
1 

Abstract—The terahertz (THz) frequency range is considered an 
important spectrum for future 6G communication. However, the 
high propagation losses and poor penetration inherent to terahertz 
waves restricted its development. Wavefront manipulation 
techniques for beam steering to redirect the propagation 
directions are essential for mitigating these limitations. In this 
paper, cross-polarization conversion-based phase engineering for 
THz reflective beam steering is presented. This approach has the 
advantages of enabling quasi-linear phase response with sufficient 
phase shifting range and maintaining high reflection magnitudes 
over a wide frequency band. Furthermore, a four ports equivalent 
circuit is developed to explain the design principle and verify the 
effectiveness of the polarizers. As a result, the metasurfaces 
composed of the proposed unit cells achieve stable wide-angle 
beam steering with high reflection intensity and have continuous 
frequency-scanning capability. In addition, the metasurfaces are 
verified to support high-quality 16-QAM modulation with 
acceptable power penalty in a non-line-of-sight THz link. 

Index Terms—Beam steering metasurface, cross-polarization 
converter, six-generation (6G), terahertz communications. 

I. INTRODUCTION

HE terahertz (THz) frequency band has become an 
important candidate for future sixth generation (6G) 
wireless communication systems due to its potential for 

extremely high data rates [1]-[3]. However, THz waves 
inherently suffer from high propagation loss and poor 
diffraction capability, which significantly limit their 
propagation range [4]-[6]. To mitigate such high path losses, 
THz systems typically employ highly directional beams to 
improve the signal-to-noise ratio (SNR). While such a strategy 
improves link performance, it significantly reduces spatial 
coverage for multi-user scenarios. Therefore, beam steering 
technologies, which can redirect the THz beams toward 
different locations, have become essential for THz 
communication systems. Conventionally, phased array 
antennas are widely used for beam steering applications. 
However, they suffer from high hardware complexity and large 
power consumption at THz frequencies [7]-[9]. Optical feed–
THz phased systems have also been investigated, but they 
typically rely on optical components, which hinder compact 
integration [10], [11]. Recently, metasurfaces have attracted 
increased attention as they can manipulate electromagnetic 
wavefronts with subwavelength resolution [12], [13]. Its unique 
advantages of passive operation, ease of integration, and 
compact structures make them well-suited for THz wireless 
system [14]. 

To achieve beam steering with metasurfaces, the 
subwavelength elements distributed on the surface should retain 
specific phase differences. Numerous studies focus on 
implementing the desired phase response and sufficient phase 
shifting range. One straightforward approach is to utilize 
various structural thicknesses to introduce optical path 
differences and thereby generate phase differences [15], [16]. 
However, this method often needs bulky and complex 
structures, which is especially problematic for high-frequency 
applications [17]-[19]. Another effective and widely used 
technique is resonance shifting, which achieves phase shift by 
adjusting the resonant frequency of the unit cell. However, they 
only provide precise phase control at a single operating 
frequency [20]-[24]. So, the steering angle changes 
unpredictably with frequency, thereby making frequency-
scanning functionality that enables continuous beam steering 
across the operating frequency range extremely difficult [25], 
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[26]. Frequency-scanning, however, plays a critical role in 
terahertz applications such as high-resolution imaging, non-
destructive testing, and security screening [27], [28]. 
Furthermore, it is also difficult to achieve a full 360° phase shift 
range and maintain high reflection magnitude across all phase 
states simultaneously [29]-[31]. Hence, there is a trade-off 
between the phase coverage and amplitude uniformity, which 
affects the stability and efficiency of these metasurfaces and 
demands higher fabrication accuracy. 

To alleviate the above limitations, the concept of polarization 
conversion has been introduced into metasurface design. Its 
unique advantage is that the required phase shifting range can 
be reduced by half, from 360° to 180°, because the other half 
can be easily compensated by controlling the rotated electrical 
field direction [25]. The polarization conversion strategy has 
been effectively adopted in the radio frequency range for 
various applications to assist phase control and then achieve 
wavefront manipulation, such as transmitarrays [32]-[34], 
reflectarrays [35], [36], orbital angular momentum (OAM) and 
beam generation [37], [38]. In the THz frequency range, some 
designs for polarization converters have been proposed with 
improved conversion efficiency, broadened bandwidth, and 
higher angular stability [39]-[43]. However, the application of 
polarization converters for beam steering still suffers from low 
efficiency and limited phase control [44], [45]. 

