B}% electronics

Article

Vortex Wave Generation at E-Band Using a TWT Source
and Metasurface

Haojie Zhu !, Jinjun Feng !

W) Check for updates

Academic Editor: Reza K. Amineh

Received: 5 March 2026

Revised: 15 March 2026

Accepted: 23 March 2026

Published: 24 March 2026
Copyright: © 2026 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

+*(0, Pan Pan !, Shishuo Liu !, Yueyi Zhang ? and Chaohai Du ?

National Key Laboratory of Science and Technology on Vacuum Electronics (NKLST-VE), Beijing Vacuum
Electronics Research Institute (BVERI), Beijing 100015, China; zhuhaojie@cetc.com.cn (H.Z.);
panpan@cetc.com.cn (P.P); liushishuo@cetc.com.cn (S.L.)

Center for Carbon-Based Electronics, School of Electronics, Peking University, Beijing 100871, China;
zhangyueyi@stu.pku.edu.cn (Y.Z.); duchaohai@pku.edu.cn (C.D.)

*  Correspondence: fengjinjun@tsinghua.org.cn

Abstract

In this paper, a novel scheme is introduced that combines a traveling wave tube (TWT)
with a metasurface to generate high-power E-band vortex electromagnetic waves. The TEj
mode electromagnetic wave emitted by the TWT is initially converted into a plane wave
via a horn antenna and subsequently transformed into a vortex electromagnetic wave by
the metasurface. The metasurface is designed and simulated, and the results show that this
approach can convert the TE1g mode from the TWT into vortex electromagnetic waves with
a specific topological charge of | = +1 within the 71-76 GHz frequency range, achieving a
remarkable mode purity of up to 97%. The experiment at 73.5 GHz was successfully carried
out, generating vortex electromagnetic waves with the designated topological charge of
I = +1 using this method. Although the experimentally measured mode purity was limited
to 30.6%, this outcome confirms the effectiveness of the proposed method.

Keywords: traveling wave tube; metasurface; vortex electromagnetic wave

1. Introduction

In 1992, Allen et al. first determined that possessing a transverse helical phase structure
is a necessary and sufficient condition for electromagnetic waves to have orbital angular
momentum (OAM) [1]. This special wave, carrying OAM with a helical phase structure
known as a vortex electromagnetic wave, has since garnered significant attention in both
basic research and applications, especially in high-data-rate communication, including
generating OAM-carrying vortex beams using a uniform circular array antenna in radio
science [2], the transmission of statistical-state OAM waves in free space [3], the realiza-
tion of OAM multiplexing communication over 10 m [4], and high-capacity transmission
experiments of 200 Gbit/s using dual-polarized OAM-MIMO multiplexing with uniform
circular array antenna technology in the 28 GHz band [5]. The ways to directly gener-
ate vortex waves include phased antenna arrays [6], microstrip antennas [7], dielectric
rod antennas [8], and metal resonant cavities. Phase-modulation methods involve spi-
ral phase plates [9], transmission gratings [10], spiral parabolic antennas [11], stepped
reflectors, and metasurfaces [12]. In particular, metasurfaces have become a powerful
platform for generating vortex waves due to their ability to manipulate the phase front
with subwavelength resolution. Recent research progress has demonstrated the generation
of complex vortex beams, including perfect vortex beams and multi-channel vortex beams,
particularly in the optical band [13]. Furthermore, space-time-coding digital metasurfaces
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have been extensively studied for wireless communication applications, enabling func-
tions such as frequency conversion, beam steering, and multiplexing [14]. Additionally,
broadband dual-mode vortex waves have been realized using Pancharatnam-Berry phase
metasurfaces, achieving a relative bandwidth of 54.55% [15]. Moreover, spin-decoupled
multichannel metasurfaces have been demonstrated to enable wavevector and frequency
multiplexing, achieving four-channel wavefront control with up to ten channel beams [16].
Even more sophisticated control techniques, such as interference-assisted kaleidoscopic
meta-plexers for arbitrary spin-wavefront manipulation, have also been proposed, realizing
independent spin-selective wavefront control and frequency-switchable vortex beams [17].
Furthermore, significant progress has been made in generating high-power vortex waves
in the terahertz and optical bands—for example, kilowatt-level terahertz vortex beams
achieved using gyrotrons [18], intense terahertz vortices with sub-GV /m field strengths
generated via laser-plasma channels [19], and relativistic-intensity vortex lasers for plasma
interactions [20]. However, these methods typically rely on bulky and complex systems
(such as gyrotrons or high-power lasers), making them difficult to integrate into compact
communication or radar front ends. In the millimeter-wave band, particularly the E-band,
research on vortex waves remains very limited and has mainly focused on low-power
communication scenarios. Moreover, most metasurface-based vortex wave generators
operate in the optical band or at lower microwave frequencies, with experimental demon-
strations in the E-band millimeter-wave range being particularly rare. High-power vortex
waves hold great potential for applications in radar, electronic countermeasures, inter-base
communications, satellite-to-ground links, and industrial micromachining, yet this area
remains largely unexplored.

