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P H Y S I C S

Valley-conserved topological integrated antenna for
100-Gbps THz 6G wireless
Ridong Jia1,2, Sonu Kumar3, Thomas Caiwei Tan1,2, Abhishek Kumar1,2, Yi Ji Tan1,2,
Manoj Gupta1,2, Pascal Szriftgiser4, Arokiaswami Alphones3, Guillaume Ducournau5,
Ranjan Singh1,2*

The topological phase revolutionized wave transport, enabling integrated photonic interconnects with sharp
light bending on a chip. However, the persistent challenge of momentum mismatch during intermedium topo-
logical mode transitions due to material impedance inconsistency remains. We present a 100-Gbps topological
wireless communication link using integrated photonic devices that conserve valley momentum. The valley-
conserved silicon topological waveguide antenna achieves a 12.2-dBi gain, constant group delay across a 30-
GHz bandwidth and enables active beam steering within a 36° angular range. The complementary metal oxide
semiconductor–compatible valley-conserved devices represent a major milestone in hybrid electronic-photon-
ic-based topological wireless communications, enabling terabit-per-second backhaul communication, high
throughput, and intermedium transport of information carriers, vital for the future of communication from
the sixth to X generation.
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INTRODUCTION
The topological edge state is a highly conductive state that exists at
the edge of topological insulating bulk, and it has been shown to
facilitate the efficient transport of electrons (1, 2), photons (3, 4),
and acoustic waves (5). Photonic topological insulators (PTIs) (3,
4) have garnered notable attention as a prominent area of research
in the past decade, owing to their potential as a robust electromag-
netic platform featuring remarkably low bending loss and back-
scattering immunity. Among various PTIs, valley photonic crystal
(VPC) (6, 7) offers an intriguing valley momentum for robust trans-
port of waves at chip scale (8, 9) without the need for an external
magnetic field. VPCs have been used to develop numerous efficient
topo-devices for photonic integrated circuits including topological
waveguides (6, 10, 11), beam splitters (12, 13), cavities (14, 15), and
lasers (16, 17). However, present topological photonic chip designs
aremostly demonstrated on a single topological platformwith a lack
of focus on the coupling of electromagnetic waves in and out of the
topological chip. This is attributed to the substantial momentum
mismatch due to the refractive index contrast when transitioning
topological states between distinct topological chips or radiating
electromagnetic waves from the chip to free space and vice versa.
Here, we propose a mechanism for valley momentum conserva-

tion that addresses the problem of inefficient interchip topological
mode transition over the air. We experimentally validate the
concept by using a terahertz wireless communication link that
uses topological devices to efficiently convert electromagnetic

waves between an all-silicon VPC chip and free space, where
there are large differences in the effective refractive indices. Com-
pared to conventional terahertz photonic crystal waveguides (18–
20), the topologically protected robust transport and broadband
linear dispersion of the used VPC enables on-chip data communi-
cation with high speed and is immune to bends and backscattering
(8, 21, 22). An efficient over-the-air link of such advanced on-chip
modes in the terahertz band allows the conservation of valley mo-
mentum between chips and is expected to drive the high-speed
wireless communication from sixth to X generation (6G to XG),
with the potential to assist the next generation of industrial revolu-
tion in decades (18, 23–28).