In this paper, a 3-bit metasurface based on the polarization 
conversion design concept for wide-angle beam steering 
operating in the THz band is presented. Eight types of unit cells 
with a 45° phase gradient are designed to cover the full 360° 
phase shifting range. With the help of polarization conversion, 
all unit cells exhibit high reflection magnitudes exceeding 0.8 
across a relatively wide frequency band from 266 GHz to 
323 GHz, rather than at a single frequency, hence overcoming 
the typical trade-off between phase coverage and amplitude 
stability. Furthermore, these unit cells exhibit similar slopes of 
phase with respect to frequency, which is essential for 
continuous and predictable frequency scanning. In addition, the 
proposed metasurface is verified by a non-line-of-sight THz 
wireless link, supporting quadrature amplitude modulation with 
16 states (16-QAM) [46]. The experimental results highlight the 
practical potential of polarization conversion based 
metasurfaces in future THz wireless networks. 

II. DESIGN AND ANALYSIS

The proposed design concept is shown in Fig. 1. The 
metasurface is based on cross-polarization converters, which 
reflects the incident x-polarized (y-polarization) THz waves in 
y-polarization (x-polarized). The structure includes metallic
patterns on a single-crystalline silicon spacer backed with a
reflecting ground. By adjusting the size of the patterns, a large
phase shifting range can be achieved, while the reflection
magnitudes remain high. As a result, the reflected beam can be
steered in the non-specular directions, which can be controlled
over a wide-angular range.

A. Unit Cell Design
For the ideal 3-bit reflective metasurface design, 8 unit cells

with a uniform phase gradient of 45° and unity reflection 
magnitude are needed. As mentioned before, the phase shifting 
range that needs to be considered can be reduced by half using 
the design concept of cross-polarization conversion. Therefore, 
the unit cells that need to be designed are reduced from 8 to 4. 

The proposed unit cell structure is based on a notched square 
ring composed of 1 μm thick Aluminum (Al) fabricated on 60 
μm thick high-resistivity silicon spacer with a 1 μm thick 
reflecting Al ground as shown in Fig. 2(a). To obtain the desired 
phase response, the length of the split arms (value of l) is varied. 
The asymmetry in the proposed unit cell allows for conversion 
of incident co-polarized waves to cross-polarized reflected 
waves with a high cross-polarized reflection magnitude. The 
frequency responses are identical for the proposed unit cell 
under x- and y-polarized normal incidence. In this work, the x-
polarized plane wave is chosen as the incident source in the 
measurements. 

Fig. 1. Conceptual depiction of the proposed metasurface based on cross-
polarization converters. 

(a) 

(b) 
Fig. 2. Unit cell structure of the phase controllable polarization converter. (a) 
Perspective view of the unit cell. (b) Current distribution of the “Original Cell” 
and the “Rotated Cell”. (Dimension: p = 210 μm, h = 60 μm, a = 125 μm, b = 
75 μm, l = variation.) 
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The proposed unit cell shown in Fig. 2(a) is defined as the 
“Original Cell”, and the “Rotated Cell” is obtained by rotating 
the square ring by 90° in the counterclockwise direction around 
the center. The top view of one pair of the unit cells and their 
current distribution within the polarization conversion 
frequency range is shown in Fig. 2(b). It is seen that their 
current directions along the y-axis are identical while opposite 
along the x-axis, which means they are opposite in phase with 
an inherent 180° phase difference [47]. Therefore, if the 
proposed unit cells with various lengths of l have phase 
responses of 0°, 45°, 90°, and 135°, the desired 3-bits phase 
response (0°, 45°, 90°,135°, 180°, 225°, 270°, and 315°) can be 
easily obtained by rotating the direction of the notched square 
ring. 

