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Figure 1 (a) Diagram of the dual-frequency co-aperture metasurface unit. (b) Reflection amplitude and phase of the metasurface unit in the X-band.
(c) Reflection amplitude and phase of the metasurface unit in the Ka-band. (d) 16x16 dual-frequency co-aperture metasurface sub-array. (e) 256-port
FPGA control board. (f) Exploded view of the ultra-large-scale array based on sub-array splicing, with the number of metasurface units >6000
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Figure 2 (a) Planar near-field test scenario. (b) and (c) show the Ka-band near-field energy distribution with the focal points located at (0.1, 0, 2.5) m
and (0, —0.1, 2.5) m, respectively. (d) Test scenario in a compact range anechoic chamber. (e) X-band beam scanning patterns. (f) Ka-band beam
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Figure 3 (a) Multimodal target perception based on camera and RF identification, and its adaptive beam control. By identifying the position of the
drone, the millimeter-wave communication beam is focused, thereby enhancing communication quality and signal coverage. (b) Top and bottom views
of the fabricated active tag, with time modulation of the incident wave via a 1-bit phase shifter. (c) Test scenario of UAV positioning. (d) The UAV is
positioned at (0, ¢, R) = (0°, 15°, 3 m). Direction finding is performed via computer vision, and ranging is achieved through multi-frequency continuous
wave. (e) Signal phase feedback by the active tag at different carrier frequencies. (f) Statistical results of multi-frequency continuous wave ranging at
four different positions A, B, C, and D. (g) Target positioning resulted from 20 consecutive trials at each of the 4 different positions, and polar
coordinates provide the 2-D plane when 6 = 0°
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Figure 4 (a) Experimental scenario for mmWave communication blind zone coverage using adaptive beam focusing, with a Ka-band signal incident
from the farther region. (b) Front view of the metasurface system, where an X-band horn antenna is used for wireless localization of the UAV. (¢) and (d)
show the computer vision-based detection results of the UAV when it is positioned at (X, ¥, Z) = (1, 1.2, 2.8) m and (-0.5, 1.2, 3) m, respectively.
(e) Constellation diagram of the signal received by the UAV when the beam is focused on its location at (1, 1.2, 2.8) m. (f) Constellation diagram of the
signal received by the UAV when the metasurface is powered off. (g) Constellation diagram of the signal received by the UAV when the beam is focused
on its location at (0.5, 1.2, 3) m
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The impending era of sixth-generation (6G) wireless networks is defined by its demand for transformative performance metrics,
including terabit-per-second data rates and sub-millisecond latency, which are essential for enabling advanced applications like virtual
reality (VR), digital twin, and the low-altitude economy. To meet these stringent requirements, millimeter-wave (mmWave)
communication has emerged as a cornerstone technology, offering vast amounts of underutilized spectrum. However, the inherent
propagation characteristics of mmWave signals, notably their severe susceptibility to blockage by common obstacles and pronounced
path loss, present significant challenges for reliable connectivity. These limitations are acutely manifested in dynamic scenarios, such as
communications with unmanned aerial vehicles (UAVs), where traditional beam management strategies—reliant on high-overhead
channel state information (CSI) estimation—struggle with the rapid channel variations. While reconfigurable intelligent metasurfaces
(RIS) represent a promising solution by dynamically manipulating the wireless environment to mitigate obstructions, existing
metasurface-assisted systems remain fundamentally constrained by their dependency on complex and latency-intensive CSI acquisition
processes, creating a critical bottleneck for real-time operation.

To address this bottleneck, this paper proposes a novel integrated sensing and communication (ISAC) architecture that orchestrates a
paradigm shift from a “reactive” model, which responds to channel changes after they occur, to a proactive, “sensing-driven” framework.
The core contributions of this work are threefold. First, we introduce the design and implementation of a dual-frequency co-aperture
metasurface. This innovative hardware platform operates concurrently in the X-band for accurate sensing and the Ka-band for mmWave
communication. An ultra-large-scale array aperture is constructed using a sub-array splicing approach, which enables independent and
highly precise beam manipulation for both sensing and data transmission functions on a single physical platform. Second, we develop a
novel multimodal localization method that achieves data fusion between artificial intelligence (AI) visual and electromagnetic sensing
modalities. This method strategically integrates the superior real-time target recognition and bounding box precision of the YOLOvV8
computer vision model with the accurate range information derived from RF signal processing. This fusion effectively overcomes the
inherent limitations of single-sensor systems, such as the visual model’s sensitivity to lighting conditions and the RF system’s lack of
contextual awareness, resulting in potential for continuous 3D trajectory tracking of mobile terminals. The third and most significant
contribution is the direct utilization of the acquired high-precision sensing information—specifically, the real-time spatial coordinates of
the target—to analytically compute and configure the phase profile of the metasurface. This process entirely bypasses the conventional,
iterative CSI estimation and feedback loop, thereby eliminating its associated latency and computational overhead.

The proposed sensing-driven communication architecture was validated through a comprehensive set of experiments emulating a
challenging UAV mmWave communication link. The experimental results confirm that the system achieves two primary objectives
simultaneously: Al-based precise localization of the UAV terminal and a significant enhancement of the received mmWave signal
strength. By proactively steering the communication beam based on predictive sensing data, the system maintains a stable and high-
quality link even in an NLoS scenario. The demonstrated architecture effectively decouples beam management from the traditional CSI
dependency, resulting in a substantial reduction in link configuration latency and signaling overhead. Consequently, this work provides a
concrete and effective technical pathway for realizing reliable, high-capacity, low-altitude mmWave communications and wireless power
transfer. It offers a feasible solution that paves the way for future 6G applications demanding extreme reliability and ultralow latency in
dynamic environments.

dual-frequency co-aperture, reconfigurable intelligent metasurface, mmWave wireless communication,
multimodal sensing, low-altitude economy
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