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ABSTRACT

Terahertz communication technology is envisioned as a promising candidate for the pivotal spectrum
technology in future wireless communication networks. However, the limited penetration ability of ter-
ahertz waves makes line-of-sight (LoS) transmission indispensable, hindering the extensive application
of terahertz communications. In this work, a novel liquid-crystal programmable metasurface (LCPM) is
proposed for the first time, which can effectively achieve dual-broadband beam manipulation to improve
link stability and extend coverage for terahertz communications in non-line-of-sight (NLoS) scenarios.
The LCPM is operated in both the W band that covers 94 GHz and the D band that covers 140 GHz, cor-
responding to x-polarized and y-polarized wave incidence, respectively. Based on the proposed LCPM,
realistic NLoS terahertz communication links are established and showcased. Communication measure-
ments substantiate that the LCPM is capable of realizing extensive dynamic channel regulations and long-
distance communications across both bands in various modulation schemes, supporting real-time high-
speed video transmission. The experimental results validate the feasibility of employing the LCPM for ter-
ahertz wireless communications, paving the way for developing and implementing ubiquitous terahertz

communication networks even with LoS blockage.
© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Terahertz wireless communication, which leverages the vast
spectrum resources in the 0.1-10.0 THz band, is anticipated to be
a crucial enabling technology for next-generation wireless commu-
nication networks [1-4]. The expansive consecutive bandwidth in
the terahertz band facilitates ultra-high data rates, ultra-low trans-
mission delays, and ultra-high positioning accuracy, thus support-
ing intelligent applications such as virtual reality, augmented
reality, and autonomous driving [5-8]. Nevertheless, as the opera-
tional frequency increases, there is a rapid escalation in the prop-
agation loss of electromagnetic waves in free space, which
increases quadratically with the frequency, as defined by the Friis
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transmission equation. Apart from the severe propagation loss, sig-
nificant diffraction and penetration losses make terahertz wireless
communications more vulnerable when the line-of-sight (LoS)
wireless link is obstructed [9,10]. This limitation results in weak
coverage and communication stability in non-line-of-sight (NLoS)
scenarios, which hinders the development of terahertz wireless
communication networks, especially for long-range coverage. To
build reliable terahertz communication networks, such challenges
must be addressed.

To deal with LoS blockage and extend terahertz coverage in
NLoS scenarios, one straightforward approach is to deploy more
access points or active relays in the network, in order to cover
more areas with direct LoS propagation. However, this method sig-
nificantly increases hardware costs and energy consumption, and
may result in substantial interference issues that could degrade
the overall performance of the network. An energy-efficient alter-
native is to employ a passive reflecting surface (PRS) to create a
strong reflected path from the transmitter (Tx) to the receiver
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(Rx) [11-13]. For instance, metallic surfaces can function as elec-
tromagnetic mirrors capable of reflecting electromagnetic waves
with nearly no reflecting loss, thereby creating a virtual LoS path.
Nevertheless, the relationship between the incidence angle and
emergence angle determined by Snell’s law makes the NLoS prop-
agation path fixed, unable to meet the ubiquitous communication
demand in NLoS scenarios.

In contrast to a rigid PRS, a superior solution is to implement a
reconfigurable intelligent surface (RIS) that can actively recon-
struct the wireless environment by switching coding patterns,
thereby realizing signal quality enhancement, dynamic channel
regulation, and coverage extension [14-17]. The realization of RIS
is contingent upon the utilization of programmable metasurfaces,
which have gained considerable research interest over the past
decade owing to their unprecedented electromagnetic manipula-
tion capabilities and broad application prospects. By strategically
designing and configuring meta-atoms, a metasurface can be cre-
ated that can control the amplitude, phase, polarization, frequency,
and orbital angular momentum of electromagnetic waves, enabling
diverse functionalities such as radar cross-section (RCS) reduction
[18], abnormal beam deflection [19,20], polarization conversion
[21], holographic imaging [22], non-reciprocal transmission [23],
nonlinear harmonic generation [24,25], and vortex beam genera-
tion [26]. Typically, semiconductor components (e.g., positive—
intrinsic-negative (PIN) diodes [27], varactors [28], high-electron
mobility transistor (HEMT) [29], and application-specific inte-
grated circuits (ASICs) [30]), tunable materials (e.g., liquid crystals
(LCs) [31-34] and graphene [35]), and phase change materials (e.g.,
vanadium dioxide (VO,) [36], and Ge,Sb,Tes (GST) [37]) have been
incorporated into meta-atoms, enabling dynamic adjustment of
the electromagnetic responses of the meta-atoms to achieve pro-
grammable metasurfaces. However, considering the working fre-
quency and corresponding size of a meta-atom, the realization of
terahertz programmable metasurfaces based on a semiconductor
process will be generally challenging and costly. Programmable
metasurfaces based on graphene and phase change materials still
have limitations in achieving pixelated control.

Notably, LC-based programmable metasurfaces have garnered
significant attention for their large phase-tuning range, scalability
in large-scale array manufacturing, low cost, and low power con-
sumption. Recently, a variety of programmable metasurfaces oper-
ating in the millimeter wave and terahertz frequency and
employing a metal-LC-metal sandwich structure have been pro-
posed. Wu et al. [38] reported a programmable metasurface oper-
ating at 0.672 THz that achieves one-dimensional (1D) beam
scanning with a maximum range of 32°. Fu et al. [39] demonstrated
a terahertz programmable metasurface capable of beam steering
across a range of +60° at 0.645 THz. Additionally, advancements
in two-dimensional (2D) programmable metasurfaces have
recently emerged. Li et al. [40] presented a large-scale 2D pro-
grammable metasurface operating on the principle of modulo-
addition that facilitates the flexible control of terahertz waves in
the upper half-space. Wang et al. [41] engineered an individually
addressable transmissive programmable metasurface that profi-
ciently enables terahertz near-field manipulations and the genera-
tion of Bessel beams. These studies have significantly improved the
ability of programmable metasurfaces to manipulate terahertz
waves with increased flexibility.

