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Microwave lasing carrying orbital angular momentum (OAM) holds significant potential for advanced
applications in fields such as high-capacity communications, precision sensing, and radar imaging.
However, conventional approaches to masers fail to produce emission with embedded OAM. The recent
emergence of photonic time crystals (PTCs)—artificially structured media with periodically varying
electromagnetic properties in time—offers a paradigm shift toward resonance-free lasing without the need
for gain media. Yet, pioneering PTC designs have been based on three-dimensional bulk structures, which
lack a surface-emitting configuration, and do not possess the capability to modulate OAM, thus hindering
the realization of surface-emitted PTC masing that carries OAM. Here, we report the first experimental
demonstration of surface-emitted microwave vortex beam lasing using ring-shaped PTCs, without the need
for either a gain medium or a high-Q cavity. By developing a multiplier-driven time-varying metamaterial
that achieves over 100% equivalent permittivity modulation depth, we establish momentum band gaps (k
gaps) with sufficient bandwidth to overcome intrinsic losses and enable self-sustained coherent microwave
amplification. Furthermore, space-time modulation induces nonreciprocity between clockwise and
counterclockwise k-gap modes within the circularly symmetric PTC structure, facilitating the selective
generation of microwave lasing carrying OAM, a functionality that is not readily accessible in conventional
maser architectures. Our Letter bridges PTC physics with coherent OAM-carrying microwave emission,
establishing a transformative platform for next-generation wireless communications, advanced sensing
systems, and OAM-based technologies.
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Time-varying media have emerged as a transformative
paradigm across wave physics [1–8]. Unlike static systems,
dynamically modulated materials exhibit extraordinary
phenomena and enable functionalities that are fundamen-
tally unattainable in conventional platforms. Photonic time
crystals (PTCs) [9–15], characterized by periodic temporal
modulation of electromagnetic parameters, have garnered
significant interest. Their unique interplay of temporal
reflections and refractions generates momentum band gaps
(k gaps), enabling exotic phenomena like momentum-
selective dynamical gain [15], topological phase transitions
in k gaps [16–18], and others [19–31]. Critically, PTCs
theoretically support nonresonant and gain medium-free
lasing via amplification [15], a revolutionary departure
from high-Q cavity-dependent lasers that could transcend

traditional gain-medium limitations. However, translating
this principle into practice faces challenges, particularly at
optical frequencies, where prohibitive modulation speeds
and amplitudes are required.
Meanwhile, masers [32], the microwave precursors to

lasers [33–36], persist in specialized applications such as
deep-space communications and quantum technologies.
Their broader impact remains constrained by inherent
limitations: conventional designs rely on high-Q cavities
and restrictive gain media, leading to narrow frequency
tunability and suboptimal energy efficiency. Operational
requirements for low temperatures, high-vacuum environ-
ments, and intense magnetic fields [37–43] further hinder
practical deployment. Moreover, traditional masing schemes
have been confined to unstructured fields, lacking function-
alities for generating microwave lasing carrying orbital
angular momentum (OAM). This raises a pivotal question:
can PTC physics bypass these constraints to enable surface-
emitted microwave radiation with a structured OAM wave-
front? In fact, realizing this PTC-driven microwave lasing
also faces great difficulties. A pioneering work revealed
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non-Hermitian band structures of photonic Floquet media
using varactor diodes inside a closed metallic waveguide
[28], where noise-initiated microwave oscillations originat-
ing from k-gaps have been observed. Based on a similar
design, the spontaneous-emission analogs and a lasing tran-
sition have also been achieved in PTCs [31]. However, the
closed structure of PTC inherently prevents out-of-plane
emission with structured wavefront. In addition, an open-
structure PTC has demonstrated microwave far-field ampli-
fication [30]. Nevertheless, owing to the limited modulation
strength achievable with varactor diodes, achieving robust
k-gap-driven lasing accompanied by a controllable struc-
tured wave front remains challenging. These considerations
motivate the following question: can one design an open
PTC platform that exploits k-gap amplification to realize
surface-emitted microwave lasing carrying OAM?
In this Letter, we demonstrate surface-emitted micro-

wave vortex-beam lasing enabled by a PTC platform in an
open configuration. We develop a multiplier-driven time-
varying capacitance architecture that delivers 100% equiv-
alent permittivity modulation depth, activating robust
momentum-gap amplification. Full-wave simulations and
experiments demonstrate threshold-governed maserlike
emission from PTCs in both near- and far-field regions.
Notably, space-time modulation induces symmetry break-
ing that generates vortex-beam masing carrying OAM. Our
Letter establishes a unified framework integrating PTC
physics with maser engineering, creating a new paradigm
for various microwave applications.
Theory of surface-emitted microwave lasing with

