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ABSTRACT

With the rapid development of sixth-generation (6G) intelligent wireless
networks, environmental sensing has become a core requirement for
many applications such as autonomous driving, drones, and intelligent
robotics. Here, we propose a passive sensing method based on beam-
focusing algorithms and a large-scale programmable metasurface
composed of 64 x 96 effective elements. The coding patterns on the 1-bit
programmable metasurface are dynamically switched via a field-
programmable gate array (FPGA) to achieve real-time beam focusing and
scanning at specific spatial locations. The reflected signal strength is then
used to determine the target angle and distance. Requiring only a single
RF channel and signal strength information, the system features a simple AR
hardware architecture and low computational complexity. To verify the s EEE -8 5
effectiveness and robustness of the proposed method, experiments are . Cuing_
1091 : -

conducted across 74 positions within an azimuth-angle range from -70° to =
70° and a distance range from 1 m to 3 m. The experimental results
demonstrate that the proposed sensing method achieves high precision in

both angle and distance for passive targets, with an average absolute angle

error of 0.904° and an average absolute distance error of 0.101 m. The
proposed system provides a promising solution for applications in the

Internet of Things, directional communication, and biomedical fields.

Keywords programmable metasurface, beam focusing, angle and
distance estimation, passive target

1 Introduction capabilities for manipulating electromagnetic waves

[1-8]. In 2014, Cui et al. [9] proposed the concepts of
In recent years, electromagnetic metamaterials and their coding metamaterials and programmable metasurfaces,
two-dimensional  counterparts, metasurfaces, have representing individual metasurface elements with differ-
attracted widespread attention due to their powerful ent functionalities via digital codes. This encoding
approach streamlines metasurface design and links physical

*Special Topic: Advances in Metamaterials: From Theory to
Applications Enabled by Functional Units (Eds.: Huanyang Chen,
Minghui Lu & Yangyang Fu). active components, the metasurface can be dynamically

implementation with information science. By incorporating
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Fig. 1 Conceptual illustration of the passive target sensing method based on beam-focusing and a programmable metasur-
face. The FPGA dynamically reconfigures the metasurface’s coding in real time to perform focused beam scanning, and the
target angle and distance are inferred via peak detection of the reflected signal strength.

reconfigured via a field-programmable gate array
(FPGA), enabling high flexibility and adaptability
[10-14]. Consequently, numerous high-performance, low-
cost, and low-profile programmable metasurface systems
have been proposed for applications such as wireless
communications [15-17], dynamic holography and imaging
[18, 19], information processing [20, 21], and computing
[22-25].

On the other hand, environmental sensing is a crucial
technology in intelligent wireless systems. Accurate
target detection and localization, particularly the direc-
tion-of-arrival (DOA) estimation, constitute key compo-
nents of environmental sensing. However, conventional
sensor-array-based signal processing methods, such as
beamforming algorithms [26], Multiple Signal Classifica-
tion (MUSIC) [27], and Estimating Signal Parameters
via Rotational Invariance Techniques (ESPRIT) [28],
often entail high hardware complexity and elevated cost,
thereby constraining their applications in the next-
generation intelligent wireless systems. Recently,
research on DOA estimation based on programmable
metasurfaces has attracted widespread attention [29-35].
Compared with the traditional sensor-array-based sensing
methods, metasurfaces offer advantages such as simple
hardware architecture, compact size, and low cost,
making them particularly well suited to the requirements
of modern intelligent systems and providing a mnovel
solution to achieve high-precision environmental sensing.

Currently, the research on DOA estimation based on
metasurfaces is mainly focused on sensing active targets,
but in many critical applications such as autonomous

driving, environmental monitoring, and military recon-
naissance, the targets are often passive. In this paper,
we present a passive target sensing method that
combines the beam-focusing algorithm with a
programmable metasurface, enabling not only azimuth
estimation but also distance perception within a unified
framework. An FPGA is used to reconfigure the meta-
surface’s coding pattern in real time, enabling spatially
focused beam scanning. The strength of the reflected
signal is obtained using a transmit-receive integrated
antenna, and the target azimuth angle and distance are
perceived through peak detection. To wvalidate the
method, experiments are conducted at 74 test positions
covering azimuths from —70° to 70° and distances from
1 m to 3 m. The results show an average absolute angle
estimation error of 0.904° and an average absolute
distance estimation error of 0.101 m. We envision that
this work may introduce a simple architecture for target
sensing leveraging the programmable metasurfaces, offer-
ing broad prospects for future development.