As metasurface techniques continue to evolve, there is increas-
ing interest in assessing the performance of RISs in aiding wireless
networks. Given advancements in design and fabrication methods,
numerous studies have been conducted on RIS evaluations in the
microwave and millimeter-wave bands [42-47]. For instance,
Malik et al. [42] implemented a 32 x 32 prototype of a reflectarray
metasurface under different scenarios at 28 and 38 GHz. The
experimental results showed that the signal enhancement from
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using an RIS reached 20-25 dB in the tested bands. Moreover, Shah
et al. [43] presented an experimental analysis of an RIS-enabled
indoor localization scheme at 3.75 GHz. The experiment findings
demonstrated that the indoor localization accuracy was greatly
improved by incorporating an RIS, achieving an impressive success
rate of 82.4%. However, comprehensive experimental studies on
RIS-aided terahertz communications have not yet been reported,
and the majority of existing works that involve terahertz RISs are
primarily based on simulations. For example, Huo et al. [48] pro-
posed a distributed RIS framework that was demonstrated to be
effective in overcoming the mobile human blocking issue, improv-
ing terahertz signal coverage, and increasing signal-to-noise ratios
(SNRs) and quality of service (QoS). Based on a multi-hop RIS
framework, Huang et al. [49] proposed a novel hybrid beamform-
ing design to improve the 50% coverage range of terahertz commu-
nications compared with benchmarks. Additionally, utilizing a
stacked RIS architecture, An et al. [50,51] put forward a simplified
multiple-input multiple-output (MIMO) transceiver design scheme
and a direction-of-arrival (DOA) estimation method, which hold
potential to realize a low-complexity integrated sensing and com-
munications (ISAC) terahertz network. To summarize, broadband
RIS design and practical RIS-aided link performance evaluation in
the terahertz band remain unexplored.

Herein, we propose a novel liquid-crystal programmable meta-
surface (LCPM), which is capable of assisting dual-broadband tera-
hertz wireless communications. Based on a carefully designed
anisotropic meta-atom, the LCPM can function in two separate fre-
quency bands under the excitation of orthogonally polarized
waves, corresponding to the W band covering 94 GHz with the x-
polarized wave and the D band covering 140 GHz with the y-
polarized wave. The LCPM’s capabilities of flexible beam manipula-
tions, encompassing dual beam steering, single-beam scanning,
and dual-band independent beam control, are confirmed through
both numerical simulations and experiments, providing a solid
foundation to enhance wireless communications. Leveraging its
powerful beam-manipulation abilities, the LCPM successfully
establishes and dynamically regulates a wireless channel in
three-dimensional (3D) space, enabling a flexible and high-
quality link connection between the Tx and Rx under quadrature
phase-shift keying (QPSK) modulation in an NLoS transmission
scenario, compared with no LCPM or the deployment of only a
PRS. To further improve the transmission efficiency over the tera-
hertz channel, higher-order modulation schemes, including 16-
quadrature amplitude modulation (QAM) and 64-QAM, are verified
in the dual-band range with long-distance propagation.

Finally, as a showcase of terahertz communications, we provide
an experimental demonstration of real-time high-speed video
transmission. The excellent performance of the proposed LCPM in
assisting terahertz wireless communication demonstrates the
LCPM as an effective solution for advancing the ubiquitous tera-
hertz communication networks.

2. Design of a dual-broadband LCPM

Fig. 1 depicts a schematic diagram of the architecture for LCPM-
aided terahertz wireless communications. In the exemplary sce-
narios, terahertz wireless signals are transmitted from the base
station to the users. However, the wireless channel might be
blocked by various obstacles such as bookshelves, buildings, or
humans, hindering the effective establishment of wireless commu-
nications. To address this issue, the LCPM is deployed to actively
regulate the wireless electromagnetic environment and re-
establish a stable communication link between the base station
and users, thereby ensuring wireless data transmissions. Specifi-
cally, when users are positioned at various locations, the
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Fig. 1. Schematic diagram of the LCPM assisted dual-broadband terahertz wireless communications. The baseband signals carrying information are transmitted after
terahertz carrier modulation with different polarizations and frequencies. When terahertz waves interact with the LCPM, electromagnetic waves of different polarizations and
frequencies are reflected to the corresponding Rx to establish an efficient channel link connection, utilizing the programmability of the LCPM. In these illustrations, possible
use cases of LCPM are shown. The wireless data from a base station or Tx cannot be transmitted to the client or target user through an LoS link due to obstacles. By reasonably
deploying the LCPM, the LoS link can be re-established to complete high-speed data transmission.

corresponding azimuth and elevation angles can be extracted and
subsequently mapped to the coding pattern of the metasurface,
which is then sent to the digital-to-analog converter (DAC) control
module in the form of a bit stream. A corresponding coding pattern
update is then accomplished by converting the bit stream into a
voltage distribution, thereby establishing an effective wireless link.
Thanks to its well-designed element geometry, the LCPM is capable
of respectively manipulating the x-polarized and y-polarized
waves at different operating frequencies, enabling dual-frequency
and dual-polarized programmability. Furthermore, by exploiting
the 2D programmable features of the LCPM, customized wireless
links can be independently established under wave incidences
with different polarization and frequencies, thereby supporting
dual-band and high-speed terahertz wireless data transmissions
simultaneously.