OAM via spatiotemporal PTCs—Pioneering works on
PTC lasing were limited to bulk structures without angular
modulation [15], hindering the surface emission and OAM
generation. Here, we design a ring-shaped PTC confined in
a two-dimensional surface to overcome these limitations.
Figure 1(a) illustrates the conceptual design, where a
ring-shaped (radius R) spatiotemporally modulated sur-
face capacitance enables surface-emitting microwave
lasing with OAM. The surface capacitance Cðϕ; tÞ ¼
C0½1þ δ cosðqϕ −ΩtÞ� (the bottom chart) exhibits the
rotational space-time symmetry Cðϕ; tÞ ¼ C½ϕþ θ; tþ
ðqθ=ΩÞ�, where ½θ; ðqθ=ΩÞ� is the space-time rotational
vector, ϕ∈ ½0; 2πÞ is the angular coordinate, Ω is the
modulation frequency and integer q governs the angu-
lar periodicity. We can expand Cðϕ; tÞ as Cðϕ; tÞ ¼
P

m cmeimðqϕ−ΩtÞ (m∈Z). We assume that transverse elec-
tric waves propagate along the ϕ direction. Thus, electric
field (Eρ) is radially polarized, and magnetic field comprises
azimuthal (Hϕ) and vertical (Hz) components. Based on the
Floquet-Bloch theory, the eigenwaves take the form as

8
>><

>>:

Eρ ¼
P

n Eρ;ne−γnzei½ðpþnqÞϕ−ðωþnΩÞt�;

Hϕ ¼ P
n Hϕ;ne−γnzei½ðpþnqÞϕ−ðωþnΩÞt�;

Hz ¼
P

n Hz;ne−γnzei½ðpþnqÞϕ−ðωþnΩÞt�;

ð1Þ

where γn represents the radiation rate of eigenwaves toward
background. p is related to wave vector k by p ¼ kR. ω
defines the eigenfrequency. Substituting Eq. (1) into a free-
space Maxwell’s equation and surface-capacitance boun-
dary condition, we can solve the eigenspectra of the ring-
shaped PTC (see details in S1 of Supplemental Material
[44]). Figures 1(b) and 1(c) present calculated eigenspectra
for temporal (q ¼ 0) and spatiotemporal (q ¼ 1) modula-
tions. Other parameters are applied in the figure caption.
We find that ring-shaped PTCs possess equally spaced
eigenmodes due to angular periodicity, where the system
with a larger circumference possesses more discrete eigen-
modes. It is shown that both temporal and spatiotemporal
modulations can introduce k) gaps (shaded areas), which
sustain gain modes enabling coherent amplification. For
comparison, we also plot band dispersions of a spatial infi-
nite PTC characterized by Cðx;tÞ¼C0½1þδcosðKx−ΩtÞ�
with K ¼ q=R, as shown by solid lines. It is seen that
discrete eigenmodes of ring-shaped PTCs are embedded
within the band dispersion of infinite PTCs. In addition, it is
worth noting that, under temporal modulation, the system
preserves continuous rotational symmetry, resulting in