2 Principle and method

We propose a passive target sensing method based on
beam focusing and a programmable reflective metasur-
face, as schematically shown in Fig. 1. The metasurface
is composed of 1-bit coding elements whose reflection
phase takes values of 0 or win the “0” and “1” states,
respectively. During operation, the transmit-receive
antenna illuminates the metasurface, which then focuses
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Fig. 2 Workflow diagram of the proposed method. The calibration phase comprises noise acquisition and threshold
construction. First, the initial focal distance is fixed at 2 m, and an angular scan is performed. The peak of the scanning
curve is compared to the corresponding noise threshold to determine whether a target is present or not. If a target is
detected, the angle at which the peak occurs is taken as the estimated azimuth. The focus is then held at this angle, and a
subsequent distance scan is conducted. A second peak-detection step on this distance scan then yields the estimated distance.

the wave on the preset focal point. If a target occupies
the focal point, the antenna receives a strong return
signal. An FPGA dynamically switches the phase state
of each element, enabling the focused beam to scan
across angles or distances. A personal computer (PC)
acquires the reflected signal strength via the vector
network analyzer and estimates the target azimuth and
distance by peak-searching. The core of beam focusing
lies in applying precise phase compensation to each
element so that all reflected waves interfere constructively
at the prescribed focal point. Let (z;,v;,2;) denote the
spatial position of the ith metasurface element and
(z¢,yr,2z¢) the spatial position of the focal point. Then
the total phase shift required for the ith unit ¢,
becomes

¢t0tal(i) = - ¢zn(z) + (bcomp(i)

= = Qin@i) T ko\/(fﬁi - «Tf)2 + (yi — yf)2 + (21 — Zf)2v
(1)

where ¢;,,;ydenotes the incident wave phase at the ith

element, ¢.,,,;is the compensation phase for focusing,
and ko is the free-space wave number. Based on the
above expressions, the total phase shift required for each
metasurface element can be calculated to focus the feed-
antenna’s incident wave at the desired point. After 1-bit
quantization, the corresponding coding patterns are
obtained.

To achieve efficient passive-target sensing within the
prescribed detection region, defined by azimuth angles
from —70° to +70° and distances from 1 m to 3 m, this
paper proposes the automated workflow shown in Fig. 2.
First, the focal distance is fixed at 2 m, and the azimuth
angle is swept from —70° to 70° in 0.2° increments. At
each focal angle, the reflection coefficient S11 is
measured at 201 frequency points within the 3.3—
3.5 GHz band using a vector network analyzer. The
magnitudes of the measured S-parameters are stored in
a computer and averaged to yield the mean reflected
strength for that angle. By employing multi-point
sampling and averaging around the metasurface’s center
operating frequency of 3.4 GHz, the influence of
measurement errors and random noise is suppressed,
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Fig. 3 System block diagram and experimental setup. (a) Operational block diagram, including definitions of target
azimuth angle and distance. The blue region indicates the target sensing area. (b) Experimental setup in front of the meta-
surface. The co-located transmit-receive antenna is tilted upward, and the target height is aligned with the metasurface’s
central height. (c) Experimental setup behind the metasurface. The PC is connected to both the vector network analyzer
and the FPGA to acquire reflected signal strength data and to transmit coding sequences. The coding state can be visually
monitored via the on/off status of LEDs mounted on the back of the units.

thereby enhancing the reliability and robustness of the
sensing results. Before target detection, the same
measurement procedure is conducted under no-target
conditions to collect environmental noise data. These
samples are then used to construct an angle-dependent
noise threshold for subsequent target-presence decisions
(detailed in Section 3).

Upon completion of the full angular scan, a peak
search is conducted on the obtained average reflection
strength curve, and the peak value is compared with the
noise threshold corresponding to the respective angle. If
the peak value is below the threshold, it is determined
that there is no target. Otherwise, it is determined that
a target has been detected, and the angle corresponding
to the peak value is identified as the target azimuth.
After acquiring the angular information of the target,
the focusing direction is fixed at that angle, and a

distance scan is carried out from 1 m to 3 m in 0.1 m
steps. At each distance, the mean reflected strength is
again measured, and peak detection is applied. The
distance corresponding to the maximum strength is
recorded as the target distance. Since target presence
has already been confirmed during the angular scan, no
additional threshold comparison is required. This entire
sensing procedure is implemented in software and
executed automatically.

