporal” topological insulator.
Together, these findings lay the groundwork for future investigations
into light–matter interactions in time-varying photonic materials38,39—
including potential applications in lasing22,40—and offer fresh insights
into the physics of space–time topological phases41–44.

Methods
DTL design and fabrication
The photonic time crystal (PTC) was realized using a microstrip
dynamic transmission line (DTL) composed of a metallic microstrip
trace photoetched onto an FR4 substrate (εr = 2.2), periodically loaded
with 64 pairs of shunt varactors (Skyworks SMV1249-079LF) and series
inductors. The varactors provide non-linear, bias-voltage-dependent
capacitance, while the inductors are placed to extend the optical path
within each unit cell. The modulation was applied within a quasi-linear
range (indicated by the blue line in Fig. 2b) to achieve a sinusoidal
varying permittivitymodulation. Basedon critical parameters from the
varactor datasheet (including series resistance), typical junction
characteristics, and our modulation parameters, the finite time delay
caused by carrier transit-time and series resistance effect was esti-
mated tobeon the order of picoseconds,which is negligible compared
to our 7.7 ns modulation period. Meanwhile, the high-purity MBE-
grown varactor exhibits negligible trap-related hysteresis at low fre-
quencies. These considerations regarding varactor latency are sup-
ported by prior studies28,32.

Differential modulation scheme
In this scheme, each pair of varactors is reverse-biased with opposite
polarities and symmetrically placed on either side of the microstrip
trace line in each unit cell. In the equivalent circuit model of DTL
(Fig. 2c), L0,C0 represent the intrinsic unit-length series inductance
and shunt capacitance of the hostmicrostrip line. Ldenotes the loaded
lumped inductor. Note the blue and orange color varactors have the
opposite polarities, and the labels v(t) and -v(t) represent the time-
varying modulation signal for each varactor diode (see also Fig. 2e).
Each varactor is shunted to the ground via a band-stop filter (BSF)
resonant at the modulation frequency, thereby isolating the modula-
tion signal. This configuration allows the modulation contributions
from each varactor to cancel each other out and leave a clean envir-
onment for dynamic signal detection without diminishing the
modulation depth.

Experimental setup and waveform control
An arbitrary waveform generator (AWG) was used to produce both the
probe and modulation signals. A three-stage power-dividing network
was designed to provide coherent modulation signals for each pair of
varactors. The fabricated DTL, integrated with a field scanner and the
power dividing network into a compact scaffold-like measurement
platform (Fig. 2f). This setup, synchronized via an externally generated
clock signal, enabled direct observation of the genuine spatial-
temporal evolution of electromagnetic waves within the time-
modulated DTL. Additional details on the effective permittivity cal-
culation, experimental setup, and the performance of the differential

modulation are provided in the Supplementary Method 1, Supple-
mentary Note 1 and 2, respectively.

Data availability
The theoretical and experimental data are available in the data repo-
sitory for Nanyang Technological University at https://doi.org/10.
21979/N9/2LMCCY. Other data that support the findings of this study
are available from the corresponding authors upon request.
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