To further analyze the operating mechanism of the proposed 
polarization converter, an equivalent circuit is developed, as 
shown in Fig. 3(a). According to the analysis in [48], equivalent 
circuit of any arbitrary polarization converter under normal 
incidence can be represented as a Bi-mode Foster’s circuit. 
There are two orthogonal polarization directions represented by 
two pairs of transmission lines. Our proposed structure is 
backed with the ground with total reflection characteristics, 
therefore the ports 3 and 4 are shorted. The interconnected two-
ports network for the polarization conversion functionality can 
be represented by a П equivalent circuit. Our structure is 

symmetrical across the diagonal axis. Therefore, the lattice 
topology can be introduced, and a simple series LC resonator is 
used to model the reactance. The unit cell with the l value of 57 
μm is taken as an example, the circuit analyzed frequency 
response is optimized by fitting to the full-wave simulations and 
the components values are extracted as: La = 4.3 pH, Ca = 2 fF, 
Lb = 5.7 pH, Cb = 0.4 fF, Z0 and Zh represents the characteristics 
impedances of the vacuum and the silicon substrate, 
respectively. Fig 3(b) shows the frequency responses of the 

(a) 

(b) 

(c) 
Fig. 4. Gradient phase manipulation. (a) Eight-unit cells for 360° phase shifting 
range. Cross-polarized reflection magnitude and phase of the unit cells (b) with 
different value of l; (c) at 300 GHz under the normal incidence. 
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Fig. 3. (a) Equivalent circuit of the proposed cross-polarization converter. (b) 
Reflection coefficients of the polarization converter obtained by full-wave 
simulation and equivalent circuit analysis. 
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proposed polarization converter obtained by the full-wave 
simulation and the equivalent circuit analysis. The full-wave 
simulation is performed in CST Studio Suite, where unit cell 
boundary conditions were applied in the transverse directions 
to model the infinite periodic array, while open (add space) 
boundaries were assigned along the propagation direction to 
emulate free-space radiation, and the excitation is set as a 
normally incident plane wave. It is seen that the cross-polarized 
reflections (Cross. S11) are high from 239 GHz to 365 GHz with 
magnitudes larger than 0.8, corresponding to low co-polarized 
reflections. In addition, the scattering parameters are in good 
agreement, which further verify the effectiveness of the 
equivalent circuit.  

B. Phase Manipulation
To achieve the 3-bit phase responses, four variations of

“Original Cell” with phase difference of 45° are needed. As 
mentioned before, other four desired phase status can be easily 
achieved by rotating the direction of the designed “Original 
Cell” by 90°, because there are inherent 180° phase difference 
between a pair of unit cells. Fig. 4(a) shows all eight variations 
of the notched square ring unit cells. The resonant frequency 
changes with the length of the current path, therefore, the value 
of l is adjusted to shift the phase response. Cells 5 to 8 are the 
“Rotated Cell” mode. For each pair of unit cells, their reflection 
magnitudes are identical, while the phase responses are 
opposite with a 180º phase difference. 

The cross-polarized reflection magnitudes and the phase 
responses of the 8-unit cells are shown in Fig. 4(b). It is seen 
that all magnitudes maintain high around 300 GHz, and the 
value larger than 0.8 can be observed from 266 GHz to 323 
GHz. The phase response changes with the length of l and the 
direction of the square ring with similar slopes, which ensures 
the robustness of the metasurface composed of these unit cells. 
In this work, our desired center operating frequency is 300 
GHz, the performance of the unit cells at 300 GHz is shown in 
Fig. 4(c). It is seen that the reflection magnitudes remain higher 
than 0.9, while the reflection phase responses change with a 

total variation of 315° (the 360° phase variation is identical with 
0°). As a result, the desired 3-bit reflective metasurface 
operating at 300 GHz can be designed by using the proposed 8-
unit cells. 

III. METASURFACE DESIGN PROCEDURES

To steer the direction of the reflected beam, the phase 
distribution 𝜙𝜙𝑛𝑛𝑛𝑛 , where n and m represent the pixels in the 
array along the metasurface, should satisfy the following 
equation:  