The system’s operational block diagram is presented
in Fig. 3(a), and the experimental setup is shown in
Figs. 3(b) and (c). The PC connected to the FPGA via
a data communication interface computes the metasurface
coding corresponding to the desired focal position and
transmits it to the FPGA. In the experiment, the target
(a corner reflector) is placed within the horizontal plane
that passes through the center of the metasurface. Its
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Fig. 4 [Illustration of the incident phase distribution and coding. (a) Incident wave phase distribution. (b) Computed
compensation phase for focusing. (¢) Computed total phase shift. (d) 1-bit quantized phase. (e) Actual coding distribution
of the metasurface elements, where the discontinuous regions contain no unit cells. (f) Front view of the metasurface, where
regions obscured by wave-absorbing material contain no unit cells.

distance from the metasurface center is r, forming an
angle ¢ with the surface normal, the target may move
freely within this plane. The distributions of azimuth
angle and distance are shown in Fig. 3(a). A dual-function
transmit-receive antenna is positioned 1 m directly in
front of the metasurface center, corresponding to r = 1m
and § = 0°. The antenna is connected via coaxial cable
to a vector network analyzer (Keysight SNA5032A),
which supplies the incident signal (set to a default
power of 0 dBm) and captures the reflected echo. The
antenna is positioned slightly below the center height of
the metasurface and tilted upward at a certain elevation
angle, as shown in Fig. 3(b), to avoid potential interference
when the target azimuth angle is near 0°. To mitigate
interference between the transmit and receive paths, the
reflected echo is extracted using the time-domain gating
(time-windowing) function of the vector network
analyzer (VNA). Since the sensing range is restricted to
targets located within 1-3 m, only the reflected signals
within the corresponding time-delay window are
retained. As a result, the reflected-strength response
used for subsequent peak searching is dominated by the
target echo, ensuring reliable target localization.

The metasurface comprises a 64 x 96 array of unit
cells with a period of 20 mm, designed to operate at 3.4

GHz, as shown in Fig. 3(b). The large-scale nature of
the metasurface array mitigates the impact of phase-
quantization errors on system performance, thereby
enhancing the accuracy and stability of target sensing.
Each metasurface unit is equipped with a light-emitting
diode (LED) indicator on the backside, which lights up
to indicate that the current encoding is “1” and turns off
to indicate that the encoding is “0”. During operation,
the overall coding distribution of the metasurface can be
visually monitored via the LED pattern on its backside,
as shown in Fig. 3(c).

Since the feeding antenna is situated in the metasur-
face’s near-field region and is inclined at a certain elevation
angle, the phase distribution of its transmitted wave
upon reaching the metasurface cannot be determined
accurately through theoretical calculation. To ensure the
precision of the total compensation phase, a scanning rig
was used to directly measure the incident wave phase
¢in at each metasurface element.
results are shown in Fig. 4(a), where rows 1-12 and
85-96 contain no unit cells. Taking the focal point at r
2 m and ¢ = —-30° as an example, Figs. 4(b)—(e)
respectively illustrate the compensation phase ¢.o,,, the
total phase shift ¢;.., the 1-bit quantized phase ¢q,
and the resulting metasurface element coding distribu-

The measurement
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Ilustration of the scanning range and focus spot electric field strength distribution scan results. (a) Illustration of

the scanning range. The scanning rig was placed parallel to the metasurface and aligned with the focal point center. (b—
i) correspond to the focus spot electric field strength distribution at focusing angles § = 0°, 10°, 20°, 30°, 40°, 50°, 60°, and
70°, respectively. The scanning area is a 0.8 m x 0.8 m plane centered around the focus, with a spatial resolution of 20 mm.
The color scale represents the magnitude of the electric field strength, normalized to a maximum value of 1.

tion. In Fig. 4(e), the discontinuous regions contain no
unit cells, which correspond to the areas masked by
wave-absorbing material in Fig. 4(f).