2.1. Design of the LCPM meta-atom

Figs. 2(a) and (b) illustrate the anisotropic structure of the pro-
posed dual-broadband meta-atom, along with the simulated
amplitude and phase response curves for different polarized inci-
dence waves. As shown in Fig. 2(a), the meta-atom is designed
by etching two semi-toroidal slots of width R-r into a gold patch
(where R and r are the outer radius and inner radius of the semi-
toroidal slot, respectively); this achieves the specific frequency
responses for the x-polarized and y-polarized waves, respectively,
while maintaining high reflectivity. In addition, the large metal
area design contributes to the establishment of a more uniform
electric field between the upper and lower metal patches, thereby
enabling robust control of the interlayer LC molecules. Following
meticulous optimization, the designed meta-atom can cover
94 GHz for x-polarized incidence and 140 GHz for y-polarized inci-
dence, both of which fall within the communication window
bands. The simulated amplitude and phase response curves for dif-
ferent polarized incidence waves are depicted in Fig. 2(b). Under
the condition of x-polarized incidence, the meta-atom is resonant
near 100 GHz when the dielectric constant of the LC is 2.55, corre-
sponding to the pre-orientation state of the LC molecules. When
the dielectric constant is adjusted to 3.65, indicating the complete
deflection state of the LC molecules, the resonant point of the
meta-atom shifts to approximately 90 GHz, leading to a corre-
sponding change in the phase curve. In the above two states, the
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phase difference is observed within 180° + 20° in the range of
92.7-97.8 GHz, and a 1-bit coding can be defined. Similarly, the
1-bit phase coding condition can be realized in the 130.0-
140.6 GHz band under the y-polarized wave incidence.

Figs. 2(c) and (d) present the measured amplitude and phase
responses of the metasurface under x-polarized and y-polarized
wave excitation, respectively. For the x-polarized wave, as the
external square wave voltage increases from 0 to 5 V, the resonant
frequency of the metasurface shifts from 112.5 to 101.6 GHz,
accompanied by a corresponding change in phase difference. The
metasurface exhibits a phase difference within 180° + 20° in the
104-110 GHz range. It should be noted that the measured operat-
ing frequency band deviates from the design value. This discrep-
ancy may be attributed to the errors that occurred during
fabrication and assembly, especially concerning the low flatness
of the pixelated control circuit, which was manufactured using
the multi-layer printed circuit board (PCB) process. This issue
results in inaccurate thickness of the LC between the upper and
lower metal patches, significantly influencing the resonant fre-
quency of the meta-atom under x-polarized wave incidence. A
potential solution is to apply LC-on-silicon (LCoS) technology,
which has better fabrication flatness and greater processing accu-
racy [52,53]. The 180° + 20° phase difference for the y-polarized
wave is satisfied within the frequency range of 131.0-139.8 GHz,
which agrees well with the simulated result. It should be noted
that measurements above 140 GHz were not conducted, due to
instrument limitations. The metasurface array designed in this
study comprises a total of 50 x 50 meta-atoms, among which every
set of 2 x 2 meta-atoms is independently controlled as a super-
element. Thus, there are 25 x 25 controllable super-elements.
The detailed measurement method about amplitude and phase
response of the LCPM is provided in Appendix A Section S1.

2.2. Dual-broadband beam manipulation

According to the generalized Snell’s law, the reflection angle of a
normally incident plane wave on an interface with a discontinuous
phase distribution, such as a metasurface, can be determined as
follows:

(o
0 = sin <F>

(1)
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Fig. 2. The proposed dual-broadband meta-atom and its corresponding amplitude and phase curves under different polarized wave incidences. (a) Structure of the designed
meta-atom, where the period of the meta-atom P = 900 pum, the outer radius of the semi-toroidal slot R = 415 pm, the inner radius of the semi-toroidal slot r = 385 um, the
thickness of quartz t; = 200 pum, the thickness of LC t; = 60 pm, the thickness of PCB t; = 1600 pum, and the retained metal width w = 30 um. (b) Simulated amplitude and phase
response curves for x-polarized and y-polarized incident waves with different LC dielectric constants. (c, d) The measured amplitude and phase response curves under
different biased voltages for both (c) x-polarized and (d) y-polarized incident waves.

where I" represents the phase gradient period of the metasurface, iy
is the working wavelength of the electromagnetic wave in a vac-
uum, and 0 is the elevation angle. Based on Eq. (1), the reflection
angles of the metasurface under varying coding patterns and differ-
ent incident polarizations can be calculated. For the coding pattern
illustrated in Fig. 3(a), corresponding to I" = 3600 pm, the calculated
beam-deflection angle at the optimal frequency of 95.5 GHz is about
+60.8°, and the simulated value is approximately +60.0° under x-
polarized wave incidence, as shown in Fig. 3(b). The calculated
abnormal reflection angle at the optimal frequency of 134 GHz is
around +38.5°, and the simulated result is about +38.2° under y-
polarized wave incidence, as presented in Fig. 3(c), which is highly
consistent with the theoretical calculation. More results about dual
beam scanning are provided in Appendix A Section S2.
Furthermore, independent control of the abnormal beam reflec-
tion for dual bands can be realized by employing a partition coding
scheme. Taking the coding pattern depicted in Fig. 3(d) as an exam-
ple, for x-polarized wave incidence, the phase gradient period
I'y = 3600 pm, resulting in a simulated abnormal reflection angle
of approximately +60.0° in the upper half of the metasurface at
the optimal frequency of 95.5 GHz, as shown in Fig. 3(e). For y-
polarized wave incidence, another coding sequence is applied;
the phase gradient period I'; = 7200 pm, and the corresponding
abnormal reflection angle is about +18.1° in the lower half of the
metasurface at the optimal frequency of 134 GHz, as demonstrated
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in Fig. 3(f). Utilizing the partition coding scheme, independent
beam manipulation of dual bands can be achieved at the same
time.

