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Abstract In this paper, a compact terahertz (THz) on-chip metasurfac e antenna based on leaky-wave holographic methodology is
proposed to address the demands for enhanced channel capaci ty and system integration in communication systems. The pro posed THz
antenna enables the generation of two distinct high-order B essel beams carrying | = 1 orbital angular momentum (OAM) modes
across 300{308 GHz. The silicon-based microfabricated pro totype demonstrates an average OAM mode purity of 0.78, whil e the electric-
eld energy maintains spatial con nement within the 7 168 mm  7:68 mm metasurface aperture at 20 :4 o transmission distance. The
subwavelength thickness (0 :16 () and complementary metal-oxide-semiconductor (CMOS)-co mpatible architecture highlight its potential
for seamless integration with terahertz integrated circui ts and next-generation 6G communication systems.
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1 Introduction

With the exponential growth of massive data transmission for the hternet of Things (IoT), autonomous transport,
big data, and augmented reality/virtual reality, higher data rates of hundred gigabits per second and larger band-
width are required in future wireless communications [1{3]. To addres this issue, the terahertz (THz) band in
the range of 0.3 to 3 THz is gaining interest for the sixth generation 6G) and beyond due to their higher chan-
nel capacity and spectrum e ciency when compared to millimeter waves (mm-wave). In 2019, the International
Telecommunication Union (ITU) identi ed a spectrum of 0.275{0.45 TH z for land mobile and xed service applica-
tions. Moreover, the frequency of 0.3 THz is located in the transmision window, which bene ts the low absorption
loss and high output power for communication system. Besides incesing the carrier frequency from mm-wave to
THz region, the development of orbital angular momentum (OAM)-based mode division multiplexing technique is
another way to increase the channel capacity and avoid the Sharon limit. The OAM multiplexing utilizes the
inherent orthogonality property of di erent OAM states and prov ides independent channels for each OAM mode to
deliver di erent data [4, 5].

Combining the THz frequency with OAM multiplexing technology, the TH z OAM antenna will be one of the
most important components to achieve high data rate of Thits/s and large bandwidth over 100 GHz in the future
wireless communications [6{8]. At microwave and sub-THz frequencie OAM beam generation is typically realized
using uniform circular arrays (UCAS) or spiral phase plates (SPPs) UCA implementations in the microwave band
have been widely reported [9{11], typically using printed circuit board (PCB) fabrication technology. At sub-
THz, NTT has demonstrated operation at 150 GHz with antennas realized via computer numerical control (CNC)
machining [12,13]. However, both PCB and CNC approaches become clult to scale to the terahertz regime due to
insu cient dimensional accuracy (e.g., feature-size control and sirface roughness) or prohibitive cost. In addition,
Butler-matrix feed networks are widely employed to support UCA-based OAM multiplexing in these regimes [12,13];
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extending such architectures toward the true THz range & 300 GHz) remains di cult due to the stringent phase-
accuracy requirements of THz phase shifters and the increasedmplexity of the feeding network, which together
introduce sizable insertion loss and higher fabrication cost. In comast to UCA, metasurface technology possesses
inherent phase-modulation capabilities that enable OAM beam generéon through simpli ed feeding architectures
and low-pro le con gurations, thereby establishing its viability as a p romising candidate for the THz OAM antenna
implementations.

At microwave frequencies, humerous metasurface designs havedn reported for OAM-beam generation [14{21],
whereas only a limited set of studies has reached the THz regime [22%2 Existing THz OAM demonstrations
face several persistent issues. (i) The principal challenge impedin@AM beam implementation in THz wireless
communications stems from the fundamental con ict between thér intrinsic divergence characteristics and the strict
orthogonality requirements for full-aperture reception. This physical paradox necessitates receivers with extended
aperture dimensions to simultaneously achieve su cient energy cajpure and accurate spatial-phase discrimination
of multiplexed OAM modes [26,27]. This limitation constrains the broade practical application of OAM beams
in long-range wireless transmission. (i) More focus on single-mode M generation, with OAM multiplexing
remaining di cult [23], limits the ability to achieve channel-capacity expa nsion via OAM. (iii)) Most of the THz
OAM antennas are designed in transmission or re ection modes with eternal free space excitation, making them
impractical for high integration with electronic or photonic integrat ed chips.

