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Abstract 18 

Toroidal electromagnetic pulses have been recently reported as nontransverse, space-19 

time nonseparable topological excitations of free space. However, their propagation 20 

dynamics and topological configurations have not been comprehensively 21 

experimentally characterized. Also, the existing generators were limited in optical and 22 

terahertz domains, the feasibility and significance of generating such pulses at 23 

microwave frequencies have been overlooked.  Here, we report that microwave 24 

toroidal pulses can be launched by a transient finite-aperture broadband horn antenna 25 

emitter. We experimentally map their topological skyrmionic textures in free space 26 

and demonstrate their resilient propagation dynamics, i.e., how that during 27 

propagation the pulses evolves towards stronger space-time nonseparability and closer 28 

proximity to the canonical Hellwarth-Nouchi toroidal pulses. Our work offers 29 

practical opportunity for using topologically robust toroidal pulses as information 30 

carriers in high-capacity telecom, cell phone technology, remote sensing, and global 31 

positioning, especially where microwave frequencies are predominant. 32 

 33 

Introduction 34 

Topologically structured complex electromagnetic waves have been proposed as potential 35 

information and energy carriers [1-5] for ultra-capacity communications [6,7], super-36 

resolution metrology or microscopy [8,9] and nontrivial light-matter interactions [10,11]. 37 

Toroidal structures were recently observed in scalar spatiotemporal light waves [12], and 38 

vector electromagnetic fields termed toroidal light pulses or “flying doughnuts” [13]. 39 

Toroidal electromagnetic pulses, the propagating counterparts of localized toroidal dipole 40 

excitations in matter [14], have many exciting properties such as multiple singularities [15], 41 
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space-time nonseparability [16,17] and skyrmion topologies [18,19]. Moreover, toroidal 42 

light pulses can be engaged in complex interactions with matter [20,21] and couple to 43 

electromagnetic anapoles [22]. Such toroidal optical pulses were observed by converting a 44 

short radially polarized pulse on a dispersive metasurface [13]. Because achieving higher 45 

conversion efficiencies using metasurfaces is difficult for THz, Jana et al. proposed a 46 

remarkable THz toroidal pulses generation method by quantum interference control of 47 

femtosecond pulses on a nonlinear surface [23]. The toroidal pulse research works open 48 

exiting opportunities for information and energy transfer, spectroscopy and remote sensing. 49 

However, the propagation dynamics of toroidal electromagnetic pulses and detailed 50 

characterization of their topological structures have not been experimentally investigated 51 

yet, which are crucial for potential applications of toroidal pulses. In addition, the feasibility 52 

and significance of extending toroidal pulses from optical and THz domains to microwave 53 

frequencies are to be explored. 54 

Generation of toroidal pulses in the microwave frequency range is significant due to their 55 

intriguing potential applications in cell phone technology, telecommunications, and global 56 

positioning, where microwave frequencies are predominant. The prior optical metasurface 57 

methodology to generate toroidal pulses [13] is challenging to be extended to microwave 58 

domain because of the required electrically larger aperture and collimating laser source. The 59 

quantum interference control for THz toroidal pulse emission [23] is also challenging to be 60 

applied for generating microwave toroidal pulses due to the lack of such third-order 61 

nonlinear materials in microwave frequency range. Therefore, the generation of microwave 62 

toroidal pulses remains a challenge. 63 

In this paper, we present an effective approach to the generation of free-space microwave 64 

electromagnetic toroidal pulses with a purposely designed transient finite-aperture horn 65 

antenna emitter, like an “air cannon”. Using this new technique, we experimentally study 66 
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propagation dynamics of electromagnetic toroidal pulses. We observed previously 67 

unreported propagation dynamics of electromagnetic toroidal pulses that evolve towards 68 

higher proximity to the canonical Hellwarth-Nouchi toroidal electromagnetic pulse during 69 

propagation. We conducted vectorial spatiotemporal mapping of the electric field of the 70 

pulse and demonstrate that their topological configurations are robust over a long distance. 71 