𝜙𝜙𝑛𝑛𝑛𝑛 = 𝜙𝜙𝑟𝑟(𝑥𝑥𝑛𝑛, 𝑦𝑦𝑚𝑚) − 𝜙𝜙𝑖𝑖(𝑥𝑥𝑛𝑛, 𝑦𝑦𝑚𝑚)        (1) 

where 𝜙𝜙𝑟𝑟(𝑥𝑥𝑛𝑛, 𝑦𝑦𝑚𝑚) and 𝜙𝜙𝑖𝑖(𝑥𝑥𝑛𝑛, 𝑦𝑦𝑚𝑚) are the phase response at the 
(𝑥𝑥𝑛𝑛, 𝑦𝑦𝑚𝑚) position along the surface established by the desired 
reflected wave and the incident wave, respectively. The 
incident wave is assumed to be a normal incident plane wave, 
therefore, 𝜙𝜙𝑖𝑖(𝑥𝑥𝑛𝑛, 𝑦𝑦𝑚𝑚) are identical for each element, and hence 
can be ignored. According to the ray tracing theory [49], the 
phase distribution along the metasurface can be calculated by 
the following equation: 

 𝜙𝜙𝑛𝑛𝑛𝑛 = −𝑘𝑘 sin(𝜃𝜃𝑟𝑟)[𝑥𝑥𝑛𝑛 cos(𝜑𝜑𝑟𝑟) + 𝑦𝑦𝑚𝑚 sin(𝜑𝜑𝑟𝑟)]        (2) 

where k is the propagation constant, and (𝜑𝜑𝑟𝑟, 𝜃𝜃𝑟𝑟) is the reflected 
beam direction along azimuthal and elevation directions. Eight 
element states of “Cell 1” to “Cell 8” are defined for the 3-bit 
reflective beam steering according to the calculated phase 

Fig. 5. Calculated reflection phase distribution of the beam-steering 
metasurfaces. 

(a) 

(b) 
Fig. 6. Prototype and measurement setups. (a) Prototype and the microscope 
image of the fabricated metasurfaces. (b) Measurement setups based on THz 
time-domain spectroscopy. 
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distribution, for example, the element is set to “Cell 1” when 
the phase required is  0° ≤ 𝜙𝜙𝑛𝑛𝑛𝑛 < 45°, and set to “Cell 2” 
when  45° ≤ 𝜙𝜙𝑛𝑛𝑛𝑛 < 90° and so. The required reflection phase 
distribution of 1.995×1.995 cm metasurfaces composed of 
95×95-unit cells for the beam steering angle of 𝜃𝜃𝑟𝑟 = 30°, 45°, 
60°, and 75° ( 𝜑𝜑𝑟𝑟 = 0°) are shown in Fig. 5 as demonstrations. 

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Prototypes and Measurement Setups
Four metasurfaces (MSs) with different steering angles were

fabricated and named as MS30, MS45, MS60, and MS75, 
respectively, to experimentally validate the beam steering 
performance. Fig. 6(a) shows the whole wafer with a diameter 
of 300 mm and the zoomed-in view of the fabricated Al notched 
square ring patterns under the microscope. 

The THz reflective beam steering measurement was 
conducted using the THz time-domain spectroscopy, as shown 
in Fig. 6(b). A pair of linearly polarized THz antennas 
integrated lenses are used to transmit and receive signals, and 
the transmitted wave is a collimated quasi-plane wave that 
illuminates an area of about 1 cm in diameter. The distance 
between the antennas and the metasurface is around 6 inches, 
which is larger than 150 λ at the operating frequency of 300 
GHz, and the incident wave is regarded as an x-polarized plane 
wave. A y-polarized receiver antenna, identical to the 
transmitter antenna but rotated by 90° in orientation, is placed 
on a turntable to measure the cross-polarized reflection. For the 
angle-resolved measurements, the rotating angle range is from 
-90° to +90° with a step of 5° for most cases, while smaller steps 
of 2° were used closer to the desired beam angles. It should be
mentioned that for normal incidence, the feed blockage will
occur in the angular region of ±27°. The measured cross-
polarized reflection from the metasurfaces is normalized with
the normal incident co-polarized transmitted intensity. This
reference signal is obtained by aligning the pair of antennas
face-to-face at 12 inches (matching the total path length in the
measurement setup) without the sample holder, representing the 
maximum achievable system intensity at this distance. The
frequency-domain signal is obtained by converting the time-
domain signal through the Fourier transform.