RESULTS
Figure 1A depicts our proposed terahertz topological wireless com-
munication link between all-silicon VPC chips using the proposed
high-gain topological antenna (TA) at both the transmitter (Tx-TA)
and receiver (Rx-TA) ends, which achieves a remarkable 100-Gbps
data rate at a 1.2-cm over-the-air distance. Each TA device is com-
posed of an on-chip VPCwaveguide that supports valley-dependent
kink states (6, 8), and a semi-circular graded refractive index buffer
(GRIB). The GRIB design effectively mitigated the considerable
momentum difference caused by the large refractive index contrast.
GRIB is shown in Fig. 1 (B and C) by the zoomed images of the
VPC-adjacent and the edge regions of GRIB, as indicated by
GRIB-I and GRIB-II, respectively. Illustrated in Fig. 1B, GRIB and
VPC are integrated via one-time deep etching on a silicon wafer
with multiple aspect ratios (see Materials and Methods). The
VPC unit cell is in a hexagonal lattice (white hexagon) with equilat-
eral triangular holes of different sizes, which breaks the inversion
symmetry. The VPC waveguide is designed by interfacing two mir-
rored bulk slabs with opposite valley Chern numbers (fig. S1). GRIB
is a photonic crystal with hexagonal air holes in a triangular lattice,
of which the period is half of the VPC. Thus, GRIB is regarded as an
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effective medium in the frequency band of interest. Themeticulous-
ly designed hole sizes allow an effective refractive index n to match
the VPCmembrane (see Supplementary Materials). At the 120° ori-
ented VPC-GRIB interface (white dashed line), of which the tan-
gential direction is ~et , the kink state with projected valley
momentum ~Kx (red arrow) is coupled into the mode in GRIB
with momentum~kG (blue arrow). In the GRIB-II region as shown
in Fig. 1C, graded n along the radial direction is achieved by spatially
varying the GRIB hole size, which enables the adiabatically chang-
ingmomentum~k0G (gradient arrow) to bridge~kG andmomentum in
air~kA (green arrow) for efficiently radiating on-chip kink state and
vice versa. The necessity of the GRIB design is also discussed in the
Supplementary Materials (figs. S2 and S3).
The numerical dispersion diagrams of the VPC kink state (red),

eigen modes in GRIB (blue), and plane wave in air (green) are
shown in Fig. 1D, as projected onto ~et , illustrating the overall
mode transition of the TA. The momentum matching at the
VPC-GRIB interface is depicted by the intersection point of the
K-valley kink state and GRIB-I mode (blue line) as represented at
the center frequency, while the adiabatic evolution of wave from
GRIB-I to GRIB-II is indicated by the gradient-colored region,
bridging the gap of topological mode and free space wave. The
topological-trivial momentummatching at the VPC-GRIB interface
is also shown in the momentum space with the Brillouin zone of
VPC (hexagon) in the top-right inset of Fig. 1D. Valley momentum
at the VPC-GRIB interface is along the K direction, of which the
amplitude is j~Kj ¼ 4π/3a at center frequency (a is the VPC lattice

constant). The amplitude of momentum in GRIB is j~kGj ¼ ωnð~rÞ=c
[ω is the angular frequency, nð~rÞ is the effective refractive index of
GRIB at position~r, and c is the light speed in vacuum] as indicated
by the blue circle. The beam direction θ is determined
by the phase matching equation (29) as ~K �~et ¼~kG �~et based
on the electromagnetic continuity at the VPC-GRIB interface.
The band crossing at other frequencies within the topological
bandgap can be achieved at different angles θ(ω) based on
this frequency-dependent matching condition. The overall
mode conversion for Tx-TA is represented by the equation
~K �~et ¼~kG �~et !~k0 �~et ¼~kA �~et , while the opposite holds true
for Rx-TA. The constant group velocity exhibited by the linear dis-
persion of each mode in Fig. 1D is crucial in ensuring the
simultaneous delivery of modulated symbols across the entire
bandwidth, for terabit-per-second data transmission between chips.
The VPC waveguide is interfaced by two mirrored bulk slabs

with opposite valley Chern numbers of ±1/2, respectively (6).
Figure 2A shows the used VPC unit cells with equilateral triangular
holes of side lengths l1 and l2 and lattice constant a = 250 μm, which
supports the transverse electric (TE) mode. The asymmetric geo-
metrical parameter for inversion-symmetry breaking, defined as δ
= l1 − l2, differentiates the type A (δ = +0.3a) and type B (δ = −0.3a)
unit cells. The topological eigenstates with the intrinsic phase sin-
gularities are shown by the argument of the out-of-plane magnetic
field argð~HzÞ (blue colormap) at K valley. The in-plane Poynting
vector~S (black arrow) also exhibits a vortex feature and has opposite
chirality for type A and type B unit cells. The kink state occurs at the