Utilizing the 2D programmable capability of the proposed
LCPM, single beamforming can be achieved. Fig. 4 presents the
simulated and measured single-beam-scanning results of the LCPM
with normalized gain. As shown in Figs. 4(a) and (b), for an x-
polarized wave, the effective beam-scanning range in the xoz plane
can reach +50° (where the power gain of the reflection beam is
reduced by no more than 5 dB), and the scanning angle in the
yoz plane can cover the range of —50° to 10°. Figs. 4(c) and (d)
demonstrate the corresponding measured results under identical
conditions. Obviously, in the xoz plane, the single-beam-scanning
angle can cover +45° at the optimized operating frequency of
105 GHz. In the yoz plane, due to the blocking of the horn antenna,
the scanning range is constrained to —40° to 10°. Far-field beam-
scanning results at 103-110 GHz are also measured (Section S3
in Appendix A), showcasing the broadband coverage capability of
the designed LCPM. The simulated single-beam-scanning results
can be observed in the xoz and yoz planes under y-polarized wave
incidence, as illustrated in Figs. 4(e) and (f). Furthermore, a com-
parison between the proposed LCPM and other related works on
millimeter-wave and terahertz beam manipulation is provided in
Table 1[17,29,32-34,54,55]. Firstly, compared with programmable
metasurfaces implemented with semiconductor devices or
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Fig. 3. The abnormal beam-reflection coding patterns and their corresponding simulated far-field pattern. (a) Abnormal reflection coding sequences of
1010101010101010101010101. (b) The simulated far-field pattern at 95.5 GHz in the yoz plane for x-polarized plane wave incidence. (c) The simulated far-field pattern
at 134 GHz in the yoz plane for y-polarized plane wave incidence. (d) The partition coding scheme: For x-polarized plane wave incidence, the coding sequence is
1010101010101010101010101 in the upper half of the metasurface. For y-polarized plane wave incidence, the coding sequence is 1100110011001100110011001 in the
lower half of the metasurface. (e) The simulated far-field pattern in the yoz plane at 95.5 GHz using the upper half of the metasurface for x-polarized plane wave incidence.
(f) The simulated far-field pattern in the yoz plane at 134 GHz using the lower half of the metasurface for y-polarized plane wave incidence. I'y and I'y: the phase gradient

periods.

processes, the LC-based scheme offers significant cost advantages.
Secondly, the demonstrated LCPM achieves excellent 2D beam
scanning, covering 90° for x-polarized wave incidence and 60° for
y-polarized wave incidence. The novel dual-band programmability
of the LCPM further increases its application value. Additionally,
the proposed LCPM supports a larger array scale while realizing
2D programmability.

The aforementioned results validate the proposed LCPM’s abil-
ity to effectively manipulate terahertz waves across dual-
broadband ranges and thereby offer substantial support for assist-
ing wireless communications.

3. Materials and methods
3.1. Machining of the 1-bit LCPM

The top metal pattern with a thickness of 300 nm was etched on
the bottom surface of a 200 pm-thick quartz substrate by means of
a lithography process. Multilayer PCB manufacturing technology
was used to process the pixel array of the metal feed structure.
An LC layer with a thickness of 60 pm was filled between the
quartz and PCB using a vacuum infusion process. The pixelated
patch electrodes of the LCPM elements were interfaced with a
DAC module, allowing for the independent application of a driven
voltage to each element. In this work, the LCPM has 25 x 25 inde-
pendently controllable super-elements. More details can be found
in a previous work [56].

3.2. Far-field beam pattern simulation and measurement

In our simulation, the horn antenna was placed in the yoz plane,
located at a 30° offset angle, and the distance between the phase
center of the horn antenna and the LCPM was about 4.73 cm under
x-polarized wave incidence. The corresponding far-field beam pat-
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tern measurement is shown in Section S3. Seven pieces of TI
DAC60096 evaluation modulo board were used to realize indepen-
dent control of each super-element in the LCPM. For y-polarized
wave incidence, the horn antenna was placed above the center of
the LCPM plane to illuminate the metasurface vertically, and the
distance between the phase center of the horn antenna and the
LCPM was about 6.02 cm in the simulation. Due to operating fre-
quency limitations in the anechoic chamber, the far-field beam
patterns under y-polarized wave incidence were not measured.