Recent research underscores that transitioning from metallic corponents toward all-silicon waveguide platforms
is a crucial paradigm shift for achieving low-loss, high-density teralertz integrated circuits (THz-ICs). Various
sophisticated coupling methodologies|such as backside coupling, efhedded coupling|have been developed to
e ciently bridge the gap between active chips and dielectric waveguice structures [28]. These nanophotonics-inspired
interconnects leverage the low-loss properties of high-resistivitgilicon to provide a CMOS-compatible environment.
This architecture facilitates practical interconnections where the energy from the chip can be directly coupled to
the antenna feed, thereby mitigating the insertion losses and alignmnt error, which are typically associated with
traditional metallic waveguide feeding and modular o -chip transition s like silicon tapers.

To solve the above issue, we propose a novel compact THz on-chipetasurface antenna based on leaky-wave
holographic method, capable of emitting two distinct high-order Besel beams [ = 1) at 306 GHz. As a classic
non-di racting beam, the high-order Bessel beam e ectively caries OAM information and exhibits non-di racting
characteristics over a certain distance, making it highly promising fo THz communication system [29{31]. Subse-
quently, the designed antenna was fabricated using silicon-basediorofabrication techniques, which help to integrate
with photonic integrated circuits and silicon-based CMOS chips. The neasured results demonstrate that our pro-
posed antenna could generate high-order Bessel beams with aneaage OAM mode purity of 0.78. Furthermore, at a
distance of 204 o (where  is the free-space wavelength at 306 GHz) from the metasurfac#e electric eld energy
of the OAM beam remains largely con ned within the aperture of the metasurface antenna (768 mm 7:68 mm).
This implies that most of the energy can be e ectively received at thereceiving end using the same antenna. To the
best of our knowledge, this is the rst study of THz on-chip metasuface antenna for generating 1 OAM modes
with non-di ractive properties, making it a promising candidate for in tegration with THz CMOS chips and future
6G communications.

The rest of this article is organized as follows. Section 2 introduceshie unit structure used in the metasurface,
along with the design principles and preliminary simulation results. Secion 3 provides a detailed description of the
fabrication process for the metasurface antenna. Sections 4 drb present the near- eld measurement results of the
metasurface antenna and the demonstration of the THz-OAM Wirdess Communication Link. The main conclusion
is summarized in Section 6.

2 The design of the unit structure and the metasurface antenn a

The proposed compact THz on-chip metasurface antenna is showim Figure 1(a), which consists of two Si taper
tips, two photonic waveguides and metasurface to generate OAM éams. The Si taper tips couple the energy from
WR-3 metallic waveguide, and then the planar half-Maxwell sheye lers is utilized to generate a planar wavefront to
feed the metasurface. The holographic metasurface subsequbnconverts the in-plane guided mode to out-of-plane
free-space non-di racting THz OAM beams with | = 1 modes. The antenna aperture is designed with an electrical
size of approximately 8 ¢ (7:68 mm 7:68 mm). This dimension is strategically selected to balance the requiraents
of terahertz integration with the physical constraints of OAM mod e reception. Unlike conventional OAM beams
that diverge rapidly, the utilized high-order Bessel beams concemhate the electromagnetic energy within a stable
non-di ractive zone. This energy con nement allows the antenna to maintain a relatively compact footprint while
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Figure 1 (Color online) (a) Schematic overview of the proposed metas urface antenna. On the metasurface, the green and orange lin es represent
the direction of the electric eld propagation from the two f eeding ports. The green and orange beams in space represent t he two high-order
Bessel beams generated by surface wave excitation in two dir ections, which carry OAM with modes I =+1land | = 1. (b) Zoom-in details of

the Si taper tip and photonic waveguide.

ensuring that the receiver can accurately capture the ring-shapd intensity and sample the complete helical phase
gradient. A smaller aperture would fail to capture the necessary patial amplitude and phase information at the
intended transmission distance, leading to degraded mode orthogwlity and increased inter-mode crosstalk. This
section provides a detailed description of the design of the unit strature and metasurface antenna.