B. Beam Steering Performance
The simulated normalized cross-polarized 3-D far-field

scattering patterns at 300 GHz in CST software with open (add 
space) boundaries are shown in Fig. 7. It is seen that the main 
lobes appear at the desired angles. For the MS30 and MS45, the 
side-lobe levels are below -13 dB. As for the case of beam 
steering to large angles up to 60°, the side-lobe level is 
deteriorated, which is around -5 dB. This degradation is mainly 
attributed to the periodic supercell coding (the coding sequence 
is periodically repeated), which introduces grating lobes 
(grating spatial harmonics) [50]. 

The measured beam steering performances of four 
metasurfaces at the desired operating frequency of 300 GHz are 
shown in Fig. 8(a). It is seen that the reflection beams are 
steered close to the desired angles. The slight angle deviations 
can be due to fabrication variations and experimental errors, 
such as a slight misalignment of the incident beam from the 
ideal normal incidence. For MS60, an increased intensity can 
be observed around -30°, which agrees with the simulated 
position of the large side lobe, while the maximum reflection 
intensity still achieves 0.68. It can also be noted that the steered 

    (a)    (b) 

       (c) 
Fig. 7. Simulated cross-polarized 3-D far-field scattering patterns of (a) MS30, 
(b) MS45, (c) MS60 at 300 GHz. (MS=Metasurface) 

(a) 

(b) 
Fig. 8. Beam-scanning for cross-polarized reflection. (a) Normalized far-field 
scatting patterns presenting beam-scanning performance from 30° to 75° in the 
step of 15° at 300 GHz. (b) Normalized reflection intensities in frequency 
domain. (MS=Metasurface) 
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beam intensity decreases with increasing steering angles, as 
expected. 

Fig. 8(b) shows the measured reflection intensities of the 
metasurfaces at the specific angles in the frequency domain. 
Theoretically, the maximum reflection intensities should 
appear at 300 GHz, while there are slight red-shifting of peak 
frequency. For all metasurfaces with the predicted steering 
angle less than 60°, the normalized reflection intensity is larger 

than 0.5 within the frequency range of 279 GHz to 307 GHz, 
which confirms the high-efficiency characteristics of the 
proposed design. 

C. Frequency-Scanning Capability
The metasurface consisting of unit cells with similar gradient

of phase with respect to frequency can be adopted for 
frequency-scanning functionality. This technique enables 
continuous beam steering within operating frequency range 
under normal plane-wave incidence. The beam steering angle 
with respect to frequency can be estimated with the following 
equation [51]: 

    𝜃𝜃𝑟𝑟 = arcsin (sin 𝜃𝜃𝑖𝑖 + 𝑐𝑐
2𝜋𝜋𝜋𝜋

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

)        (3) 

where 𝜃𝜃𝑖𝑖 is the incident angle, 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 is the phase gradient along the 
metasurface, c is the speed of light, and f is the operating 
frequency. According to equation (3), One of the main 
challenges in achieving frequency-scanning is that the phase 
response of each unit cell must vary linearly with frequency. 
Moreover, the slope of these variations should be nearly 
identical across all unit cells. [25], [51]. In other words, if we 
ignore the effect of magnitudes, the reflected beam can scan 
continuously in the frequency domain when the phase gradient 
is independent of frequency. The phase response of our 
proposed unit cells based on polarization conversion have 
similar slope with the variation of frequency as shown in Fig. 
4(b). Therefore, the proposed metasurfaces have potential 
application of continuous frequency-scanning. The measured 
scattering patterns of MS45 and MS60 are normalized and 
shown in Fig. 9(a) and (b), respectively. It is seen that the 
metasurfaces can operate from 270 GHz to 350 GHz with the 
scanning angle range of around 20°. The measured steering 
angles are close to the theoretical predictions, which verifies the 
frequency-scanning capability of the proposed metasurfaces. 