FIG. 1. Theory of surface-emitted OAM lasing via spatiotem-
poral PTCs. (a) Schematic of the ring-shaped PTC with modu-
lated surface capacitance Cðϕ; tÞ. (b),(c) Eigenenergy spectra
for temporal (q ¼ 0) and spatiotemporal (q ¼ 1) modulations.
Dots: discrete eigenmodes; yellow curves: infinite PTC band
dispersion. (d)–(g) Time-domain evolution (d), (e) and Fourier
spectra (f), (g) of near-field responses under q ¼ 0 and q ¼ 1,
showing saturation and spectral splitting. (h),(i) Far-field ampli-
tude and phase distributions at dominant frequencies, indicating
zero OAM for q ¼ 0 and helical phases for q ¼ 1. Parameters:
R ¼ 0.4 m, Ω=2π ¼ 634 MHz, C0 ¼ 2 pF, δ ¼ 0.1.
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identical dispersion bands for clockwise (CW) and
counterclockwise (CCW) propagating eigen-waves. In
contrast, spatiotemporal modulation breaks the reciprocity,
yielding asymmetric dispersion curves for opposite wave-
vectors. This asymmetry confirms the nonreciprocal
nature of space-time modulated systems, where CW and
CCW k-gap eigenmodes exhibit distinct frequencies
(ω1 ≠ ω2 and ω3 ≠ ω4).
To further illustrate PTC-enabled microwave lasing,

Figs. 1(d) and 1(g) depict the wave evolution and Fourier
spectrum of a near-field point under temporal and spatio-
temporal modulations. The detailed simulation method can
be found in S2 of [44]. For temporal modulation, the initial
exponential growth of electric field appears and saturates
into a steady state. The Fourier spectrum reveals eigen-
modes at odd multiples of 0.5 Ω, being aligned with
eigenenergies. Under spatiotemporal modulation, the field
similarly exhibits exponential growth followed by satura-
tion. While the Fourier spectrum splits into nondegenerate
peaks (0.5 nΩ� Δ, n is odd number) in each Floquet
sector, corresponding to CW and CCW k-gap eigenmodes.
This is consistent with the asymmetric band structure with
respect to the k vector in Fig. 1(c). Then, we investigate far-
field radiation of surface-emitted masing fields in both
temporal and spatiotemporal PTCs. Far-field radiation is
calculated using angular spectrum theory (see S3 of
Supplemental Material [44] for details). Figure 1(h) depicts
the near-field distribution (lower panel), and the far-field
phase and amplitude distributions (upper panels) of Eρ at
1.5 Ω under temporal modulation. The near field exhibits a
standing-wave pattern due to the simultaneous excitation of
degenerate CWand CCWmodes. As this pair of degenerate
modes generate OAM beams with opposite topological
charges, the total far-field radiation carries zero OAM. In
contrast, spatiotemporal modulation breaks reciprocity of
CW and CCW modes. Two charts in Fig. 1(i) present near-
and far-field distributions for the spatiotemporal case at
1.5 Ω − Δ and 1.5 Ωþ Δ. It is shown that far-field phase
profiles display spiral structures with 6 and −3 topological
charges related to CW and CCW modes at 1.5 Ωþ Δ and
1.5 Ω − Δ, confirming the generation of coherent micro-
wave emission with OAMs. In S4 of [44], we further
explore the impact of circumference on the divergence
angle of microwave lasing, demonstrating size-enhanced
directivity. It is crucial to emphasize that, in contrast to
conventional approaches relying on high-Q whispering-
gallery-mode resonances to achieve lasing through strong
light-gain medium interactions [56], our system eliminates
the need for cavity and gain medium. Instead, the self-
sustained amplification arises from k-gap modes and the
ring-shape surface geometry is used to enable the vertical
emission with OAMs.
Implementation of surface-emitted microwave lasing

with OAM by spatiotemporal metamaterials—To experi-
mentally realize surface-emitted microwave lasing with

OAMs, we design multiplier-driven time-varying metama-
terial to emulate the spatiotemporal surface-capacitance
model. Our method can overcome intrinsic limitations
using varactor diodes (see S5 of Supplemental Material
[44]). As depicted in Fig. 2(a), a ring-shaped gap (with
radius R and width g) is etched into the top metal plane
(orange) to form a planar waveguide, which is coupled with
a few multiplier-driven time-varying capacitors. Figure 2(b)
shows the cross-section structure. In the multiplier-driven
time-varying capacitor, the microwave multiplier receives
an external modulation signal VnðtÞ (n ¼ ½1; 6�) at one
input port and the other couples to the planar waveguide.
The output port of multiplier connects in series with a fixed
capacitor C0 and feeds back to the planar waveguide.
Leveraging the multiplier function, we achieve an effective
time-varying capacitance C ¼ C0½1 − VðtÞ� (see details in
S6 of [44]). Our multiplier-driven approach offers three
key advantages: 100% modulation depth (enabling larger