2.1 The design of the unit structure

Two distinct types of unit structures are introduced for constructing the metasurface, as shown in Figure 2, hexag-
onal prism and cuboid, each with an air hole in the center. The hexageal prism structure is used to construct the
photonic waveguide and the half-Maxwell sheye lens, while the cuba@ forms our metasurface. In the half-Maxwell
sheye lens, adopting a hexagonal-prism lattice helps equalize phaseelocity for multi-directional power ow and
mitigates direction-dependent aberrations. Within the metasurface, the guided energy is engineered primarily along
two orthogonal axes; a cuboid lattice naturally aligns with these principal directions. Both structures are made
of intrinsic high-resistivity silicon (", = 11:7, = 1000 cm) and copper. As the radius of the air hole in the
unit changes, the e ective refractive index of the structure varies correspondingly. The e ective refractive indices
for di erent air hole radii were obtained through eigenmode simulations in CST Microwave Studio. Due to the
minimal di erence in e ective refractive index between the two stru ctures, they can be represented by the same
curve, as shown in Figure 3(a). To ensure the design ful lls the 300808 GHz operational bandwidth requirements,
simulations were performed at 300, 306, and 310 GHz. The nearly evlap of the curves across these frequencies
demonstrates that the unit cell provides stable phase modulation ad impedance matching with minimal dispersion,
thereby con rming the viability of the proposed antenna. Further more, the antenna's robustness to fabrication tol-
erances was rigorously evaluated by simulating etching depth variabns ( h). While results for h= 5 m were
found to be nearly identical to the ideal design, the impact of h = 10 m at 306 GHz was further analyzed
to account for extreme manufacturing deviations. As shown in Figues 3(c) and (d), the deviations in both ne
and surface impedance remain remarkably small even at 10 m, verifying that the Si-based metasurface is highly
robust.

The surface impedance values can be derived from the e ective redctive index curve of the unit cell, which is
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Figure 2 (Color online) 3-D perspective view of unit structure. (a) H exagonal prism units; (b) cuboid units.
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Figure 3 (Color online) Simulated electromagnetic characteristic s of the unit cells. (a) E ective refractive index and (b) ee ctive surface
impedance as a function of air hole radius at 300, 306, and 310 GHz. Impact of etching depth variation h = 10 m on (c) e ective refractive
index and (d) e ective surface impedance at 306 GHz.
calculated using the following formula [32]: q
— 2 .
Z=2Zy 1 nZ; (1)

whereZ represents the impedance of free space, amg is the e ective refractive index obtained above. Figure 3(b)
shows the e ective surface impedance corresponding to unit stretures with di erent air hole radii.

2.2 The design of the feeding part

In this work, the feed system comprises three main components,amely, a silicon taper tip for impedance matching,
a photonic waveguide for energy transmission, and a planar half-Mavell sheye lens for wavefront shaping, as
illustrated in Figure 4. The Si taper tip is designed for broadband impelance matching and e cient energy
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Table 1 Parameters of units.

Parameter Size Sweep size
d 120 m {
r 3(575 m 1 m
hi 120 m {
h2 40 m {
h3 003 m {
di
-
L1 |
A B Si taper tip
-
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P1 i "
foi oo ) ST _Photonic Waveguide

Half-Maxwell fisheye lens

Figure 4 (Color online) Design of the feeding part.

coupling from the standard WR-3 waveguide during near- eld measuements. Subsequently, a photonic waveguide
based on a substrate integrated image guide (SIIG) [33] is used tamct energy to the half-Maxwell sheye lens. This
SIIG architecture emulates the waveguiding characteristics of coventional image guide transmission lines through a
periodic lattice of air holes etched into the silicon substrate, while prserving an unpatterned central guiding channel.
This con guration maintains a higher e ective permittivity in the guidin g core relative to the surrounding air-hole
cladding region, thereby enabling e ective energy con nement. The lattice period of the unit cell is P; = 0:2 mm,
with detailed geometries of both the silicon taper tip and photonic waweguide illustrated in Figure 1(b), and their
heights are consistent with that of the metasurface unit structure for ease of fabrication. Notably, all structural
heights maintain consistency with unit cell dimensions. The required efractive index distribution for the Maxwell
sheye lens is given by [34]

= max . ®)

+

|=

where r represents the radial position of the Maxwell sheye lens, andR is the radius of the lens. Due to the
slightly lower electric eld intensity at the edge of the Maxwell sheye lens compared to the center, the diameter
of the Maxwell sheye lens is set to 11 mm, which mean®R = 5:5 mm. This value is greater than the length of
the metasurface (7.68 mm), in order to ensure that the metasudce is fed with a more uniform planar wave.nmax
represents the maximum refractive index at the center of the lenswhich is set to 3.08, the highest e ective refractive
index achievable by the hexagonal prism unit. The detailed parametes of the unit cell structure are presented in
Table 1. The detailed dimensions of the unit cell structure are preseted in Table 2.
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Table 2 Dimensions of the feeding part (unit: mm).