To further quantitative evaluate the scanning linearity, the 
calculated reflection angles according to equation (3) and 
measured reflection angles, together with their deviations, are 
compared in Fig. 10 for the MS45 and MS60 cases. The results 
show that the deviations remain within 5° across the entire 
operational frequency band, indicating good agreement with the 
theoretical prediction. Therefore, the proposed metasurfaces 
exhibit a linear and predictable frequency-scanning behavior. 
D. Experimental Verification by the Metasurface Integrated
Non-line-of-sight THz Communication Link

To assess the practical capabilities of the proposed 
metasurface, we experimentally measured the impact of beam 
steering metasurfaces in a non-line-of-sight THz 
communication link. The THz communication setup with 
MS75 is shown in Fig. 11, where the same testbed type [46] is 
used. A photomixing approach is employed to generate 
modulated THz signals. The transmitter consists of two 
continuous-wave lasers: Laser 1 serves as a local oscillator; 
Laser 2 is modulated using an I/Q Mach-Zehnder modulator 
driven by an arbitrary waveform generator (AWG) to produce 
two 12.5 Gbaud baseband data (I and Q) with advanced 
modulation formats such as quadrature amplitude modulation 
with 16 states (QAM-16). The 2 optical signals are then coupled 

(a) 

(b) 
Fig. 9. Normalized radiation patterns of the (a) MS45 and (b) MS60 at various 
frequencies showing continuous frequency-scanning capability. 

Fig. 10. Comparison between the calculated reflection angles and the measured 
angles for MS45 and MS60. 
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and amplified before being fed into a uni-traveling-carrier 
photodiode (UTC-PD) to generate a THz signal around 300 
GHz. This THz wave is radiated into the free-space using a 
transmit antenna (24.5 dBi gain at 300 GHz), collimated using 
a THz lens and reflected by MS75 to create a non-specular 
beam, collected by a second THz lens and sent to the receiving 
antenna (same type that transmit antenna), creating a THz non-
line-of-sight path. At the receiver side, a subharmonic mixer 
(SHM) is used to downconvert the incoming THz signal to an 
intermediate frequency (IF) below 40 GHz. The mixer is driven 
by a local oscillator around 150 GHz, provided by a signal 
generator (SMA100B) and multiplied by a factor of 12. The 
downconverted signal is amplified and recorded by a high-
speed oscilloscope for real-time analysis. The error vector 
magnitude (EVM) is evaluated using digital signal processing. 

To evaluate the metasurface performance, the power 
penalties under the expected angular configurations are 
assessed, as illustrated in Fig. 12. The back-to-back setup 

correspond to the use of a purely specular reflector (THz mirror), 
where the THz path is a line-of-sight link with the 2 lenses and 
the mirror. The back-to-back case serves as the reference for the 
relative power. Thus, EVM results under specular reflection 
from a same-size metal plate and non-specular reflection from 
the metasurfaces are compared to determine the power penalty, 
defined as the additional power required to achieve the same 
EVM from line-of-sight (mirror) to non-line-of-sight with the 
metasurface. 

Fig. 12(a) shows the QAM-16 performance for the specular 
reflection scenario and the non-specular reflections from 
individual beam-steering metasurfaces. It is seen that for MS75, 
the power penalty is 5.7 dB, which is still acceptable. It should 
be mentioned that the 75º configuration is the worst case 
because of the lowest intensity and the largest steering angle 
deviation. Modulation can be well achieved with tolerable 
power penalty using MS75, which indicates that the proposed 
metasurfaces with steering angles below 75° can easily support 
16-QAM-based THz links. For example, the power penalty for
MS30 is only around 0.6 dB, which is very close to the specular
reflection from the metal plate. Therefore, the high efficiency
of the beam steering performance achieved based on the
proposed design concept is further verified in the THz link
system.

Furthermore, the higher-order modulations are also 
evaluated using MS60, and the constellation diagrams for the 
32-QAM and 64-QAM modulations corresponding to the data
rates of 62.5 and 75 Gbps are shown in Fig. 12(b) and (c),
respectively. Quantitatively, the measured EVM is 4.1% for the
32-QAM and 4.2% for the 64-QAM. Besides, the

Fig. 11. Measurement setups of the proposed metasurfaces within a non-link-of-sight THz link. 

(a) 

   (b)                                                (c)   
Fig. 12. (a) Error vector magnitudes (EVMs) of single-link cases for 16-QAM 
modulations; Constellation diagrams for (b) 32-QAM and (c) 64-QAM 
modulation of MS60. (MS=Metasurface) 

Fig. 13. Error vector magnitudes (EVMs) for 16-QAM modulations of multi-
MS-link case. (MS=Metasurface) 
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corresponding bit error rates (BERs) are 3.8×10-5 and 1.2×10-3, 
respectively. Both are below typical thresholds for soft-decision 
forward-error correction (SD-FEC) of 2×10-2, and hard-
decision forward-error correction (HD-FEC) of 2×10-3. The 
high-quality constellations indicate that the proposed 
metasurfaces have robust performance even under such high-
order modulations. Therefore, they can readily support lower-
order modulations, such as QPSK or 16-QAM, which are more 
commonly used in practical THz scenarios. 