To address this gap, this paper proposes a radiation system driven by a traveling
wave tube and a transmissive metasurface. By combining high-power capability with a
planar, easy-to-fabricate structure, this system offers a more compact and practical solution
for generating high-power vortex waves in the E-band, with promising applications in
future wireless communication and radar systems. Experimental results demonstrate that
the system successfully generates vortex electromagnetic waves with a topological charge
of | = +1 within the 71-76 GHz communication band, validating the feasibility of the
proposed scheme.

2. The Metasurface and the System Design

The system connects the output port of the traveling wave tube to a horn antenna,
with a metasurface placed 60 mm behind the horn antenna to generate high-power vortex
electromagnetic waves carrying a topological charge of I = +1. A 71-76 GHz all-metal
folded waveguide traveling wave tube is employed in this work. Under operating condi-
tions of 13.1 kV and 85 mA, it delivers a continuous wave output power of 40 W with a
total efficiency of 17.6%.

The all-dielectric metasurface consists of cylindrical unit cells and is divided into
eight sectors, each featuring cylinders with distinct heights and radii. The unit cell period
is P = 2 mm, the substrate thickness is h_sub = 1.5 mm, the cylinder height h ranges
from 1 to 4.5 mm, and the cylinder radius r ranges from 0.2 to 0.9 mm. Figure 1a shows
the 8 regions on the surface and Figure 1b gives the structure of one unit cell. The meta-
surface was fabricated using DLP stereolithography 3D printing technology with Al;Os3
(er = 9.5,0 = 1.7 x 10~*) as the base material. This all-dielectric design effectively avoids
issues commonly associated with metallic metasurfaces under high-power operation, such
as ohmic loss, thermal effects, and insufficient power capacity. The fabrication process
began with the preparation of a high-solid-loading alumina photocurable slurry, followed
by DLP printing to obtain a ceramic green body. A precise temperature-controlled debind-
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ing process was then employed to remove organic components, and the structure was
subsequently densified via high-temperature sintering. The resulting Al,O3 metasurface
exhibits a surface smoothness of 0.2-0.6 um. The metasurface was designed and simulated
using ANSYS Lumerical FDTD (2023 R1) software. During parameter sweeping, a plane
wave at 73.5 GHz was normally incident upon the unit cell structure. Periodic boundary
conditions were applied in the x and y directions, while the z direction was set as an MPL
(matched boundary layer). A sweep accuracy of 2 was adopted, and a fine override mesh
with a grid size of 0.08 mm was added over the cylindrical structure to enhance simulation
precision. Figure 2 shows the results of the parameter sweeping, where (a) presents the
swept transmittance (T) and (b) presents the swept phase. From (b), eight sets of structures
were selected whose phases are as close as possible to the center of each phase division
(target phase), with a maximum deviation not exceeding 15%. Meanwhile, these struc-
tures exhibit the highest possible transmittance in (a). Additionally, since the parameter
sweeping was conducted at 73.5 GHz, the transmittance within the 71-76 GHz frequency
band must also be fully considered, requiring that the overall transmittance of the selected
structures within this band is no less than 0.75. Based on these criteria, the eight sets of
structures shown in Table 1 were ultimately determined. Table 1 presents the diameter and
height of the cylinders in the eight regions, where T represents the transmission coefficient,
target phase denotes the desired phase shift of the structure, phase indicates the actual
phase shift achieved by our structure, and phase deviation represents the error between the
actual phase shift and the desired phase shift. It can be observed from the table that among
the eight metasurface unit structures, only the seventh structure exhibits the largest phase
error, which is 14.258%, yet it remains below 15%, indicating that the phase distribution
of the metasurface is still relatively uniform. Figure 3 illustrates the transmittance of the
eight metasurface structures within the 71-76 GHz frequency range. It can be seen that
the transmittance of all eight structures is greater than 0.75, demonstrating the excellent
transmittance of the metasurface.
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Figure 2. (a) Transmittance distribution ranging from 0 to 1.0 and (b) phase distribution from —m to 7
of cylindrical unit structures with different r and h values.
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Table 1. The cylinder height and radius in the 8 regions.