3 Results and discussion

To verify the focusing performance of the metasurface, a
near-field scan of the focus spot was conducted first. In
the experiment, the focusing distance was fixed at 2 m,
and the focusing angle varied from 0° to 70° with a step
size of 10°. At each angle, the scanning rig was placed
parallel to the metasurface and aligned with the focal
point center, as illustrated in Fig. 5(a). A probe was
used to collect the electric field strength at each point
within a 0.8 m x 0.8 m planar area with a spatial resolution
of 20 mm, resulting in 8 sets of data. The focus spot
electric field strength distribution is shown in
Figs. 5(b)—(i).

The scanning results indicate that as the focusing
angle increases, the focusing performance of the meta-
surface gradually decreases, which may lead to a reduction

in the detection accuracy of edge targets and increase
the risk of false detection regarding target existence. To
accurately determine whether a target is present or not,
it is necessary to pre-establish an environmental noise
threshold, as illustrated in Fig. 6(a). First, with no
target present, the focal distance is fixed at 2 m, and a
full azimuth scan is performed from —70° to 70° in 0.2°
increments. At each scan angle, the mean reflected
signal strength is measured and recorded using the
method described above. This process is repeated multiple
times, and the average of all measurement results is
taken as the noise floor. In the measurement setup, the
aggregate noise can be approximated as Gaussian. By
statistical convention, where approximately 99.7% of
Gaussian samples lie within u + 30, the noise threshold
for each angle was set as the noise floor plus three times
the standard deviation o. Using statistical values to
define the threshold mitigates the impact of sporadic
interference and measurement jitter. In the experiment,
a target is considered present only when the peak value
exceeds the corresponding threshold. Although noise
may occasionally rise above the threshold at individual
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angles under no-target conditions, a target is considered
present only if the “peak” condition is met, thereby
improving robustness against environmental fluctua-
tions. Figs. 6(b) and (c) show example angle-scan results
under no-target conditions. It can be seen that the noise
exceeds the threshold at certain angles, yet both are
correctly identified as “no target”.

To validate the feasibility of the proposed passive
target sensing method, experiments were conducted at a
total of 74 discrete positions. Specifically, the azimuth
angle was sampled from —70° to 70° in 10° increments,
and the distance was sampled from 1 m to 3 m in 0.5 m
increments, yielding 75 positions in total. The point at r
= 1 m and # = 0° was excluded because the antenna
occupied that location, leaving 74 effective test points.

Figures 6(d)—(i) select three samples at § = —30°, with
distances r = 1 m, 2 m, and 3 m, as typical examples.
The corresponding angle scan curves and distance scan
curves are shown, with the estimated azimuth angles
and distances labeled in the figures.

From the plots, the estimated angles for the three
samples are —29.2°, —29.4°, and —30.0°, corresponding to
errors of 0.8° 0.6°, and 0.0°, respectively. The estimated
distances are 1.1 m, 2.0 m, and 2.8 m, with errors of 0.1
m, 0.0 m, and 0.2 m, respectively, demonstrating the
high-precision two-dimensional sensing capability of the
proposed method. Figures 7(a) and (d) respectively show
the distribution of angle and distance estimation errors
for all samples. The point at » = 1 m and 0 =0° was
excluded because it is occupied by the antenna, leaving

Zhigiao Han, et al., Front. Phys. 21(6), 065204 (2026)
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74 samples in total. Among these, three samples at § =
70° with » = 1 m, 2.5 m, and 3 m were misclassified as
“no target”. This was primarily attributable to the
degradation of the metasurface’s focusing performance in
the edge regions, resulting in the reflected signal peaks
failing to exceed the noise threshold. The remaining 71
samples were correctly identified, resulting in an overall
detection accuracy of 95.95%. Figures 7(b) and (e) show
the distribution of absolute angle and distance estimation
errors for 71 valid samples. For absolute angle estimation
errors, 24 samples have an error of less than 0.5°, 50
samples have an error of less than 1°, and 70 samples
have an error of less than 3°. For absolute distance esti-
mation errors, all samples do not exceed 0.3 m, with 22
samples having an error of 0 m, 31 samples having an
error of 0.1 m, 13 samples having an error of 0.2 m, and
5 samples having an error of 0.3 m. Overall, the results
show that the system provides high measurement accuracy
in both the angle and distance dimensions. As shown in
Fig. 7(a), a sample located at » = 1 m, § = -10°
exhibits a significant angle estimation error of —7°,

primarily because the target is close to the metasurface,
causing local obstruction and interference with the incident
wave, thereby weakening the focusing effect. Notably,
Fig. 7(d) shows that the distance estimation error for
this sample is only 0.2 m, indicating that the angle esti-
mation error did not significantly affect the distance
measurement.