The high quality of the generated electromagnetic toroidal pulses allowed experimental 72 

observation of free-space electromagnetic skyrmions embedded in the Hellwarth-Nouchi 73 

canonical solution.  74 

Results  75 

Generation scheme for microwave toroidal pulses. The toroidal pulses that we will call 76 

canonical Hellwarth-Nouchi pulses are space-time nonseparable, non-transverse 77 

propagating electromagnetic excitation, the exact solution of Maxwell’s equations in the 78 

form first found by Hellwarth and Nouchi in 1996 [24]: 79 

𝐸𝑟 = 4𝑖𝑓0√𝜇0𝜀0 𝑟(𝑞2 − 𝑞1 − 2𝑖𝑧)[𝑟2 + (𝑞1 + 𝑖τ)(𝑞2 − 𝑖σ)]3 , (1) 80 

𝐸𝑧 = −4𝑓0√𝜇0𝜀0 𝑟2 − (𝑞1 + 𝑖τ)(𝑞2 − 𝑖σ)[𝑟2 + (𝑞1 + 𝑖τ)(𝑞2 − 𝑖σ)]3 , (2) 81 

𝐻𝜃 = −4𝑖𝑓0 𝑟(𝑞1 + 𝑞2 − 2𝑖𝑐𝑡)[𝑟2 + (𝑞1 + 𝑖τ)(𝑞2 − 𝑖σ)]3 . (3) 82 

where (r, z) represents spatial cylindrical coordinate, t is time, σ = z + ct, τ = z − ct, f0 is a 83 

normalization constant, q1 and q2 represent the central wavelength of the wave package and 84 

the Rayleigh range, respectively. The magnetic field is azimuthal, Hθ, and the electric field 85 

include both radial and longitudinal components, Er and Ez, forming a nontransverse wave.  86 
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Our generation scheme for microwave toroidal pulses is schematically shown in Fig. 1. The 87 

generator is a radially polarized purposely designed broadband conical coaxial horn antenna 88 

with operating frequency range of 1.3-10 GHz, see details in Supplementary Materials. It is 89 

inheritably more broadband and more accurately reproduces the canonical spectrum of 90 

Hellwarth-Nouchi pulses than the toroidal source based on segmented radial polarizer and 91 

discrete metamaterial dispersion corrector [13]. Below we will show results for generating 92 

toroidal pulses with q1 = 0.01m and q2 = 50q1. 93 

To launch toroidal electromagnetic pulse, the antenna was stimulated by an integral 94 

waveform as presented on Fig 1(b). As the antenna is a capacitive load to the feed, its output 95 

waveform is a differential of the driving signal that matches temporal profile of the desired 96 

free-space toroidal pulse with q2 = 0.5 m and single cycle at z = 0 m. 97 

Experiments were performed in a microwave anechoic chamber. To map the magnitude and 98 

phase distributions of the Er components of the broadband conical coaxial horn antenna, as 99 

shown in Fig. 1(c), we used linearly polarized horn probe with operating frequency range 100 

of 1-18 GHz. The Ez component was retrieved using Gauss's law, see the details in 101 

Supplementary Materials.  102 

Observation of propagation dynamics of toroidal pulses. Fig. 2 shows the spatiotemporal 103 

evolutions of experimentally measured, numerically simulated and canonical Hellwarth-104 

Nouchi toroidal electromagnetic pulses at propagation distances of 5 cm, 50 cm, and 100 105 

cm, respectively, from the horn aperture.  106 

The conical coaxial horn antenna generates in free space an electromagnetic field of 107 

rotational symmetry around the propagation direction. From Fig. 2, it is evident that both 108 

the measured waveforms and the waveforms simulated by time-domain Maxwell solving 109 

follow a pattern similar to that of canonical Hellwarth-Nouchi pulses, transitioning from a 110 
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single cycle to 1½ cycles [25]. As the bandwidth of our antenna is limited, the durations of 111 