Ly Lo dy dz P
Value 0.755 0.95 0.02 0.175 0.2

2.3 Metasurface design

Holographic beamforming, a technique originally demonstrated at ofical wavelengths, relies on recording the
interference pattern between a reference wave and an objectawve. Following this principle, the illumination of
holographic pattern with the reference wave could enable reconatction of the original object wave's radiation
characteristics. In this work, the surface waves guided electromgnetic modes bound to the air-metal interface serve
as the reference wavefront and the desired radiation pattern awesponds to a higher-order Bessel beam, which can
be reconstructed through proper excitation of the surface wag-induced holographic pattern [35]. The holographic
interference pattern intensity is governed by the classic interfeence equation [36]:

_ 2. . 2 .
I =] suf]”™ ] obj]” +  surf obj +  obj surf: (3)

where sy and op; represent the wave front of the reference and object wave, spectively. When feeding is applied
only from the positive x-direction, ¢, can be expressed as

surf = € jkona\/gx; 4)

wherekg is the wave number in free spacenayy represents the average e ective refractive index of the metastace,
and x is the radial distance along the positivex-direction from the feeding part. In accordance with the higher-ader
Bessel beam that the designed metasurface needs to generatey; is de ned as

obj = el OAM el Bessel : (5)

where oam represents the phase information of the OAM beam, and gessel represents the phase information of
the conical wavefront.

The initial antenna con guration employs two diametrically opposed feeding networks with parallel ports, as
illustrated in Figure 5(a). For conventional OAM generation where the object wave phase prole o, exclusively
contains the OAM phase term oam , based on (3), feeding from the parallel port 1 generates the mode OAM
beam. By applying the conjugate reference wave, which is a surfaglane wave propagating along the parallel port 2,
the same hologram can be excited to generate the conjugate olgjewave, corresponding to the | mode OAM beam.
However, introducing the Bessel phase componentgessel t0 b for non-di racting beam formation will disrupt this
phase-conjugate symmetry. In other words, feeding from the psitive parallel port 1 will generate non-di racting + |
mode OAM beams, whereas feeding from the opposite direction of pallel port 2 will generate undesired di raction-
enhanced | mode OAM beams. To address this limitation, an optimized orthogonalfeed con guration with two
feeding ports placed orthogonally is proposed in this work, as showim Figure 5(b). Moreover, the port isolation
analysis demonstrates that the orthogonal arrangement showsuperior port isolation performance with simulated
S,1 suppression enhancement exceeding 10 dB across 0.3{0.31 THz qmmed to the parallel port con guration, as
shown in Figure 5(c).

Following the antenna architecture optimization, the holographic metasurface was synthesized as a 64 64 unit
cell array with overall dimensions of 7268 mm 7:68 mm as depicted in Figure 6. For the holographic metasurface,
when feeding from thex-direction and y-direction, the phase distribution of the mn-th element can be calculated
by

%rz KonXmn + Kofmn Sin + 1 mn; (6)

%/rz Konymn + Kormn Sin I mn; (7

where X, and ymn correspond to the Cartesian coordinates o set between the halMaxwell sheye lens and the
mn-th array element, while (rmn; mn) are the cylindrical coordinates of the element. is the axicon angle, which
is designed to be 73 . | represents the topological charge of OAM, which is designed to be. IThe calculated phase
distribution is shown in Figure 7.