Fig. 1. Interchip topological wireless communication link via momentum-conserved silicon devices. (A) Top view of terahertz wireless link between valley photonic
crystal (VPC) chips achieving a 100-Gbps data rate. Tx-TA and Rx-TA are identical consisting of on-chip VPC waveguide with topological kink state and GRIB including
regions I and II for efficient momentummatching. (B) Optical image of the GRIB-I region, where the projected valley momentum~Kx (red) is coupled into the mode in GRIB

withmomentum~kG (blue) at the VPC-GRIB interface (white dashed line, the tangential direction is~et). The VPC consists of triangular holes in the hexagonal unit cell (white
hexagon) with broken inversion symmetry, while GRIB is a trivial photonic crystal in a triangular lattice with hexagonal holes. (C) Optical image of the GRIB-II region. The

spatially changing hole sizes create the graded refractive index where the momentum adiabatically transforms from~kG to~k0G , and eventually reaches air with momentum
~kA (rightward arrows) and vice versa (leftward arrows). (D) Numerical dispersion diagrams of VPC kink state (red) and eigenmodes in GRIB (gradient region) and air (green),
as projected into the~et direction. The kink state is coupled into GRIB at the intersection point, represented at central frequency, and the adiabatic changing momenta
(colored region) bridge the kink state with plane wave in the air. Each mode exhibits broadband linear dispersion. The momentum matching at the intersection point is

shown in the top-right inset in the momentum space with the Brillouin zone (hexagon) of VPC. The magnitude of GRIB momentum j~kGj (blue circle) is determined by the

effective refractive index of GRIB, and the beam direction θ relies on the matching of ~K (red) and~kG (blue).
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interface (gray dashed line) within the bandgap surrounded by type
A and type B bulk structures as shown by the simulated j~Hzj (yellow
colormap). Figure 2B illustrates the simulated power flow h~Si of the
TA chip with the efficient mode coupling process from VPC wave-
guide to GRIB-I and GRIB-II, and eventually reaching air.
The momentummatching achieved by the proposed topological

devices allows high-gain radiation. Figure 2C shows the simulated
(blue) and experimentally measured (red) far-field radiation pat-
terns against the azimuth angle θ for the TA. We record the
maximum gain of 12.2 dBi at the azimuth angle θM = 62° at 0.33
THz, which matches the simulation result of 13.5 dBi at θM =
62.28°. The half-maximum-gain angle width (HMAW) of the
device is 25°. The terahertz wave is coupled into the TA chip with
a standard WR 2.8 hollow waveguide and the silicon tapered
coupler attached to the chip as shown in Fig. 2D (see Materials
and Methods). The radiated beam is received by another standard
WR 2.8 horn antenna in the far field at an over-the-air distance of
4.5 cm. We observe a flat broadband radiation response of the TA,
shown by the nearly constant gain of 12.2 dBi over a spectral band
from 0.31 to 0.34 THz in Fig. 2E, with frequency-dependent radia-
tion angle θ(ω) in an angular range of 10°. The antenna gain eval-
uationmethod is discussed in the SupplementaryMaterials (fig. S4).
Furthermore, the 200-μm-thick silicon membrane transmits the
terahertz wave into both in-plane (xy plane) and out-of-plane (z-di-
rection) directions, where the three-dimensional (3D) radiation

pattern is plotted in Fig. 2F against both azimuth and elevation
angles. The radiated energy is confined at an elevation HMAW of
49°. The radiated and total efficiencies are higher than 95% within
the operation band (fig. S5), largely exceeding the electronic
antenna efficiencies at terahertz (table S1). The TA is immune to
sharp bends in the waveguide path (fig. S6).
Accurately controlling the direction of the terahertz beam

emitted from the chip is critical for a wide range of applications in-
cluding wireless communication, high-resolution imaging, and
radar systems. The proposed device also enables the beam steering
functionality by shifting the position of semicircular GRIB along the
VPC-GRIB interface as shown in Fig. 3A. When the terminal point
O of the VPC waveguide and the semicircle center O0 of GRIB
coincide, ~kG and ~k0G are pointing radially to the circular edge,
collinear with ~kA in free space. While a displacement between O
and O0 is introduced by shifting the position of GRIB, an additional
refraction angle ψ (Fig. 3A) occurs due to the oblique incidence of
wave on the circular edge, leading to a tunable azimuth angle
θ0 = θ ± ψ. By moving GRIB along~et , a beam steering at an angle
range of 36° is achieved, as indicated by the experimental gain
spectra in Fig. 3 (B to D). We fabricated five different TA chips
with OO0 distances of −2.25, −1, 0, 1, and 2.25 mm. The constant
n of GRIB-I results in both unaffected maximum gain and stable
broadband responses, albeit OO0 is shifted. Figure 3B shows the
measured gain of over 12 dBi for each antenna at 0.325 THz as a