To further assess the performance differences of the
proposed method in edge and non-edge regions,
Figs. 7(c) and (f) compare the average absolute angle
and distance estimation errors for samples from different
regions (including and excluding edge distance » = 1 m,
and including and excluding extreme angles § = £70°).
The results indicate that samples with » = 1 m have
higher absolute angle and distance estimation errors
compared to those located farther from the metasurface.
This occurs because fixing the initial focal distance at
2 m during the angle scan stage hinders the detection of
nearby targets. Moreover, very close targets also disrupt
the incident wave, further degrading focusing perfor-
mance. However, the absolute angle and distance esti-
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Fig. 9 Multi-resolution angular scanning strategy and performance evaluation. (a) Coarse angular scanning curve for a
representative sample located at 6 = —30° and r = 2 m. (b) Corresponding fine scanning curve around the main lobe.
(c) Absolute angle estimation error distribution with a coarse scanning step size of 2°. (d) Regional average absolute angle

estimation error with a coarse scanning step size of 2°. (e) Ab

solute angle estimation error distribution with a coarse scanning

step size of 2.8°. (f) Regional average absolute angle estimation error with a coarse scanning step size of 2.8°.

mation errors of the samples with § = +70° are comparable
to those at intermediate angles. This suggests that while
the sensing accuracy drops slightly for very close objects,
this method still maintains high accuracy for targets
with large angles.

Figure 8 summarizes the trends of absolute angle and
distance estimation errors as functions of target azimuth
angle and distance, providing a more intuitive assessment
of how target position affects sensing accuracy. The
performance metrics shown include the mean absolute
error (MAE), maximum absolute error (Max AE), and
root mean square error (RMSE). As shown in Figs. 8(a)

and (b), variations in target azimuth angle have no
significant impact on angle and distance estimation
accuracy. However, Figs. 8(c) and (d) indicate that
when the target is too close or too far from the metasur-
face, both angle and distance estimation errors increase,
suggesting that the target distance and the preset initial
scanning distance play a critical role in sensing perfor-
mance.

In summary, out of 74 total test samples, 71 samples
were successfully detected, yielding a target recognition
accuracy of 95.95%. For these 71 valid samples, the
mean absolute error of angle estimation was 0.904°, and
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the mean absolute error of distance estimation was
0.101 m. These results fully demonstrate that the
proposed passive target sensing method enables high-
precision two-dimensional measurement of angle and
distance over a wide detection range.

Considering that the angular response around the
target typically exhibits a pronounced main lobe, a
multi-resolution coarse-to-fine scanning strategy can be
introduced to further improve the sensing efficiency.
Specifically, a coarse scan with a relatively large step
size is first performed over the entire angular range,
followed by a fine scan with a smaller step size within a
limited angular region around the main lobe. This strategy
is expected to significantly reduce the number of
sampling points while maintaining localization accuracy,
thereby improving the overall measurement efficiency.

The effectiveness of this approach has been validated
using the collected data. Representative angular scanning
curves are shown in Figs. 9(a) and (b), where the
proposed strategy achieves the same peak location as the
full-resolution scan while substantially reducing the
number of sampling points. Furthermore, simulations
based on measured data with coarse step sizes of 2° and
2.8° are conducted, and the corresponding error statistics
are presented in Figs. 9(c)—(f). Future work will further
investigate this strategy to enhance the real-time perfor-
mance and practical applicability of the proposed sensing
system.

4 Conclusion

This paper presents a passive target-sensing system that
combines a  beam-focusing algorithm with a
programmable metasurface. An FPGA dynamically
reconfigures the metasurface’s coding patterns in real
time to perform focused-beam scanning. The system
acquires reflected signal strength via a single RF channel
to estimate target angle and distance, offering a simple
architecture and low computational complexity. Experi-
ment results show that the proposed method can achieve
high-precision, reliable, and robust sensing within a
range of —70° to 70° azimuth and 1 m to 3 m distance.
We believe this work can be further expanded into multi-
target scenarios, integrate additional functions, and
explore performance in non-ideal environments, thereby
promoting the widespread application of programmable
metasurface sensing technology in intelligent wireless
networks, medical detection, and other fields.
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