3.3. Terahertz wireless communication system

To verify the effectiveness of the LCPM in assisting terahertz
wireless communications, a terahertz wireless communication
system was constructed. In this system, both the Tx and Rx
mainly consisted of a baseband processing unit based on a PXle
chassis and a radio frequency (RF) unit for up/down conversion
of the electromagnetic waves. The Tx and Rx setups also included
signal sources for local oscillation (LO) signal generation and
rubidium (Rb) clocks to provide accurate frequency references
and trigger signals to the LO sources and PXle chassis. In the
baseband processing unit of the Tx, the bit streams were first ran-
domly generated and then coded using the Turbo scheme for
error correction. Then, the coded bits were modulated using cer-
tain modulation schemes, such as QPSK and 64-QAM. The modu-
lated symbols were carried on an orthogonal frequency-division
multiplexing (OFDM) waveform. The OFDM waveform included
eight component carriers, each with a 100 MHz bandwidth, and
1200 subcarriers with 75 kHz intervals. As for the time division
scheme, a frame structure with a 10 ms duration was used, in
which each frame contained 50 subframes and each subframe
contained 14 OFDM symbols, resulting in a symbol rate of
153.6 megabits per second (Mbps). The OFDM symbols were con-
verted into analog waveforms with DAC and up-converted to an
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Fig. 4. Simulated and measured results of single beamforming under different polarized wave incidences. The normalized simulation results at 95.5 GHz under x-polarized
wave incidence are presented in two planes: (a) the xoz plane and (b) the yoz plane. (c, d) Corresponding measured results at the optimized frequency of 105 GHz in (c) the xoz
plane and (d) the yoz plane. (e, f) Normalized simulation results at 134 GHz under y-polarized wave incidence, presented in two planes: (e) the xoz plane and (f) the yoz plane.

Table 1
Comparison of related works on millimeter-wave and terahertz beam manipulation.

Ref. Frequency (GHz) Working Scanning dimension Scanning range (° ) Array scale Reconfiguration scheme Fabrication cost
polarization
[17] 425 Single polarization 1D 42.8 90 x 48 VO, Low
[29] 340 Single polarization 1D 20-60 64 x 64 GaN HEMT High
[32] 28.5 Dual polarization 2D 90 10x 10 LC (30 um) Low
[33] 98 Dual polarization 1D 5-40 55 x 55 LC (80 pm) Low
[34] 28 Four polarization 2D 100 10x 10 LC (100 pm) Low
[54] 110 Single polarization 1D 20-35 29 x 33 LC (40 pm) Low
[55] 25 Single polarization 2D 140 30 x 30 PIN diode High
This work 105 x polarization 2D 90 50 x 50 LC (60 pm) Low
This work 134 (simulation) y polarization 2D 60 (simulation) 50 x 50 LC (60 pm) Low

intermediate frequency (IF) within the range of 8.5-13.5 GHz.
The IF signal was further transmitted into the RF unit of the Tx
and then mixed with a terahertz LO signal generated through dig-
ital signal generation and a 12-times multiplier. The modulated
OFDM signal was then upconverted to the terahertz band and
radiated out through the Tx antenna.
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After the terahertz signal propagated through the wireless
channels and interacted with the LCPM or other objects, it was cap-
tured at the Rx. Inversely, the received terahertz signal was down-
converted to the IF by mixing it with an LO signal with the same
frequency as that of the Tx LO signal. The IF signal was then
transmitted to the PXle chassis and further down-converted to
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the baseband, which was further demodulated and decoded. Thus,
corresponding constellation diagrams and error vector magnitude
(EVM) values could be measured to evaluate the link performance.
A gigabits per second (Gbps) real-time video demonstration could
also be realized through the communication process described
above. Detailed descriptions of the system hardware and software
structures are provided in Appendix A Section S4.

4. Experimental verification of LCPM-assisted terahertz wireless
communications

4.1. LCPM-aided terahertz wireless communications

For a certain terahertz link, the received signal at the Rx can be
expressed as follows:

L
P.G.G;, <aLose12nffLos + Z az,eJZ"fT’)
I=1

(2)

where y is the received signal, P; is the transmit power; G; and G,
are the antenna gains of the Tx and Rx, respectively; and a;,s and
o, denote the complex path gains of the LoS path and the Ith NLoS
path (1 <[ < L), respectively. L is the number of NLoS paths, and j
represents the imaginary unit. Moreover, f is the carrier frequency,
and 7105 and 7, are the propagation delays of the LoS path and the Ith
NLoS path, respectively.

When the LoS path is absent, the NLoS paths are usually too
weak to provide an effective link connection due to the large
diffraction, reflection, and penetration losses in the terahertz band.
As aresult, the LCPM is applied to provide a stable and strong reflec-
tion path, where the received signal shows the following form:

K
¥y = VPGG (dechMRx ZAlceﬂm"W") 3)
k=1

where arx 1cpm_rx denotes the overall path gain of the LCPM-aided
communication link; K presents the number of elements on the
LCPM; and Ay and ¢, are the amplitude and phase responses of
the kth (1 < k < K) element, respectively. Additionally, 7 is the over-
all propagation delay from the Tx to the kth element on the LCPM
and then to the Rx.

Under normal incidence from the Tx to the LCPM and far-field
propagation, Eq. (3) can be further derived in the following form:

) (4)

where 7y denotes the overall propagation delay from the Tx to the
LCPM and then to the Rx, and M x N is the array scale of the LCPM.
Amnand ¢(m,n) (1 <n <N, 1 <m < M) represent the amplitude and
phase of the (mth, nth) super-element, and d, and d, are the period
lengths of the super-element in the x and y directions, respectively.
Moreover, ¢ is the azimuth angle of the target wireless channel.