experimentally observed pulses are somewhat larger than the canonical Hellwarth-Nouchi 112 

pulses with the same values of q1 and q2.  113 

The spectral distributions at positions 5 cm, 50 cm, and 100 cm along a specific radius are 114 

depicted in Fig. 3. The spectral composition in simulated, experimental measurements, and 115 

canonical Hellwarth-Nouchi pulses spread outward with propagation and the locations of 116 

spectral maxima at different frequencies are gradually moving apart, revealing the 117 

isodiffraction characteristic [16,17]. 118 

The toroidal electromagnetic pulse’s isodiffraction characteristic, relevant to space-time 119 

nonseparability [16], is evaluated to assess how it evolves after radiating from the antenna, 120 

as shown in Fig. 4. The measured state-tomography matrix {𝑐𝑖,𝑗} , with element 𝑐𝑖,𝑗 =121 ∫ 𝜀𝜂𝑖𝜀𝜆𝑗∗ 𝑑𝑟 representing the overlap of spatial and spectral states, indicates a poor match to 122 

the canonical Hellwarth-Nouchi pulse at proximity to the antenna and it gradually 123 

diagonalizes upon propagation, where 𝜀𝜆𝑗  and 𝜀𝜂𝑖  describe the distributions of 124 

monochromatic energy density and total energy density [16]. The concurrence 𝑐𝑜𝑛 =125 √2[1 − 𝑇𝑟(𝜌𝐴2)] √2(1 − 1 𝑛⁄ )⁄  and entanglement of formation 𝐸𝑜𝐹 =126 −𝑇𝑟[𝜌𝐴log2⁡(𝜌𝐴)] log2⁡(𝑛)⁄ , where 𝑛  and 𝜌𝐴  are respectively state dimension and the 127 

reduced density matrix [26], corresponding to the simulated and measured toroidal 128 

electromagnetic pulses quickly increase and remain above 0.9 with distance. Both simulated 129 

and measured fidelity 𝐹 = 𝑇𝑟(𝑀1𝑀2) [27], where 𝑀1 and 𝑀2 are respectively the density 130 

matrices for the generated and canonical Hellwarth-Nouchi toroidal pulse, at z = 0.65 m 131 

exceeds 0.7 (see supplementary materials for details), indicating a high spatiotemporal 132 

nonseparability, akin to Hellwarth-Nouchi pulses with noise [16]. Therefore, during 133 
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propagation the experimentally generated pulses evolves towards stronger space-time 134 

nonseparability and closer proximity to the canonical Hellwarth-Nouchi pulse.  135 

The propagation dynamics of toroidal pulses is related to their isodiffraction characteristic 136 

[16]. Indeed, various frequency components of toroidal pulses spatially diffract at a same 137 

rate upon propagation, i.e. the relative radial positions of frequencies components remain 138 

invariance during propagation. In contrast, in non-isodiffraction broadband signals some 139 

frequencies may leave the beam during propagation. This explains why imperfect 140 

electromagnetic toroidal pulses generated by the antenna evolve towards the canonical 141 

Hellwarth-Nouchi solution: the non-isodiffractive frequency components of the pulse 142 

scatter away while the isodifractive canonical components persists. Such robustness makes 143 

toroidal pulses promising information carrier candidates. 144 

Observation of skyrmionic textures imbedded in toroidal pulses. The dynamics of 145 

localized electromagnetic skyrmions has been reported on structured plasmonic interfaces 146 

[28-29]. Moreover, it was recently understood that skyrmionic textures are also imbedded 147 

in toroidal electromagnetic pulses [18]. However, such structures have never been observed 148 

experimentally before. Here we provide experimental mapping of these fields. Fig. 5 149 

displays maps of the experimental vector fields, with highlighting of the measured 150 

skyrmionic textures at distances of 5 cm, 50 cm, and 100 cm from the antenna aperture. As 151 

expected, the electric field has both radial component Er and longitudinal component Ez. 152 