FIG. 2. Multiplier-driven spatiotemporal metamaterial and
OAM lasing. (a) Top-view schematic of the ring-shaped
waveguide with six time-varying capacitance units. (b) Cross
section with substrate and control circuit (inset: multiplier
and fixed capacitor). (c) Discretized surface-capacitance model.
(d),(e) Near-field intensity evolution and spectrum under tem-
poral modulation (φn ¼ 0). (f),(g) Far-field counterparts.
(h),(i) Near-field and (j),(k) far-field results under spatiotemporal
modulation (φn ¼ nπ=3), showing spectral splitting. (l),(m) Far-
field phase profiles at split frequencies, confirming OAM
states (phase scale: 0–2π). Simulation: ω=2π ¼ 304 MHz,
Ω=2π ¼ 608 MHz, R ¼ 0.1 m.
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k gaps), linear modulation under large voltages, and the
isolation between modulation and propagation signals.
Unlike the idealized surface-capacitance model, the ring-
shaped planar waveguide exhibits significant frequency
dispersion, which constrains the operational bandwidth of
PTCs. Therefore, we must design PTCs to ensure that the
fundamental k-gap eigenmode at 0.5 Ω resides within the
band- pass region. Our multiplier-driven metamaterial can
generate a sufficiently large k gap, leading to coherent
microwave amplification.
To implement spatiotemporal PTCs, we integrate six

multiplier-driven capacitance modules around ring-shaped
planar waveguide, being equivalent to the discretized
surface-capacitance model in Fig. 2(c). Each colored seg-
ment with ϕ∈ ½ϕs þ nπ=3;ϕf þ nπ=3� (n∈ ½1; 6�) corre-
sponds to a uniform time-varying capacitive region
associated with a multiplier module. Different colors
represent CnðtÞ ¼ Cp þ Cmod sinð2ωtþ φnÞ with distinct
phases φn, which is designed to match qϕ of the continuous
spatiotemporal modulation. Between each pair of time-
varying capacitor modules, the surface capacitance Cs is
applied, representing the inherent capacitance of planar
waveguide segments connecting modulated modules. We
can determine effective values of Cp, Cmod , Cs, ϕs, and
ϕf for time-varying and static effective capacitances from
simulations (see S7 of Supplemental Material [44]). These
values are then used to define the discretized spatiotem-
poral surface capacitance model for full-wave simulations.
The simulated wave evolutions and frequency spectra
under temporal modulation (φn ¼ 0) at near- and far-field
points are shown in Figs. 2(d)–2(g). Other parameters are
presented in the figure caption. It is shown that both near-
and far-field waves exhibit exponential growth, saturating
to steady states due to the multiplier output limit. Spec-
tral peaks appear at ω, 3ω, 5ω, which match to k-gap
eigenfrequencies in the continuous counterpart. Notably,
while the ideal surface-capacitance model [Fig. 1(a)] places
the 3ω-component eigenmode below the light line, the
discretized capacitance distribution transforms the contin-
uously rotational symmetry to discrete rotational symmetry,
which can couple the 3ω-mode’s wave vector above the
light line [57], as evident by the larger far-field radiation
intensity (see S8 of [44] for details).
Finally, we investigate the masing behavior in spatio-

temporal PTC metamaterials by configuring the modu-
lation phase as φn ¼ nπ=3 (n∈ ½1; 6�). The calculated
near-field [Fig. 2(h)] and far-field [Fig. 2(j)] evolutions
again show exponential growths followed by saturation.
The corresponding frequency spectra in Figs. 2(i) and 2(k)
reveal the spectral splitting in each Floquet sector. The
oscillation feature of frequency spectra originates from
discretized spatiotemporal modulation. This splitting
behavior is consistent with the prediction of the continuous
surface-capacitance model [Fig. 1(g)]. It is important to
emphasize a key distinction from the continuous case: in