From Eq. (4), it can be seen that the communication link con-
structed by the aid of the LCPM depends on the complex composi-
tion of the signals reflected from each super-element; thus, it is
highly controllable through changing the amplitude and phase
responses on each super-element. For example, by applying either
high or low voltage levels, the phase responses of the super-
elements on the LCPM are either 0 or 180°, while the amplitude
response remains unchanged. Therefore, with a certain coding pat-
tern on the LCPM, the received signals on the super-elements can
be constructively superposed in a certain direction while they are
destructively superposed in other directions, creating a specific
reflected beam. By changing the coding patterns on the LCPM, the
beam direction can be correspondingly changed and adapted to user
locations.

M N
A efj(%g(mdx sin 0 cos ¢-+ndy sin 0sin @)+¢(m.n))
E E mn

m=1 n=1

¥(0,9) = VPGG (“Tx—LCPM—Rxeijznfru
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4.2. Communication link establishment and channel regulation
verification

To illustrate the effectiveness of the proposed LCPM-aided ter-
ahertz communications, the terahertz wireless links were carefully
assessed under different conditions, including an LoS link, an
obstructed LoS (OLoS) link, a PRS-aided link, and an LCPM-aided
link; the testing environment and results are demonstrated in
Fig. 5. Notably, the overall propagation distance was kept constant
at 1.15 m, and the carrier frequency was selected as 140 GHz. The
overall propagation distance refers to the separation distance
between the Tx and Rx under both LoS and OLoS conditions. Alter-
natively, it can be the summation of the distance from the Tx to the
PRS/LCPM and that from the PRS/LCPM to the Rx. A digital modu-
lation constellation diagram and EVM are used to evaluate the link
quality. For a certain constellation point, the EVM is calculated as
follows:

min |cM — ¢f|

EVM (dB) = 2010&0W
i ]

(5)
where cM is the ith measured complex constellation point and ch is
the jth true constellation point. i and j are positive integers. In Figs.
5(a) and (b), it is evident that the QPSK constellation diagram is
extremely distinct under LoS propagation, with an EVM value of
—22.5 dB. However, when the LoS path is blocked by objects, such
as the door illustrated in Fig. 5(c), the communication link is inter-
rupted and no signal can be received at the Rx, as demonstrated in
Fig. 5(d).

To address this issue, both PRS and LCPM schemes are evaluated
and compared. As can be seen in Fig. 5(e), when the PRS-aided link
meets the specular reflection criterion—that is, the incident eleva-
tion angle from the Tx to the PRS matches the emergence elevation
angle from the PRS to the Rx—the link performance closely resem-
bles that of a direct LoS link, with a clear QPSK constellation dia-
gram and an EVM value of —18.9 dB (Fig. 5(f)). However, meeting
the specular reflection condition is typically challenging, given that
users will move casually, while the position and orientation of the
PRS is fixed. When non-specular scattering occurs on the PRS, the
additional scattering loss will be significant, and the link perfor-
mance is dramatically degraded. For instance, keeping the incident
elevation angle 0; at 45°, the EVM value is only —7.3 dB when the
emergence elevation angle 6. is 20°, as depicted in Fig. 5(g). In this
case, the constellation diagram is barely distinguishable. Further-
more, setting 0. to 5° renders the constellation diagram completely
unrecognizable, leading to failure in the communication link, as
demonstrated in Fig. 5(h).

In contrast, the terahertz wireless link supported by the LCPM is
demonstrated in Fig. 5(i). The Tx illuminates vertically onto the
LCPM, and the emergence elevation angle 6. and azimuth angle
¢e of the wireless channel can be flexibly adjusted by altering
the coding pattern of the LCPM to ensure a link connection
between the Tx and Rx. In the following measurements, the col-
umn coding scheme is implemented to build the wireless commu-
nication link. First, ¢, is fixed to 180°, while 0. varies from 15° to
55° by moving the Rx. The measured constellation diagrams and
the corresponding EVM values are depicted in Figs. 5(j)-(1) and
Figs. 5(0) and (p), respectively. As the Rx moves, the measured con-
stellation diagrams remain distinguishable with excellent link
quality, thereby validating the effectiveness of the LCPM in regulat-
ing the wireless channel. It should be noted that, as 0. increases,
the measured EVM value increases accordingly, indicating a dete-
rioration in wireless channel quality. This can be attributed to
the decrease in beam gain shaped by the LCPM that occurs as 0.
increases. Furthermore, a wireless link with 0. 38° and
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Fig. 5. Terahertz communication experiments and link performance results under different conditions. (a, b) A direct LoS link is tested with a distance dyos of 1.15 m. (c, d) The
LoS link is blocked by a door, and the received signal is too weak to be received. Thus, no constellation diagram and EVM value are measured. The separation distance dopos
from the Tx to Rx is set as 1.15 m. (e-h) A PRS made of metal foils used to provide terahertz communication links under NLoS conditions. For illustration clearance, the
blockage object is not shown. The distance from the Tx to PRS and that from the PRS to Rx are both set as 0.575 m. The PRS-aided terahertz links are tested with an incident
elevation angle 0; = 45° and an emergence elevation angle 0. ranging from 5° to 45°. (i-1, o-p) The proposed LCPM is utilized to enable terahertz communication under NLoS
conditions. Normal incidence from the Tx is set; that is, 0; = 0°. The emergence elevation angle 0. ranges from 15° to 55°. The distance from the Tx to the LCPM is set as 0.15 m,
and the distance from the LCPM to the Rx is set as 1.00 m. (m, n) Establishment of a wireless channel with 0. = 38° and ¢, = 135°. The distance from the Tx to the LCPM is set as
0.15 m and the distance from the LCPM to the Rx is set as 1.00 m. ¢.: the azimuth angle; d;s: the distance from the Tx to Rx for LoS link; doos: the distance from the Tx to Rx
for OLoS link; dr_pgs: the distance from the Tx to the PRS; dprs_g: the distance from the PRS to the Rx; dr_icpm: the distance from the Tx to the LCPM; d\cpy_g: the distance from

the LCPM to the Rx.