The field features vector singularities, including saddle points on central axis (“longitudinal-153 

toward radial-outward” or “radial-toward longitudinal-outward”, marked by “△”) and 154 

vortex rings away from the central axis (surrounding electric vector forming a vortex loop, 155 

marked by “○”). The skyrmionic textures are varying but with preserved Néel-type helicity 156 

at different transverse planes. The skyrmionic textures can be observed at the planes located 157 
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at the front or the back (not too far away) of the electromagnetic vortex ring’s center. 158 

Additionally, the skyrmionic number’s sign “±” alternates on either side of the saddle 159 

points. For example, Néel-type skyrmionic textures exist in the transverse planes marked 160 

by green dashed lines, where the electric vector changes its direction from “down/up” at the 161 

center to “up/down” away from the center. Indeed, the skyrmion number of measured and 162 

simulated toroidal is always approximately ±1, as appropriate for skyrmionic textures. The 163 

coverage of the sphere of field vectors for measured, simulated, and canonical Hellwarth-164 

Nouchi toroidal pulses fully spans the surface of the sphere, providing a confirmation of the 165 

presence of skyrmions, the calculation method of which we used is similar to that of the 166 

recent observation of continue-sound-wave skyrmions [30], see details in Supplementary 167 

Materials.  168 

Discussion  169 

In conclusion, we presented a simple and efficient scheme for generating microwave 170 

toroidal pulse using a radially-polarized conical horn antenna like an electromagnetic 171 

cannon. We investigated propagation of toroidal pulses and mapped their skyrmionic 172 

structure. We demonstrated that during free-space propagation the pulses evolve towards 173 

higher space-time nonseparability and closer proximity to the canonical Hellwarth-Nouchi 174 

toroidal pulses. In addition to the coaxial cone-shaped horn emitter, we investigated coaxial 175 

pentagonal, coaxial rectangular, and coaxial triangular horns, as illustrated in supplementary 176 

materials. Despite the different shapes of these coaxial horns, all emitted similar space-time 177 

field and spectrum distributions resembling the canonical Hellwarth-Nouchi toroidal pulse. 178 

The coaxial configuration inherently provides radial polarization and wide bandwidth 179 

emission, which are critical factors for generating toroidal pulses. The scheme can also 180 

generate azimuthally polarized microwave toroidal pulses by substituting the inner and 181 

outer conductors with artificial magnetic conductors.  182 
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We argue that horn antennas offer practical opportunity for using robust toroidal pulses as 183 

information carriers in high-capacity telecom applications and remote sensing. The free-184 

space toroidal pulses are of interest to information transfer as much as localized skyrmions 185 

are of interest to data storage in topological matter [31-34]. The skyrmion textures within 186 

toroidal pulses are space-time skyrmions in free space, distinct from other skyrmion textures 187 

found in free space, structured media, and evanescent waves [19]. The single-cycle 188 

waveform, skyrmionic quasi-particle topology and their propagation resilience are crucial 189 

for ensuring robustness against environmental disturbances in high-capacity 190 

telecommunications. For realizing such information transfer lines coaxial horn antenna may 191 

be used as receiver of toroidal pulses, although their efficiency and the ability to 192 

discriminate between toroidal pulses and conventional transverse pulses will have to be 193 

investigated. In addition, the propagation dynamics indicates that the unique spectrum 194 

signature at each position within the toroidal field and the unique polarization signature 195 

within the skyrmionic texture can be utilized as tags for determining the coordinates of 196 

targets in detection applications. 197 

Moreover, the propagation dynamics, particularly the progression towards canonical 198 