the continuous limit, CW and CCW k-gap modes are fully
decoupled. However, the spatial discretization in the
practical design introduces the coupling between these
two eigenmodes. Consequently, two split components no
longer correspond purely to CWand CCWeigenmodes, but
rather represent superposition of both. The coupling coef-
ficients governing this superposition depend on the density
of time-varying capacitor modules, the circumference and
impedance of ring-shaped PTC (see S9 of Supplemental
Material [44]). To further characterize OAM properties of
two split eigenmodes in spatiotemporal PTCs, we compute
far-field radiation patterns at ω1 ¼ 1.48 Ω and ω2 ¼
1.52 Ω, as shown in Figs. 2(l) and 2(m). Because of the
strong near-field coupling between CW and CCW eigenm-
odes at ω2 ¼ 1.52 Ω, the nonchiral wave profile appears,
preventing its OAM properties in the far field. In contrast,
the CCW-dominated near-field profile still exists at
ω1 ¼ 1.48 Ω, resulting in a helical phase with topological
charge being −1 in the far-field region. It is worth noting
that by suitably engineering the structural parameters, we
can make two split eigenmodes become dominated either
by the CWor CCWmode (see S9 of Supplemental Material
[44]). Furthermore, as the number of discrete modulation
units increases, the lasing related parameters progressively
converge toward constant values, corresponding to the limit
of continuous modulation (see S10 of [44]).
Experimental observation of surface-emitted microwave

lasing carrying OAM—Building on the theoretical frame-
work, we fabricate designed spatiotemporal metamaterials
with R ¼ 0.1 m, g ¼ 1 mm and six multiplier-driven
capacitance modules, as shown in Figs. 3(a) and 3(b) for
front and back views. The enlarged inset details a time-
varying capacitance module (see S11 of Supplemental
Material [44] for fabrication details). At first, we apply
the homogenous modulation signal, ðtÞ ¼ Vmod sinð2ωtÞ
with ω=2π ¼ 208 MHz and V mod ¼ 0.45 V, to all modu-
lation ports (blue arrows) to observe temporal PTC-enabled
coherent microwave emission. We measure the wave
evolution at the output port (the red arrow) and plot the
corresponding frequency spectrum in Fig. 3(c). It is shown
that the frequency spectrum exhibits dominant peaks at ω,
3ω, and 5ω, confirming that k-gap modes govern the
evolution in temporal PTC. Furthermore, we measure the
frequency spectrum at a far-field point located at z ¼ 1 m
from the PTC structure, as shown in Fig. 3(d). The ω mode
remains dominant in the far-field radiation, being different
from the 3ω-mode dominated far-field emission shown in
Fig. 2(g). This is attributed to the breaking of C6 symmetry
in the fabricated sample (see S12 of Supplemental Material
[44] for details).
To further investigate the threshold behavior of micro-

wave lasing in PTCs, we characterize the steady-state
intensities versus the modulation voltage for both near-
[Fig. 3(e)] and far-field [z ¼ 1 m, Fig. 3(f)] regions. When
Vmod < 0.37 V, both intensities remain below the detection
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limit. This indicates a loss-dominant regime after removing
the excitation signal, where the k gap is insufficient to over-
come absorption and radiation losses. For Vmod > 0.37 V,
both near- and far-field intensities surge to saturation levels,
demonstrating the self-sustained microwave lasing in
PTCs. Our experimental results establish that the multi-
plier-driven time-varying metamaterial achieves sufficient
modulation to open large k gaps to overcome intrinsic
losses, enabling the self-sustained coherent microwave
amplification. The corresponding phase noise has been
characterized and shows the relatively stable spectral
performance (see S13 of [44]).
Lastly, we implement the spatiotemporal PTCs by

configuring the phases of six modulation signals as φn ¼
nπ=3 (n∈ ½1; 6�). Figures 4(a) and 4(b) display measured
frequency spectra at near- and far-field locations with
Vmod ¼ 0.5 V. It is found that two frequency spectra
exhibit significant frequency splitting. This phenomenon
aligns with the full-wave simulation of the discretized
surface-capacitance model. Moreover, the frequency com-
ponents in the low-transmission region are accompanied by
strong propagation loss and are buried in the background
noise, rendering the oscillatory feature in Fig. 2(i) un-
observable in experimental measurements. Figures 4(c)
and 4(d) present the steady-state intensities at near- and far-
field points versus Vmod . We find that, below the masing