¢@e = 135° was established by exerting the 2D programmable capa-
bility of the LCPM, as illustrated in Fig. 5(m). The corresponding
constellation diagram and EVM value are presented in Fig. 5(n).
To assess the quality of the wireless channel provided by the LCPM
under the condition of (0. = 38° and ¢, = 135°), which corresponds
to the worst EVM value measured under different directions, the
wireless video transmission in QPSK modulation can be stably
demonstrated (see Video S1 in Appendix A for more details), indi-
cating that effective link connection was realized.

To summarize, the experimental results indicate that a wireless
channel can be effectively established and dynamically regulated
by the LCPM under an NLoS scenario, facilitating stable terahertz
wireless communications.

4.3. High-order and wideband communication measurements

Based on the wireless link created by the LCPM, high-order
modulation schemes were further assessed. Fig. 6(a) illustrates
the measured constellation diagram, along with the corresponding
link performance, for 64-QAM modulation at a carrier frequency of
140 GHz. The test results clearly demonstrated that the terahertz
wireless communication link established via the LCPM could
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accommodate communication modulation ranging from QPSK to
64-QAM at least. The measured link throughput reached
2474.8 Mb-s~!, indicating that high-speed data transmission was
supported. Furthermore, real-time video transmission under the
64-QAM modulation was carried out (see Video S1 for more
details), as illustrated in Fig. 6(b).

To further evaluate the broadband characteristics of the LCPM,
constellation diagrams and EVM values at different carrier fre-
quencies from 135 to 145 GHz were tested and are presented here.
Figs. 6(c)-(e) show the measured constellation diagrams for the
64-QAM modulation scheme at 135, 140, and 145 GHz, respec-
tively. Distinguishable constellation diagrams can be observed,
exhibiting the broadband capability of the LCPM in assisting tera-
hertz wireless communication. More intuitively, Fig. 6(f) presents
the EVM results across the 10 GHz wide band for 64-QAM modu-
lation. It is apparent that the EVM values remain stable when the
carrier frequency varies from 135 to 145 GHz. Compared with
the EVM values under LoS transmission, those for LCPM-aided links
are around 4 dB higher. This phenomenon arises because, apart
from the self-loss introduced by the LCPM, nearly half of the energy
is reflected in the opposite direction, as a symmetrical dual beam
regulated by the 1-bit programmable metasurface under the
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Fig. 6. Performance measurements of real-time video transmission and broadband and long-distance propagation under 64-QAM modulation. (a, b) Scenario of real-time
video transmission under 64-QAM modulation, along with the measured link performance; the carrier frequency is 140 GHz, the propagation distance is 1.15 m, and 0. = 38°.
(c-e) 64-QAM modulation constellation diagrams at 135, 140, and 145 GHz. The propagation distance is 1.15 m, and 0, = 38°. (f) Measured EVM values of LoS links and LCPM-
aided links with different carrier frequencies; the propagation distance is 1.15 m, and 6. = 38°. (g-i) 64-QAM modulation constellation diagrams at the carrier frequency of
140 GHz when the propagation distance is 1.25, 1.50, and 1.75 m, respectively. (j) Measured EVM values and calculated normalized received powers of LoS links and LCPM-
aided links with different propagation distances; the carrier frequency is 140 GHz and 0. = 38°. Pr: the received power; Prys: the received power at the Rx of LoS links; Pricpy:

the received power at the Rx of LCPM-aided links.

column coding scheme is inevitable. Increasing the number of
phase quantization bits can suppress the energy loss caused by
symmetrical beams, further improving the quality of the wireless
channel (Section S5 in Appendix A).

Subsequently, the link performance under different propagation
distances was assessed at 140 GHz. Variation of the propagation
distance was accomplished by changing the distance between
the Tx and LCPM from 0.15 to 1.00 m, while maintaining a constant
distance of 1.00 m between the LCPM and Rx. Figs. 6(g)-(i) depict
the constellation diagrams measured at overall propagation dis-
tances of 1.25, 1.50, and 1.75 m, respectively. As the propagation
distance increases from 1.15 to 1.50 m, the constellation diagram
remains clear, indicating that high-quality transmission can be
realized across a long distance. Furthermore, when the propagation
distance reaches 1.75 m, the constellation diagram becomes
blurred, indicating significant deterioration in the link quality.
For comparison, the EVM values at various propagation distances
under the LoS condition were also measured, as shown in Fig.
6(j). In the LoS case, as the propagation distance increases from
1.15 to 2.00 m, the measured EVM values stabilize around
—27.6 dB. However, for the LCPM-aided links, the measured EVM
values change significantly with varying distances, which can be
ascribed to the rapid decline of received power at the Rx when
the distance between the Tx and LCPM increases. A detailed anal-
ysis is provided in Section 5.
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These experimental results indicate that the LCPM can effec-
tively support long-distance and high-speed wireless communica-
tions in an NLoS scenario. Additionally, the working bandwidth of
over 10 GHz reveals the broadband advantage of the LCPM in
assisting terahertz wireless communications.