Hellwarth-Nouchi toroidal pulses, offer multiple avenues for the generation of toroidal 199 

pulses. Contrasted with the field distribution of canonical Hellwarth-Nouchi toroidal pulses 200 

at the z=0 position, the field distribution at the aperture of the broadband conical coaxial 201 

horn antenna manifests two distinct characteristics: a smaller aperture and a singular signal 202 

excitation. Under these circumstances, its radiative field can still gradually transform into 203 

toroidal pulses during propagation. Furthermore, in the supplementary materials, we explore 204 

the propagation dynamics of toroidal pulses under aperture truncation, uniform distribution, 205 

and random distribution cases. Under all these cases, the space-time nonseparability of 206 

electromagnetic toroidal pulses evolves towards higher levels and closer resemblance to the 207 
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canonical form during propagation, even when the remaining energy after truncation is 208 

merely 1.9% of the original electromagnetic toroidal pulses. This reveals that the resilient 209 

propagation of toroidal pulses does not depend on the coaxial horn antenna and exists 210 

regardless of whether the frequency range is microwave or optical, suggesting that strict 211 

adherence to the equations governing toroidal pulses’ radiation or scattering aperture field 212 

distribution is unnecessary when designing schemes for generating supertoroidal pulses [18], 213 

nondiffracting toroidal pulses [35], helical pulses [36], and other topologically complex 214 

toroidal fields with more intricate spectra. For example, using dispersive metasurfaces, 215 

quantum interference control, or antennas, we can achieve a spectrum distribution similar 216 

to that of supertoroidal pulses. Frequencies that deviate from the canonical supertoroidal 217 

pulse may dissipate during propagation, as revealed in this paper. Therefore, imperfectly 218 

generated supertoroidal pulses have the potential to evolve towards the canonical 219 

supertoroidal solution over time. 220 

 221 

Methods 222 

Coaxial horn antenna design and simulation. The coaxial horn antenna is designed with 223 

CST microwave studio. The antenna comprises inner and outer conductors made of metal, 224 

with 3D-printed conical and flat-shaped dielectric supports at the bottom and top of the 225 

coaxial horn, respectively. The dielectric material possesses a dielectric constant of 1.3. To 226 

reduce the weight of the entire coaxial horn, the interior of the inner conductor is hollowed 227 

out. The antenna is fed from the bottom of the conical structure using a 2.92 mm coaxial 228 

connector with the rotationally symmetric TEM mode (radial polarization), where the inner 229 

and outer conductors of the connector are connected to the inner and outer conductors of 230 

the coaxial horn. The simulated time-domain results were obtained by directly exciting the 231 
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coaxial horn antenna with the signal 𝑔f(𝑡) = ∫ 𝐸r(𝜏, 𝑟 = 𝑟f, z = 0⁡)𝑡−∞ 𝑑𝜏  based on the 232 

canonical Hellwarth-Nouchi toroidal pulse’ Er component at the radius 𝑟 = 𝑟f  with the 233 

widest spectral range on the z=0 m plane. 234 

Measurement method. We utilized a planar microwave anechoic chamber for measuring 235 

the spatial electromagnetic fields of the broadband conical coaxial horn antenna. The 236 

antenna was moved to the desired measurement area using a scanning frame. The vector 237 

network analyzer was connected to the transmitting and receiving antennas, and we 238 

measured S21 to obtain the magnitude and phase characteristics of the electromagnetic field 239 

at different spatial positions. The receiving antenna used in the experiment was the 240 

broadband conical coaxial horn antenna we designed, while the transmitting antenna was a 241 

standard rectangular horn antenna with a frequency range of 1-18 GHz. Due to the rotational 242 

symmetry of the broadband conical coaxial horn antenna's structure, we only needed to 243 

measure the electric field within a rectangular region on one side along the central axis of 244 

the horn antenna. Rotating this rectangular region around the central axis by 360° provided 245 

the electric field distribution in three-dimensional space. The polarization direction of the 246 

transmitting standard horn antenna was adjusted to align with the radial direction of the 247 

broadband conical coaxial horn antenna. The scanning system was programmatically 248 

controlled to scan within the desired plane, allowing us to obtain the field distribution in the 249 

target plane.  250 

Observation method of skyrmion textures. We used the above method to measure the Er 251 

component in frequency domain, different from the methods used [13] and [23]. Due to the 252 