Fig. 2. Valley-conserved TA measurements. (A) VPC unit cell (left) and topological kink state (right). The inversion symmetry is broken by varying the side lengths of the
equilateral triangular air holes, l1 and l2. The topological eigen vortices are shown by the simulated phase singularity of the out-of-plane magnetic field argð~HzÞ (blue

colormap) and vortex Poynting vector~S (black arrows). The symmetry breaking strength δ = l1 − l2 are +0.3a and−0.3a (a is the lattice constant) for type A and B unit cells,
respectively. The topological kink state exists at the interface (gray dashed line) formed by two inversed VPC bulks as depicted by the simulated j~Hzj (yellow colormap). (B)
Simulated power flow h~Si of TA. The terahertz beam in the VPC interface is coupled into GRIB-I and GRIB-II and finally radiated into the air. (C) Simulated and measured
radiation patterns of TA. The measured maximum gain is 12.2 dBi at azimuth angle θM of 62.7° at 0.33 THz. (D) Experimental setup and top view of the TA device. The
terahertz signal is coupled to the antenna via a standard WR 2.8 waveguide into a tapered coupler attached to the silicon chip, and the receiving WR 2.8 horn antenna
mounted on a rotational stage scans the power of each azimuthal angle in a far-field distance of 4.5 cm. (E) Gain spectra, showing a nearly constant gain of 12.2 dBi from
0.31 to 0.34 THz. (F) 3D antenna radiation spectrum.
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function of azimuth angle. The azimuth angle of maximum-gain θ0M
changes from 52° for OO0 = −2.25 mm to 88° for OO0 = +2.25 mm,
which is also plotted in Fig. 3C together with θ0M at 0.32 and 0.33
THz. The broadband beam steering characteristics are illustrated in
Fig. 3D. In the frequency range of 0.31 to 0.34 THz, the maximum
antenna gain values are constantly over 12 dBi at varying angles.
In addition to the passive beam steering technique, we demon-

strate an active approach to steer the terahertz beam by mechanical-
ly moving GRIB. We fabricated a pair of separated semicircular
GRIB and VPC chips that are mounted on the mechanical transla-
tion stage, as displayed in Fig. 3E. By precisely translocating GRIB
along the interface, the maximum-gain angle θ0M is tuned as shown
in Fig. 3F. Despite the altered angle dispersions between the passive

(Fig. 3D) and active (Fig. 3F) experiments resulting from the imper-
fect position due to the air gap (~50 μm) between VPC and GRIB,
the actively steered beams present broadband gain up to 9.7 dBi
from 0.31 to 0.34 THz. The maximum-gain angle versus OO0 is
shown in Fig. 3G at 0.32, 0.325, and 0.33 THz, respectively, where
the total beam steering range achieved in real-time is 16° with a rep-
resentative 2-mm shifting. Furthermore, active beam steering func-
tionality is possibly achieved by changing the effective n using phase
change materials or microelectromechanical cantilevers, such as
GST (30) or MEMS (31).
The interchip valley momentum conservation is extremely im-

portant for maintaining robust characteristics between two topolog-
ical VPC chips. The over-the-air valley conservation is

Fig. 3. Beam steering with the TA. (A) Schematic of TA beam steering. The edge region of the semicircular GRIB refracts the beam with an additional angle ±ψ by
changing the VPC-GRIB displacement OO0 . The topological valley momentum is adiabatically coupled into~kG ,~k0 (blue arrow) and eventually to~kA (green arrow) at a
steered angle. (B) Radiation envelopes of steered angle-resolved beam at 0.325 THz. By fabricating five antenna chips with OO0 of −2.25, −1, 0, 1, and 2.25 mm, the
radiation angles are passively tuned. (C) Tuned angles of maximum-gain θ0M of the samples in (B) at 0.32, 0.325, and 0.33 THz, respectively. The tunable θ

0
M is in a range of

36° with a 4.5-mm shift as exemplified at 0.33 THz. (D) Broadband responses of beam steering for the samples in (B) from 0.31 to 0.34 THz. (E) Schematic of active beam
steering and optical image of separated VPC and GRIB. By shifting the position of GRIB mechanically, the radiation beam is steered actively by an angular range of 16°. (F)
Active beam steering results from 0.31 to 0.34 THzwith attenuatedmaximum gain over 9.7 dBi whenOO0 is−1, 0, and 1mm, respectively. (G) Tunedmaximum-gain angle
θ0M at 0.32, 0.325, and 0.33 THz with an angular range of 16° within the representative displacement length of OO