Following the determination of the phase distribution, the holographic pattern required for generating non-
di racting OAM beams can be subsequently mapped to the correspoding surface impedance pro le:

(x) i ()

Zs=j) X+ MRe obj surf :jX+MReeimn+e|mn (8)
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Figure 5 (Color online) Two candidate antennas feeding architectur e. (a) Parallel ports; (b) orthogonal ports; (c) comparison of isolation
between two models.

where X is the average impedance of the entire metasurface, arld is the impedance modulation depth, which is
set to 0.18 in this case. The calculated e ective surface impedance shown in Figure 8.

The antenna functionality was validated through electromagnetic sSmulations in Ansys HFSS. Figure 9 shows the
E- eld distribution of the OAM beams at 306 GHz on the xoy plane at a distance of 20 mm above the holographic
metasurface. The simulation results demonstrate that higher-oder Bessel beams exhibit reduced beam divergence,
maintaining tight eld con nement within the 7 :68 mm 7:68 mm metasurface aperture. However, in view of the
inherent challenge of introducing a completely uniform plane wave frm the planar Maxwell sheye lens, the energy
ring of the OAM beam deviates from a perfect circular shape. Althowgh this deviation exists, when considering the
application of the OAM beam in near- eld communication scenarios, sich an imperfection can be deemed acceptable
within a reasonable range.

3 The fabrication of the metasurface

Figure 10 shows the entire silicon-based microfabrication procesd the THz OAM metasurface antenna. The entire
fabrication process is divided into six steps and double-side polished tirinsic high-resistance silicon wafers with a
thickness of 180 m were selected for the construction of the metasurface antersm

Initially, the silicon wafer is thinned to the target thickness of 160 m using a deep reactive ion etching (DRIE)
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Figure 8 (Color online) Distribution of the e ective surface impeda nce of the metasurface. (a) The distribution of the required e ective
surface impedance in the x-direction; (b) the distribution of the required e ective s urface impedance in the y-direction; (c) nal e ective surface
impedance distribution.

Figure 9 (Color online) E- eld distribution of the OAM beams at 306 GH z on the xoy plane at z = 20 mm. Simulated magnitude distributions
of Bessel beam carrying OAM mode of (a) | =+1 and (b) | = 1. Simulated phase distributions of Bessel beam carrying OA M mode of
(c)l=+land(d) I= 1.

system. Subsequently, the wafer undergoes ultrasonic cleaning iacetone, isopropanol, and deionized water for
5 min each. This is followed by a 2-min Q plasma treatment in a plasma cleaner at a power setting of 80 W,
which alters the hydrophobic surface of the silicon into a hydrophilic ¢ate. In the rst step, AZ4330 photoresist
(thickness: 3 m) is spin-coated onto the silicon wafer and pre-baked on a hot platat 90 C for 120 s.

In the second step, the photoresist is exposed for 10 s using an S8 MABA6 mask aligner and developed for
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Figure 10 (Color online) The six main steps for fabricating the propos ed metasurface antenna.

52 s to transfer the pattern from the mask onto the photoresist followed by a post-bake on a 120C hot plate for
5 min to harden the developed photoresist.

In the third step, the silicon wafer is etched using the Bosch proceson a DRIE system (Samco RIE-400iPB)
(170 cycles, etch cycle: 200/10 sccm SFO ,, coil power: 650 W, bias power: 120 W, chamber pressure: 4 Pa,
duration: 1.5 s; passivation cycle: 120 sccm £Fg, coil power: 1000 W, chamber pressure: 1.5 Pa, duration: 2 s),
achieving an etch depth of 120 m.

To etch the tips of the silicon waveguides, a second etching is requide Before this, the metasurface areas not
requiring secondary etching are protected with glass. The seconetching is performed using the same DRIE system
(Samco RIE-400iPB) (140 cycles, etch cycle: 100/10 sccm SFO ,, coil power: 600 W, bias power: 120 W, chamber
pressure: 4 Pa, duration: 2 s; passivation cycle: 200 sccm4Eg, coil power: 1000 W, chamber pressure: 4 Pa,
duration: 2 s), achieving an etch depth of more than 40 m.

In the sixth step of the process, a layered deposition consisting df0 nm of chromium, 1000 nm of copper, and
20 nm of gold is applied to the backside of the silicon-based metasurda antenna. Subsequently, the wafer undergoes
ultrasonic cleaning in acetone, isopropanol, and deionized water fot min each. This is followed by a 1-min Q
plasma treatment at a power setting of 80 W in a plasma cleaner, inteded to remove any residual photoresist.
Figure 11 presents the nal fabricated sample along with scanning kectron microscope (SEM) images of the sample.