Experiments in LCPM-aided wireless communications were fur-
ther conducted in the W band. The experimental scene is illus-
trated in Fig. 7(a): A normal incidence excitation mode is
adopted, and the distance from the Tx to LCPM is set as 0.30 m.
The distance from the LCPM to Rx is set as 1.00 m, and the carrier
frequency is 105 GHz. The column coding scheme was applied in
the following tests. Figs. 7(b)-(d) present the measured constella-
tion diagrams and the corresponding EVM values at different
emergence elevation angles under the QPSK modulation. Similar
to the results demonstrated in the D band, the LCPM exhibits excel-
lent dynamic channel regulation ability. When 60, = 40°, various
modulation schemes including QPSK, 16-QAM, and 64-QAM were
verified, as shown in Figs. 7(d)-(f). Distinguishable constellation
diagrams were obtained at the Rx, indicating the excellent link
quality of the LCPM-aided terahertz communications. In the fre-
quency range from 103 to 110 GHz, the broadband feature was val-
idated through single-beam scanning (Section S3). Furthermore,
Figs. 7(g)-(i) illustrate the constellation diagrams and EVM values
measured at different propagation distances of 1.30, 1.80, and
2.30 m, respectively, when 0. = 52°, reconfirming the capability
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Fig. 7. LCPM-aided wireless communications in an NLoS scene at the W band and the corresponding measured results. (a) The LCPM-aided wireless communications system,
in which the normal incidence from the Tx is set, that is, 6; = 0. The emergence elevation angle 0. ranges from 20° to 52°. The distance from the Tx to LCPM is set as 0.30 m, and
the distance from the LCPM to Rx is set as 1.00 m. (b—-d) Measured constellation diagrams and EVM values at different emergence elevation angles for the QPSK modulation.

(e, f) Measured constellation diagrams and EVM values corresponding to 16-QAM and 64-QAM modulations at 6. =

40°. (g-i) 64-QAM modulation constellation diagrams

when the propagation distance is 1.30, 1.80, and 2.30 m, respectively. Variation in the propagation distance is achieved by changing the distance from the Rx to the LCPM.

of long-distance transmission. It should be noted that different
hardware systems were used to conduct the communication
experiments in the two different bands, which resulted in differ-
ences in the measured constellation diagrams and EVM values.

In summary, our experiments substantiate the ability of the
LCPM to assist dual-broadband and long-distance terahertz high-
speed wireless communications.

5. Discussion and conclusions

In Fig. 6(j), the measured EVM values of the LCPM-aided links
deteriorate more rapidly than those of the LoS link when the prop-
agation distance increases from 1.15 to 1.75 m. The reason is dis-
cussed as follows. Under LoS transmission conditions, the
relationship between the received power (Pri,s) at the Rx and
the propagation distance can be expressed as follows:

1
Prios o< 5 (6)
LoS
where d;.s denotes the distance from the Tx to Rx. For the LCPM-
aided link, the received power (Pricpy) at the Rx is influenced by
both the distance between the Tx and LCPM and the distance
between the LCPM and Rx [57]. In our measurements, only the dis-
tance from the Tx to LCPM was changed to realize variation in the
total propagation distance. Consequently, the relationship between
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Pricpm and the distance from the Tx to LCPM can be simplified as
follows:

= 7)

T—LCPM

Pricpm o

where dr_icpv is the distance from the Tx to LCPM. Accordingly, the
variation in the received power with respect to the propagation dis-
tance can be calculated, as demonstrated in Fig. 6(j). For an intuitive
comparison, we normalize both Pry,s and Pricpy to O dB at a prop-
agation distance of 1.15 m. Based on Eq. (6), as the propagation dis-
tance varies from 1.15 to 1.75 m, the corresponding Pri,s drops by
approximately 3.6 dB, with a slight impact on the wireless channel.
However, for the NLoS transmission, the Prycpy calculated by Eq. (7)
decreases by about 14.0 dB when the propagation distance
increases from 1.15 to 1.75 m, resulting in a significant deteriora-
tion in the measured EVM values.

To summarize, we have proposed a novel dual-broadband LCPM
capable of flexibly manipulating terahertz waves and effectively
assisting terahertz wireless communications in NLoS transmission
scenarios. The LCPM’s powerful beam-control capabilities—which
include dual beam steering, single-beam scanning, and dual-band
independent beam regulation based on a partition coding
scheme—lay a solid foundation for assisting in terahertz wireless
communications. The establishment and flexible regulation of
wireless channels were demonstrated in 3D space utilizing the
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pixel-level programmable capability of the LCPM, verifying the fea-
sibility of using the LCPM to aid terahertz wireless communica-
tions. The wireless link provided by the LCPM can support QPSK,
16-QAM, and 64-QAM modulation communications with a long
propagation distance. Furthermore, real-time video transmission
was showcased across various modulation schemes, confirming
the effectiveness and stability of the wireless channel created by
the LCPM. The stable channel connection over a broad frequency
range enables ultra-wideband and ultra-high-speed data transmis-
sions, satisfying the demands of 6G wireless communication
networks.

Inspired by the above research, the next step will focus on
improving the phase coding from 1-bit to 2-bit and beyond to
achieve more effective beam manipulation. In addition, reducing
the thickness of the LC to increase the device’s response speed will
be important in order to better satisfy the demands of future wire-
less communication scenarios. Finally, the results of this work pri-
marily validate the feasibility and efficacy of the proposed LCPM in
aiding terahertz wireless communications. The development of an
intelligent LCPM that integrates sensing and communications will
be a key exploration direction in future efforts.
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