0 = 2 mm under active control.
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experimentally demonstrated by the first terahertz wireless commu-
nication between topological chips (setup is referred to Materials
and Methods). Figure 4A shows the chip-air-chip transmissions,
measured for various over-the-air distances d as shown in the
top-right inset. With d ranging from 3.5 to 130.5 mm, the transmis-
sion results indicate a clear bandpass filtering in the range of 0.31 to
0.34 THz. The antenna gain response is also measured using inter-
chip setup (also see Fig. S4), and the results are displayed in Fig. 4B.
The gain remains constant in the far-field distance up to d = 500
mm, while the gain value increases in the near-field region (blue
region) within 42 mm. The group delays of the interchip channel
are measured at various distances from 3.5 to 130.5 mm, as
shown in Fig. 4C, where each of them is nearly constant within a
bandwidth of 25 GHz (0.315 to 0.34 THz). The group delay value
of the tested TA is measured as 0.23 ns at 0.325 THz (fig. S7). Such
constant group delay gives rise to the simultaneous transmission of
modulated symbols to achieve data rate close to terabits per second,
which is the result of valley-conserved chip-air-chip mode conver-
sion. In addition, the TA ensures highly polarized (TE-polarized)
wireless transmission with a 99% degree of polarization, enabling
polarization multiplexing within the terahertz range, and ultimately
increasing the overall spectral efficiency (fig. S8).
The interchip data communication experiments are performed

at data speeds of 20, 50, and 100 Gbps, of those the measured
error vector magnitude (EVM) results are plotted in Fig. 4 (D to
F), respectively. The terahertz signal is generated by the unitraveling

carrier photodiode (UTC-PD) and modulated by in-phase and
quadrature (IQ) modulation (see Materials and Methods). The
EVMs are recorded against the relative carrier signal power of
UTC-PD. The reference EVM (black curve) is obtained when the
UTC-PD is directly connected to the receiver for a fixed data rate,
which requires the minimum relative power. The power penalty of
the interchip wireless link is indicated by the corresponding hori-
zontal shift from the reference curve for various over-the-air dis-
tances. In Fig. 4D, the 20-Gbps data rate with a 5 Gbaud symbol
rate is performed at d of 3.5, 12, 42, and 80 mm, respectively,
where the furthest free space distance can reach 80 mm. Figure 4
(E and F) illustrates EVM results for higher data speeds, where
the furthest distances are 42 mm for 50 Gbps data rate and 12
mm for 100 Gbps, respectively. The representative IQ constellation
diagrams with 16 quadrature amplitude modulation are also dis-
played as insets in Fig. 4 (D to F). It should be noted that the data
speed and the over-the-air distance are limited by both the available
terahertz source power and the sensitivity of the receiver. The
valley-conserved interchip group delay remains constant even
beyond the measurable distance (i.e., the group delay remains cons-
tant at 130.5 mm in Fig. 4C). A TA array can enhance the antenna
gain and thereby extend the range for data delivery (fig. S9). Theo-
retically, a gain of 33 dBi can be achieved using a 10-element array,
featuring an aperture size of 17 mm × 0.2 mm. When paired with
electronic power amplifiers, it could enable significant data delivery
over kilometer-scale distances while preserving signal quality.