To further enhance the performance and OAM mode purity in future iterations, several practical fabrication
improvements can be implemented to mitigate the aforementioned tterances. For instance, utilizing Silicon-on-
Insulator (SOI) wafers with a buried oxide layer as an etching stop weuld signi cantly improve etching-depth
uniformity by counteracting the micro-loading e ect in the DRIE pro cess. Additionally, advanced packaging tech-
nigues can be explored to ensure a more robust and gap-free inface between the silicon metasurface and the
feeding circuitry, further stabilizing the holographic excitation.

4 Performance validation of the metasurface antenna genera ting OAM-carrying
Bessel beams

A THz planar near- eld scanning measurement setup was construed, as shown in Figure 12. High-frequency signals
were generated by multiplying the low-frequency output from Port 1 of the vector network analyzer (VNA) (Keysight
N5227B) using a frequency extension module (VDI VNAX 2646). TheOAM metasurface antenna served as the
transmitting device and was directly connected to a standard operended waveguide (WR-3.0) at the transmitter
side. The terahertz signals were received by a probe connected tmother frequency extension module (VDI VNAX
2646), which connects to Port 2 of the VNA (Keysight N5227B), davn-converting the received signals. The receiving
probe, integrated with the down-conversion module, was positioné perpendicular to the metasurface and mounted
on a movable platform for spatial scanning. Figure 13 shows the meaired re ection coe cients of the metasurface
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Figure 11 Images of the sample. (a) The diagram of THz on-chip OAM anten na captured by an optical microscope. Scanning electron
micrographs of (b) the silicon tape, (c) half-Maxwell sh ey e lens, (d) 2D lattice of air hole of the Si slab, and (e) cross- sectional view of the
metasurface.

Figure 12 (Color online) Setup of the near- eld scanning system. Side panels show the details of the probe and the metasurface ante nna.

antenna as a function of frequency. Within the frequency range ©300{310 GHz, the measuredS;;j for both ports
remain below 10 dB, ensuring e cient power coupling. More precisely, as shown in kgure 13, the|S;;j of Port 2
is lower than that of Port 1 for frequencies below 3046 GHz, while Port 1 shows better performance at frequencies
exceeding 3056 GHz.

A comparative metasurface generating conventional OAM beams &as concurrently implemented for performance
benchmarking. Figures 14(a) and (b) show the simulatedEj distributions in the longitudinal plane ( xoz plane) at
306 GHz for the conventional OAM beam and the non-di racting OAM beam, respectively. Figure 14(c) shows the
measuredjEj distributions in the longitudinal plane ( xoz plane) at 306 GHz for the non-di racting OAM beam.
The longitudinal range for both simulation and measurement is from # to 22 mm, while the transverse range is
from 4 to 4 mm. It should be noted that to clearly visualize the beam pro le and central singularity in each case,
the electric eld distributions in Figure 14 are normalized to the peak intensity of each respective distribution. By
comparing the central amplitude singularity along the propagation axis in the three images, it is evident that the
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Figure 13 (Color online) Measured re ection coe cients from the Figure 14 (Color online) E-eld distribution of the OAM beam
two ports with separate feeding, ranging from 300 to 310 GHz. at 306 GHz. Simulated magnitude distributions of (a) conven tional
OAM beam and (b) the OAM-carrying Bessel beam in the xoz plane

along the propagation z-axis. (c) Measured magnitude distributions
of the OAM-carrying Bessel beam in the xoz plane along the propa-
gation z-axis.

conventional OAM beam exhibits signi cantly more di raction than th e non-di racting OAM beam. The central
amplitude singularity of the simulated non-di racting OAM beam remain s very straight without broadening as
the propagation distance increases. Compared to the simulation mults, the measured non-di racting OAM beam
shows a slight tendency to spread, but it still retains di raction-limit ed characteristics compared to the conventional
OAM beam. This minor divergence in measurement is attributed to falrication tolerances (e.g., slot dimensions
and etching-depth variations) and near- eld scanning misalignmens. However, the measured electric- eld energy
remains e ectively constrained within the spatial range that can be captured by the receiving antenna.