strict rotational symmetry of the designed broadband conical coaxial horn antenna, the 253 

electromagnetic pulses it generates consist solely of Er and Ez components. The Ez 254 

component can be determined from the measured Er component using a transformation 255 
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formula based on Gauss's law, the same as [13]. The experimental time-domain results were 256 

acquired through spectral measurements. We obtained the spatial magnitude and phase 257 

characteristics of the broadband conical coaxial horn antenna using the aforementioned 258 

frequency domain measurement method and computed the time-domain field through 259 

inverse Fourier transformation. The combination of Ez and Er components in the 260 

spatiotemporal field distribution enables the construction of a spatiotemporal vector field 261 

distribution, allowing for the observation of skyrmionic textures. 262 

Supplementary Material 263 

The supplementary material encompasses the design of the coaxial horn antenna, along with 264 

measurement techniques and outcomes pertaining to various electrical components. 265 

Additionally, it details the approach for computing time-domain fields and the methodology 266 

for assessing spatiotemporal nonseparability. The discussion in supplementary material 267 

further explores the space-time nonseparability of aperture truncated toroidal 268 

electromagnetic pulses, the spatiotemporal vector field distribution, and the implications of 269 

the coaxial horn's geometric configuration. 270 
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Figures 375 

 376 

Fig. 1. Generation of toroidal pulses from a “microwave cannon”. (a) Cylindrical coaxial 377 

antenna horn, front (a1) and back views (a2). (b) Driving voltage applied to the antenna feed (blue 378 

line) and transient antenna output (red line). (c) The simulated spatiotemporal evolution of the 379 

toroidal pulse: (c1) and (c2) are the spatial isosurfaces of the electric field at two different moments 380 

of time; (d) schematic of the electromagnetic configuration of the toroidal pulse. 381 
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 383 

Fig. 2. Spatiotemporal evolution of toroidal pulses. (a) Experimental and (b) numerically 384 

simulated spatiotemporal evolution of the amplitude Er of the pulses launched by the antenna 385 

compared to (c) canonical Hellwarth-Nouchi toroidal pulses. The gray curves indicate the electric 386 

field at approximately r = 0.2 m. 387 
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 388 

Fig. 3. Spectral distributions of Er field at variant propagation distances. (a) Experimental data, 389 

(b) numerical simulation, and (c) canonical Hellwarth-Nouchi pulses. The blue dashed lines track 390 

the spectrum maximum. 391 

 392 
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 394 

Fig. 4. Space-time nonseparability. The dots and fitting curves indicate numerically simulated 395 

and experimentally measured values of concurrence (con) and entanglement of formation (EoF) of 396 

the generated toroidal pulses versus propagation distance. The con and EoF quickly increase and 397 

remain above 0.9 with distance, and the inserted experimental state-tomography matrix shows a 398 

poor match to the canonical Hellwarth-Nouchi pulse at z = 0.05 m and it diagonalizes at z = 0.65 399 

m, indicating the generated pulses evolves towards stronger space-time nonseparability and closer 400 

proximity to the canonical Hellwarth-Nouchi pulse during propagation. 401 
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 403 

Fig. 5. Experimental spatiotemporal distribution of vector fields. Green tringles and circles in 404 

(b1) and (c1) mark the positions of saddle points and vortex rings, respectively. The green dashed 405 

lines in (a1), (b1) and (c1) respectively indicate the positions of the skyrmionic textures in (a2), 406 

(b2) and (c2) at specific times on the xy plane. In (a2), (b2) and (c2), the skyrmion number (NS) is 407 

approximately 1, which signifies well-defined skyrmionic textures. The skyrmionic textures are 408 

varying but with preserved Néel-type helicity at different transverse planes. The coverage of the 409 

sphere of field vectors in (a3), (b3) and (c3), respectively corresponding to the skyrmionic textures 410 

in (a2), (b2) and (c2), spans the surface of the sphere, providing a confirmation of the presence of 411 

skyrmions. 412 
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