r (mm) h (mm) T Target Phase Phase Shift Phase Deviation
Region 1 0.428571 1.5 0.964933 —157.5° —157.707° —0.207° (0.46%)
Region 2 0.414286 3.35714 0.946152 —112.5° —112.424° 0.076° (0.169%)
Region 3 0.428571 4.42857 0.970058 —67.5° —67.4692° 0.0308° (0.069%)
Region 4 0.542857 2.35714 0.990518 —22.5° —18.9887° 3.5113° (7.8%)
Region 5 0.585714 2.2857 0.905364 22.5° 20.64361° —1.85639° (4.13%)
Region 6 0.757143 1.85714 0.80375 67.5° 64.98373° —2.52627° (5.61%)
Region 7 0.7258571 2.42857 0.913957 112.5° 106.0837° —6.4163° (14.258%)
Region 8 0.214286 1.5 0.97895 157.5° 157.5055° 0.0055° (0.122%)

Group 2 Group 3

Group 4

T 72 73 74 75 76 71 72 73 74 75 7% 71 72 73 74 75 7 71 72 73 74 776

Group 6 Group 7 Group 8

7™M 72 73 4 75 7% 71 72 73 74 75 76 71 72 73 74 75 76 M 72 713 74 75 76
f(GHz) f(GHz) 1(GHz) 1(GHz)

Figure 3. Transmittance of the 8 different unit structures on the metasurface.

The essence of converting an incident plane wave into a vortex wave using a meta-
surface lies in applying an azimuthal phase shift compensation to the incident wave. To
generate a vortex wave with topological charge | = +1, the phase of the plane wave must
be rotated by 271/ in the azimuthal direction. This process can be described by Equation (1).
The eight selected structures are arranged according to Equation (1).

goam(x,y) = l-arctan(y/x) M

Here, ¢oanm(x,y) is the phase value at point (x,y), | is the topological charge of the
vortex wave, and arctan(y/x) calculates the angle of (x, y) relative to the origin, typically
in the range of (—, 7).

To simulate the actual operating process in which the TE;y waveguide mode wave
output from the E-band traveling wave tube is radiated by the horn antenna and subse-
quently converted into a vortex electromagnetic wave carrying a topological charge of
I = 41 via the metasurface, the following simulation setup was established. A TE;o mode
wave was excited at the input port of the horn antenna. The metasurface was positioned
dq = 60 mm behind the horn antenna, and the vortex wave field was probed on a detection
plane located d; = 60 mm behind the metasurface. The simulation results are shown in
Figure 3. It is seen that the electric field intensity of vortex electromagnetic waves with a
topological charge of | = +1 exhibits a ring-shaped distribution with a central singularity,
as shown in Figure 4a, while the phase displays a clockwise helical pattern, as shown in
Figure 4b. Vortex electromagnetic waves can be decomposed into the superposition of
vortex modes with different topological charges [21], as described in Equations (2) and (3).
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where §(r,¢) represents the normalized complex electric field amplitude at the azimuthal
angle ¢ on a circumference of radius r, and A(r) denotes the complex amplitude coefficient
of the vortex mode with topological charge 1 at that radius.

phase
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Figure 4. Simulated electric field pattern (a) and phase pattern (b) of vortex wave with topological
charge | = +1.