Subsequently, the electric eld distribution on the transverse plane (xoy plane) was measured at a distance of
20:4 o (20 mm) from the metasurface. The measurement covered an aaeof 10 mm 10 mm, with a step size
of 0.2 mm. Figure 15 shows the measured electric eld intensity and pase distribution on the xoy plane. The
results clearly demonstrate that the non-di racting OAM beams ranging from 300 to 308 GHz could be achieved
with prominent phase singularities and vortex phases.

Using the obtained electric eld distribution, the mode purity of the g enerated main component of the OAM
beam can be further analyzed. Fourier transform analysis of the lectric elds is performed to decompose each
OAM mode [21]:

122 _ 2
P=p>=  Oeld 9)
()=A() € O (10)

where| denotes the topological charge of the OAM modes, with integer valas spanningl 2 [ 5; +5] being system-
atically analyzed in this study. A( ) and ( ) denote the azimuthal amplitude pro le and phase distribution of th e
discretely sampled electric eld along the closed contour encircling te beam axis, respectively. The mode purity
can be calculated as follows:

Mode Purity = PSP'—P: (12)
I= 5 |
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Figure 15 (Color online) Measured near- eld magnitude and phase resu Its in 300{308 GHz.
Figure 16 (Color online) The measured OAM spectrum weight for (a) I=+1and (b) | = 1from 300 to 308 GHz, respectively.
Measured spectral characterization demonstrates that both @M modes (| = +1 and | = 1) maintain mode
purity exceeding 0.78 throughout 300{308 GHz, with peak values 00.87 forl = +1 at 302 GHz and 0.80 for| = 1

at 306 GHz, as shown in Figure 16. The inability to achieve higher OAM male purity is primarily due to variations
in the air gap during assembly, along with the thickness tolerance oftte wafer ( 5 m) and the process variations
introduced by DRIE ( 2 m).

5 Demonstration of the THz-OAM wireless communication link

To validate the communication capability of the proposed on-chip metsurface antenna, a terahertz OAM wireless
link was experimentally demonstrated at 306 GHz, as shown in Figure 7. Di erent from most previously reported
THz-OAM systems that employ SPP for reception [17,22,25,37], bith the transmitter and the receiver in this work
are implemented using identical silicon-based holographic leaky-wavw@etasurfaces. These metasurfaces are directly
excited without any horn structure, forming a fully reciprocal link t hat enables compact integration.
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Figure 17 (Color online) Schematic diagram of the THz-OAM wireless co mmunication system based on the proposed on-chip holograph ic
leaky-wave metasurface.

Figure 18 (Color online) Photograph of the experimental THz-OAM wire less communication system. (a) Overall setup showing the tr ansmitter
and receiver modules aligned along the beam axis. (b) Enlarg ed view of the transmitting and receiving modules with the on -chip metasurface
antenna. (c) Enlarged view of the metasurface antennas for O AM beam generation and detection. The separation between th e metasurfaces is

approximately 32 mm.

As illustrated in Figure 17, baseband signals were generated by an bitrary waveform generator (AWG M8199A)
and modulated to QPSK (6 Gbaud) and 16-QAM (3 Gbaud). The signalswere up-converted to a 306 GHz carrier
by a mixer driven by an RF signal generator near 50 GHz (Analog SignbGenerator AP5021A) and a 6 frequency
multiplier. The resulting terahertz signal fed the transmitting on-c hip metasurface antenna, which radiated a
non-di ractive OAM beam with topological charge | = 1.

On the receiving side, an identical metasurface antenna performiethe inverse conversion and coupled the signal
to a down-conversion chain consisting of a 6 multiplier and a mixer. The intermediate-frequency output was
recorded by a real-time oscilloscope (Keysight Real-time oscilloscopdXR0404AP) and processed for EVM and
constellation analysis. The link distance between the two metasurfae antennas was approximately 32 mm, within
the non-di raction range of the emitted Bessel-like beam. To further assess the system robustness, a high-de nition
video stream was transmitted through each OAM channel. As displagd on the monitor in Figure 18(a), the video
played smoothly without noticeable frame loss, verifying that the proposed metasurface pair supports real-time
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Figure 19 (Color online) Measured EVM performance of the QPSK signal v ersus baud rate for the proposed THz-OAM communication link
Figure 20 (Color online) Measured received IF spectrum of the THz data channels for dierent OAM modes and modulation formats.
(@ I =+1, QPSK; (b) 1= 1, QPSK;(c) |=+1, 16-QAM; (d) 1= 1, 16-QAM.

broadband terahertz data transfer with stable carrier synchrmization and low inter-channel interference.