Fig. 4. Valley-conserved topodevices for interchip wireless terahertz communication. (A) Transmissions of the chip-air-chip channel for over-the-air d from 3.5 to
130.5 mm, showing a filtered band from 0.31 to 0.34 THz. d is shown in the inset of the interchip link. (B) Measured antenna gain using chip pair versus d at 0.325 THz. The
near-field (blue region) and far-field regions are divided at d = 42mm. (C) Measured constant group delays from 0.315 to 0.34 THz against d from 3.5 to 130.5 mm. (D to F)
EVMs for data rates of 20, 50, and 100 Gbps with the carrier frequency of 0.325 THz, together with the representative IQ constellation diagrams. The EVMs are shown
against the relative feeding power with the furthest measurable distances of 80, 42, and 12 mm, respectively.
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DISCUSSION
In summary, we have presented terahertz wireless communication
using valley-conserved topological waveguide antenna devices for
6G to XG communications. Our TA maintains a stable gain of
12.2 dBi over a 30-GHz frequency bandwidth and allows for
active control of the terahertz radiation beam direction without
compromising its gain performance. The wireless data communica-
tion experiment demonstrated a remarkable data speed of 100Gbps,
made possible by the constant group delays resulting from the in-
terchip valley conservation. The significance of our discovery lies in
the development of a valley-conserved momentum matching strat-
egy for all topological photonic devices, which is critical for efficient
topological edge state transition regardless of highly contrasting
eigen wavevectors. Our proposed topological wireless communica-
tion system unlocks the opportunities for the development of highly
efficient and high-speed wireless technology with a primary focus
on backhaul applications in sixth-generation networks. The wireless
link has the potential to be scaled into the infrared frequency band
for ultra-broadband communication, opening possibilities in
various fields such as telecommunications, data centers, and
computing.

MATERIALS AND METHODS
The TA is fabricated on a 200-μm-thick high-resistivity silicon
(>10,000 ohm·cm) wafer. A 2-μm-thick silicon-dioxide layer is
first deposited on the top of the wafer. The 1.5-μm-thick photoresist
AZ 5214E is coated and patterned using photolithography. The re-
active ion etching (RIE) is carried out to etch the silicon-dioxide
hardcover. The accurate deep reactive ion etching (DRIE) on
silicon is performed to penetratingly pattern air holes with multiple
aspect ratios for the chip integrating VPC and GRIB.
For characterizing the TA, the Virginia Diodes Inc. (VDI) fre-

quency extension model (WR2.8SGX, 260 to 400 GHz) upconverts
microwave signal from a signal generator (Keysight PSG Analog
Signal Generator, 250 kHz to 20 GHz) into a 0.325-THz frequency
band. The terahertz wave is coupled into the silicon chip from the
WR-2.8 hollow waveguide (WM-710, 260 to 400 GHz) through the
silicon tapered coupler attached to the sample. AWR 2.8 diagonal
horn antenna, oriented using a motor-driven rotational stage, is
used to receive the radiated terahertz beam. The received terahertz
signal is down-converted with the VDI spectrum analyzer extension
module (WR2.8SAX, 260 to 400 GHz) and displayed using a spec-
trum analyzer (Keysight EXA Signal Analyzer, 10 Hz to 32 GHz).
The signal generator, spectrum analyzer, and rotational stage are in-
tegrated and controlled through LABVIEW for precise measure-
ment control and acquisition, based on which the angle-resolved
antenna gain is obtained. The active mechanical control is achieved
by two sample holders on parallel moving stages. For the 3D scan-
ning system, a combination of multiplication chain and equivalent
20-GHz synthesizer was used at the transmitter and standard
Schottky diode for detection. The distance between the tested TA
and the received antenna was in the far-field distance of 200 mm.
All the instruments were controlled by LABVIEW software.
For interchip communication, two continuous lasers at 1550 nm

are combined with a fiber coupler to generate terahertz carrier fre-
quency. One of the laser lines is fixed as a reference, while the other
one is modulated with an IQ modulator whose frequency is

separated by 0.325 THz. The optical signal is then amplified with
erbium-doped fiber amplifier and down-converted from the
optical to the terahertz domain using UTC-PD. This modulated ter-
ahertz carrier is coupled into the TA using aWR 3.4 waveguide. The
terahertz wireless gap is linked by the TA-air-TA channel. The
output terahertz signal is collected into a second standard WR 3.4
waveguide and further downconverted by a subharmonic mixer
into a lower frequency. The signal is then amplified by an SHF-
810 amplifier and further analyzed by a real-time oscilloscope (70
GHz), based on which the performance of interchip transmission,
the overall group delay, the IQ constellation map, and the EVMs are
evaluated.
The band diagrams of the VPC unit cell, the topological kink

state, the GRIB mode, and the wave in the air are calculated with
a finite-element method (COMSOL Multiphysics) using 2D simu-
lations. The numerical antenna gain spectra and the field profile of
the antenna are achieved by a time domain solver with finite inte-
gration theory (CST Studio Suite) in 3D. The data processing is
carried out with MATLAB.
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