In addition, a multi-metasurface link based non-line-of-sight 
was experimentally verified by incorporating MS30 and MS75 
in the same link, which can further verify the metasurfaces’ 
ability to enhance signal spatial coverage. The QAM-16 
performance for the multi-metasurface link non-specular 
reflection and the specular case is compared in Fig. 13. It can 
be observed that the constellation diagram is clear, and the 
power penalty of the THz link composed of MS30 and MS75 is 
about 5.3 dB. This further verifies that our proposed 
metasurfaces can work stably in various non-line-of-sight links 
and the effectiveness at such a wide angle steering range of 75º. 

E. Comparison
To further highlight the benefits of the proposed metasurface, 

Table I provides a comparison with previously reported 
reflective THz beam steering metasurface designs. Compared 
with most existing metasurfaces with beam steering capability 
operating at only one frequency point, the proposed 
metasurface is more robust because the composed unit cells 
have stable performance in a wide frequency range. The 
resolution of the proposed design is relatively high with 8-unit 
cells (3-bit), which is beneficial to decrease the phase errors, 
thereby concentrating more power into the intended direction 
and improving the steering accuracy. Furthermore, the 
thickness of the metasurfaces is smaller compared with others. 
Although it is verified that the proposed metasurface with a 75º 
steering angle can well support the non-line-of-sight THz link 

system, the maximum beam steering angle in this work is 
determined to be 60º because a large sidelobe appears. To 
further suppress the sidelobe and increase the steering angle, it 
is possible to consider optimizing the coding sequence to 
minimize the undesired harmonics and optimizing the unit cell 
geometry to reduce the mutual coupling. Furthermore, the 
continuous frequency-scanning capability achieved with the 
proposed metasurface is attributed to the unit cells’ similar 
slope of the phase response with respect to frequency.  

In summary, the proposed THz metasurface achieves 
relatively wide-angle beam steering with high reflection 
efficiency. Compared with other designs, the thickness of the 
proposed metasurface is smaller, and the robustness is 
improved. The proposed design concept can be potentially 
applied to THz beam steering in 6G communication systems. 
Beyond the passive beam steering functionality, the proposed 
design concept can be further extended toward reconfigurable 
metasurfaces by integrating active switches such as vanadium 
dioxide (VO2), microelectromechanical systems (MEMS), and 
graphene. 

V. CONCLUSION

A terahertz beam-steering metasurface based on polarization 
conversion has been demonstrated from the aspects of beam-
scanning, frequency-scanning, and the effectiveness in an 
actual non-line-of-sight THz link. The proposed 3-bit phase 
controllable unit cells achieve 360° full phase coverage and 
maintain high cross-polarized reflection magnitudes higher 
than 0.8 from 266 GHz to 323 GHz. Equivalent circuit model 
was also developed to validate the proposed design. Four 
metasurfaces composed of proposed unit cells with steering 
angles of 30º, 45º, 60º, and 75º at 300 GHz are experimentally 
demonstrated. The maximum normalized reflection intensity of 
the metasurface with the steering angle of 60° can still maintain 
0.68, thus confirming the high efficiency characteristic. Owing 
to the quasi-linear phase responses of the unit cells, the 
metasurfaces were adopted for continuous frequency scanning 
from 270 GHz to 350 GHz. The metasurfaces are further 
verified in a non-line-of-sight THz link system. As a result, 16-
QAM, 32-QAM, and 64-QAM modulations were realized by 
single metasurface enabled THz links. A multi-metasurface 
based link was also experimentally demonstrated by combining 
30º and 75º metasurfaces (MS30 and MS75), and the power 
penalty is 5.3 dB when a 16-QAM modulation is evaluated. The 
proposed metasurfaces have potential applications of THz beam 
steering components in future 6G communication systems as 
well as the THz imaging systems.  
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