The physical implementation of the wireless link is presented in Figure 8. Figure 18(a) shows the overall
experimental setup, while Figures 18(b) and (c) display enlarged vie's of the transmitter and receiver modules,
respectively. The symmetrical con guration ensured precise phae matching between the two ends and demonstrated
complete reciprocity of mode conversion within a fully planar architecure.

The transmission performance was characterized using QPSK and61QAM modulation schemes. The measured
error-vector magnitude (EVM) for the QPSK signal as a function of baud rate is shown in Figure 19. The EVM
increased from 8%{12% at 1 Gbaud to 24% at 6 Gbaud. The power sgtra in Figure 20 exhibited clean sidebands
without spectral broadening, and the constellation diagrams in Figue 21 displayed clearly separated symbol clusters,
con rming stable amplitude and phase demodulation.
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Figure 21 (Color online) Measured constellation diagrams of the THz d ata channels for dierent OAM modes and modulation formats.
(a) | =+1, at 6 Gbaud QPSK; (b) I = 1, at 6 Gbaud QPSK; (c) | =+1, at 3 Gbaud 16-QAM; (d) I = 1, at 3 Gbaud 16-QAM.
Table 3 Comparison of representative THz-OAM wireless communicat ion systems.

Ref. Metasurface type Operating frequency (THz) Receiving method Feed relation Data rate (Gbit/s)

[25] Transmissive metasurface 0.1 SPP Free-space feed 10

[22] Transmissive metasurface 0.1 SPP Free-space feed 56

[17] Re ective metasurface 0.1 SPP Free-space feed 48

[37] Leaky-wave metasurface 0.317 SPP On-chip integrated 2 0
This work Leaky-wave metasurface 0.306 Reciprocal on-chip metasurface On-chip integrated 24

For the communication rate estimation, the QPSK modulation at 6 Gbaud corresponds to a data throughput of
approximately 12 Gbit/s, while the 16-QAM modulation at 3 Gbaud prov ides a similar rate of 12 Gbit/s per OAM
channel. Considering the two OAM modes [ = +1 and | = 1), the total theoretical link capacity reaches about
24 Gbit/s.

As summarized in Table 3, most previously reported THz-OAM systens still rely on free-space horn feeds and
SPPs for reception. Compared with previously reported THz-OAM g/stems employing SPP-based receivers or
hybrid horn couplers, our proposed approach demonstrates a TB on-chip metasurface-to-metasurface reciprocal
communication link for the rst time. This architecture o ers poten tial for high speed near- eld wireless intercon-
nects and chip-to-chip terahertz communication with simple alignmen and compact system.

6 Conclusion

This paper demonstrates a rst study of silicon-based compact OAM metasurface antenna operating in the THz
band, which addresses critical challenges in terahertz communicains through the implementation of high-order
Bessel beamsl|(= 1) that combine dual-mode OAM generation with non-di racting wave front control, ensuring
that the OAM beam remains well-con ned within the metasurface apeture. The metasurface was fed by two
orthogonal ports with isolation lower than 45 dB at 306 GHz. The near- eld measurements con rm that the
antenna achieves an average OAM mode purity of 0.78 across the 8Hz bandwidth, enhancing its e ciency for
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practical near- eld communication applications. The spectral e ¢ iency enhancement enabled by OAM multiplexing
and the inherent compatibility with semiconductor fabrication processes establish the proposed non-di racting THz
on-chip OAM antenna as a viable solution for next generation terahetz communication systems. While the current
implementation o ers high integration and robust performance, itis constrained by xed topological charges. Future
research will focus on the integration of recon gurable materials,to enable dynamic mode control and adaptive
beam steering. Such advancements will further enhance the veaility of silicon-based terahertz integrated circuits,

paving the way for intelligent and recon gurable ultra-high-speed wireless systems.
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