threshold, field intensities remain minimal below the
detection limit. While, when Vmod exceeds the threshold
of 0.44 V, the steady-state intensities exhibit steplike jumps.
Then, we measure far-field intensity and phase distribu-

tions of the Eρ component, as shown in Figs. 4(e) and 4(f)
for 617.9 MHz and Figs. 4(g) and 4(h) for 630.1 MHz.
Consistent with theoretical predictions, the mode coupling
between CW and CCW components occurs, resulting in a
hybridization between CWand CCWmodes at two spectral
peaks. At 617.9 MHz, the coupling is relatively weak,
which allows the dominant features of the CW mode to
remain preserved: a toroidal intensity null at the beam
center and a spiral phase distribution. Such beam exhibits a
purity of 77.29% of OAMs with −1 topological charge,
which is comparable to that with other OAM generation
methods (see S14 of Supplemental Material [44]). At
630.1 MHz, the strong CW-CCW coupling suppresses the
spiral phase distribution. These results agree with simula-
tions in Figs. 2(l) and 2(m). It is noted that the purity of the
generated OAM beam is mainly limited by the discretization
of the modulation profile, phase and amplitude errors among
units, and variations between electronic modules, which
introduce mode mixing. Further improvements in modula-
tion unit number, phase synchronization, and module
uniformity could enhance the OAM purity in PTC masing.
We quantify the contributions of ohmic, radiation, and

multiplier losses in our system to determine the resulting
radiative energy conversion efficiency (see S15 of [44] for
details). This efficiency is significantly higher than that of
conventional and OAM masers, primarily because the
present PTC platform avoids the inefficient population-
inversion processes and associated dissipation typical of
conventional gain media-based systems.
Conclusion—In conclusion, we have realized the first

surface-emitted microwave lasing with OAMs through

FIG. 3. Experimental temporal PTC lasing. (a),(b) Fabricated
metamaterial front and back views, with ring waveguide
(R ¼ 0.1 m, g ¼ 1 mm) and six multiplier-driven modules. Inset:
single module schematic. (c) Near-field spectrum showing peaks
at ω, 3ω, 5ω (ω=2π ¼ 208 MHz). (d) Far-field spectrum at 1 m
distance. (e),(f) Threshold behavior of near-field (e) and far-field
(f) intensities versus Vmod, with threshold at 0.37 V.

FIG. 4. Experimental spatiotemporal PTC lasing with OAM.
(a) Near-field spectrum showing frequency splitting (f1 ¼ 201.9,
f2 ¼ 214.1, Δf ¼ 12.2 MHz under φn ¼ nπ=3 (n∈ ½1; 6�).
(b) Far-field spectrum confirms splitting. (c) Measured max
power versus Vmod, showing threshold at 0.44 V. (d) Near and
far-field intensities versus Vmod, indicating threshold-triggered
amplification. (e),(f) Far-field intensity and phase at 617.9 MHz,
showing spiral phase with topological charge −1. (g),(h) Corre-
sponding distributions at 630.1 MHz, without helical phase.
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spatiotemporal PTCs. We extend PTC-lasing model from
the bulk-temporal modulation to surface-spatiotemporal
modulation, enabling out-of-plane PTC masing with
OAMs. In experiments, we propose a multiplier-based
time-varying capacitor, achieving nearly an order of mag-
nitude enhancement in modulation strength compared to
existing approaches. The generated k gap can overcome
both transmission and out-of-plane radiation losses, ena-
bling surface-emitted OAM masing. We note that PTC
masing can generate high-frequency emission using a low-
frequency driving signal. This mechanism is more efficient
than traditional approaches relying on material nonlinear-
ities [58]. While demonstrated in the GHz range with low-
order OAM modes, the proposed scheme is expected to
extended to higher frequencies and higher-order OAM
modes by employing higher-frequency modulation com-
ponents, increasing the number of spatiotemporal modu-
lation units, and reducing system losses. In addition, unlike
conventional and OAM masers (see S16 of Supplemental
Material [44]), our platform encodes topological informa-
tion directly into masing fields, while exhibiting higher
energy efficiency, comparable mode purity, and enhanced
tunability in both frequency and OAM order, thereby
establishing a new framework for integrating PTCs with
microwave communication and engineering.
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