To characterize the quality of a generated vortex electromagnetic wave of a specific
mode, the physical quantity of mode purity is defined. It refers to the proportion of the
wave energy of the target OAM mode (e.g., with topological charge | = +1) relative to the
total energy of the generated vortex electromagnetic wave. In the measured cross-sectional
electric field intensity and phase distribution maps, discrete sampling is performed on a
circle centered at the phase singularity of the vortex electromagnetic wave, with a radius (r)
extending from the singularity to the point of maximum electric field intensity (where the
OAM electromagnetic wave energy is relatively concentrated, leading to higher accuracy
in mode purity calculation). This process yields a discrete complex electric field sequence
P(rg,¢n), wheren =0, 1, 2..., N — 1, and N is the total number of sampling points.
Subsequently, a discrete Fourier transform is applied to the sequence §(rg, ¢n) to obtain
the mode coefficients A; for each order, as shown in Equation (4):

1N1

A~ — Z ¥(ro, ) e 190 @)

The power P, carried by each mode 1 is proportional to the square of its coefficient; in
this paper, we take P, = | A

According to the Nyquist sampling theorem, N equally spaced sampling points can
resolve a maximum of N angular harmonic modes without aliasing. The range of topologi-
cal charges is [-L,L], where L = [N/2]. The calculation formula for the purity of the target
mode can then be expressed as Equation (5):

P
N = ——— % 100% (5)
Y1 P
where Py, is the total power of all vortex modes. Based on the electric field strength and
phase distribution obtained from our simulation, we calculated that the mode purity of the
vortex electromagnetic wave with topological charge of I = 41 generated by the system is
97%, as shown in Figure 5.
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Figure 5. Simulated mode purity of the vortex wave.

3. Fabrication and Experimental Testing

The metasurface is manufactured using Digital Light Processing (DLP) photo-
polymerization 3D printing technologies and is shown in Figure 6. The surface smoothness
of the processed metasurface is between 0.2 and 0.6 um, and the maximum error in the
unit structure radius of the actual metasurface is measured to be 0.05 mm. By increasing
the radius of each unit of the metasurface by 0.05 mm, the maximum error caused by 3D
printing on the formation of vortex electromagnetic waves was verified through simulation.
The results are shown in Figures 7 and 8.
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Figure 6. The metasurface manufactured by DLP.
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Figure 7. After considering the effects of the processing accuracy caused by 3D printing of the
metasurface, (a) is the simulated field distribution and (b) is the phase distribution.
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Figure 8. Vortex wave mode purity after considering the effects of the processing accuracy caused by
3D printing of the metasurface.

To experimentally verify the generation of vortex electromagnetic waves with a topo-
logical charge of I = +1 by the designed radiating system, an experimental setup is
constructed, comprising a “VNA + frequency extender + TWT + horn antenna + metasur-
face + waveguide probe” for near-field testing. The experimental schematic is shown in
Figure 9 and the experimental scene is shown in Figure 10.

Metasurface
Probe

VNA TWT Horn

d, d, scanning frame
Figure 9. Schematic diagram of near-field scanning.

|y E—

|\

4

P
EINA Exte

Figure 10. Near-field testing experiment setup.

For near-field measurements, a KEYSIGHT PNA-X N5245A vector network analyzer
(DC-50 GHz)(Keysight Technologies, Santa Rosa, CA, USA), a Ceyear 3643P frequency
extender (Chengdu Cevear Technology Co., Ltd., Chengdu, China) module (75-110 GHz),
and an Aotai Technology AT-PBA-12A-2.0 waveguide probe (60-90 GHz) (Aotai Technology
Co., Ltd., Shanghai, China) were employed. To prevent the high-power electromagnetic
wave output from the traveling wave tube from damaging the vector network analyzer, an
attenuator (XB-VA10-25) (Beijing XinBo Microwave Technology Co., Ltd., Beijing, China)
was added at the input of the traveling wave tube and a 10 dB coupler (XB-WDC12-10) (Bei-
jing XinBo Microwave Technology Co., Ltd., Beijing, China) was inserted at its output. With
the exception of the coaxial cable connection between the probe and the frequency extender
receiver, all interconnections were implemented using rigid waveguide connections.
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A continuous wave at 73.5 GHz was output from the vector network analyzer. The
horn antenna was directly connected to the output port of the traveling wave tube, and
the metasurface was placed at a distance of 4y = 60 mm behind the horn antenna. A
computer-controlled 3D scanning stage was used to position the probe, which scanned
a 100 mm x 100 mm plane located at d; = 60 mm behind the metasurface with a step
size of 1 mm. The complex Sy; parameters over the plane were recorded, yielding the
complete electric field intensity distribution and phase distribution of the vortex wave.
The topological charge on this cross-section was determined to be I = +1, as shown in
Figure 11. The field strength is mainly distributed in the ring outside the center, and the
phase exhibits vortex wave characteristics with topological charges, rotating clockwise for
one cycle.

0.025
0.02
10.015

0.01

20 40 60 80 100
x (mm)

Figure 11. (a) Tested electric field intensity pattern and (b) tested phase pattern of the vortex wave
with topological charge | = +1.

Based on the measured electric field intensity and phase, the mode purity distribution
is calculated, as shown in Figure 12. The measured vortex beam with the target topological
charge I = +1 has a mode purity of 30.6%, which is smaller than the simulation expecta-
tion. This discrepancy is primarily attributed to the multi-reflection environment and the
finite aperture of the metasurface. The experimental setup, not in an anechoic chamber,
introduced significant reflections. The probe-side surroundings and the region behind the
horn antenna both acted as reflective surfaces. Electromagnetic waves undergo multiple re-
flections within the experiment space, and a portion of the wave is reflected from the probe
side back to the metasurface as components with | = —1 and I = 0, which are subsequently
re-modulated into [ = 0 and / = +1 modes, respectively. The process on the horn antenna
side follows a similar sequence but in the opposite direction. When the metasurface receives
the I = +1 wave from the horn side, it modulates the wave again, converting it into the
I = +2 mode. Through further multiple reflections, higher-order modes such as [ = +3 are
generated. Due to the absorbing material placed in front of the metasurface, the reflectivity
of the two sides is asymmetric. The horn antenna side exhibits stronger reflection, resulting
in more pronounced ! = —2 and components, whereas the probe side contributes weaker
and components. This explains the relatively larger proportions of and modes observed in
Figure 8. Additionally, because of the limited metasurface aperture (42 mm x 42 mm), only
part of the incident plane wave passes through the metasurface, further increasing the | = 0
component. In summary, the measured mode spectrum results from the superposition of
the main mode and spurious modes generated through the described multi-path reflections.
Combining the principal identified components yields an overall mode purity of 86.6%.
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Figure 12. Purity diagram of vortex wave experimental modes.

4. Conclusions

This paper presents a method for generating vortex electromagnetic waves with a
topological charge of | = +1 in the E-band using a traveling wave tube and a transmissive
metasurface. The experiment successfully detected vortex waves carrying the designated
topological charge of | = +1 which dominated the measured signal, thereby validating the
feasibility of the proposed scheme.

However, the current work still has some limitations. First, the experimentally mea-
sured mode purity of the vortex wave is only 30.6%, significantly lower than the simulated
value of 97%. This discrepancy is mainly attributed to extensive reflections caused by the
experimental environment. If the effects of these environmental reflections are eliminated,
the estimated mode purity could reach 86.6%, which is very close to the 86% obtained from
simulations incorporating corrected 3D printing fabrication errors. This indicates that the
measured experimental results were primarily caused by the experimental environment,
rather than issues related to the design and fabrication of the metasurface. Second, due
to the lack of high-power millimeter-wave measurement equipment, this study did not
characterize the actual power level of the generated vortex waves.

To overcome these limitations, future efforts could focus on improving fabrication
techniques and upgrading the experimental environment to enhance mode purity. Addi-
tionally, a dedicated high-power measurement system should be developed to characterize
the output power and far-field radiation patterns of the vortex waves, laying the ground-
work for future long-distance wireless OAM communication in the E-band. Despite the
current challenges, the proposed traveling wave tube and metasurface integration remains
a promising solution for future high-power millimeter-wave OAM applications.
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