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Abstract—In this paper, a reconfigurable metasurface aperture
(RMA) is proposed for integrated compressive electromagnetic
sensing and imaging (ISAI) applications. The proposed RMA
consists of randomly distributed switchable meta-atoms with two
orthogonal orientations to enable dual-polarized radiation. The
meta-atoms are loaded with PIN diodes, and by reconfiguring
their operating states, the meta-atoms are selectively deactivated
or activated. This dynamic mechanism is used to reconfigure
the aperture state of metasurface and generate spatially low-
correlated radiation patterns. These patterns serve as mea-
surement modes for ISAI implementation. The performance of
RMA is characterized using the reflection coefficient (Si1) to
assess the antenna behavior, and the correlation coefficient (CC)
and the singular value (SV) spectrum to evaluate the spatial
orthogonality of its measurement modes. An RMA-based ISAI
study is conducted to validate the proposed design, in which
the incident angles of far-field sources are accurately estimated
and both the image and orientation of a target are successfully
retrieved, confirming the effectiveness of the approach.

Index Terms—Computational imaging, DoA estimation, inte-
grated sensing and imaging, reconfigurable metasurface aperture.

I. INTRODUCTION

With the rapid development of the Internet of Things (IoT),
the capability to accurately localize and identify targets has
become increasingly critical for advanced sensing applications,
such as autonomous driving [1], healthcare monitoring [2], and
security screening [3], to name a few.

Traditional localization techniques are typically classified
into time-of-arrival (ToA) [4] and direction-of-arrival (DoA)
[5] methods. ToA approaches require ultra-wideband (UWB)
hardware to accurately measure the propagation delay between
transmitted and received signals [4]. In contrast, DoA tech-
niques rely on multiple synchronized sensors and computation-
ally intensive beamforming algorithms [6]. These requirements
lead to increased hardware complexity, power consumption,
and system cost, making both approaches less suitable for low-
power, resource-constrained IoT applications.

Similarly, microwave imaging, widely used for target iden-
tification, also faces significant limitations in IoT scenarios.
Conventional methods, such as synthetic aperture radar (SAR)
[7] and phased array radar (PAR) [8], primarily depend on
raster-scanning strategies to achieve high-resolution image re-
construction. These approaches, although effective, suffer from
either slow mechanical movement or considerable hardware

Fig. 1. Configuration of the RMA-based ISAI. (a) DoA estimation based on
the RMA; (b) CI based on the RMA.

overhead, which limits their real-time capability and increases
system complexity and power consumption.

To address these challenges, as shown in Fig. 1, the concept
of compressive sensing (CS) has emerged as an effective and
promising paradigm. Within the framework of computational
imaging (CI) [9], [10], CS enables scene reconstruction from
a significantly reduced number of measurements. These mea-
surements encode scene information into a set of compressed
signals, thereby eliminating the need for conventional raster-
scan approaches [11], [12]. Furthermore, when the projection



of a far-field source is treated as an imaged target, the
incident angles can be efficiently estimated using the same CI
architecture [13], [14], [15]. Consequently, both identification
and localization can be realized with fewer radio frequency
(RF) components, reduced energy consumption, and simplified
system architectures—characteristics that align well with the
demands of IoT applications.

Among the most promising technologies enabling CS-driven
imaging and DoA estimation are metasurface-based wave-
chaotic antennas [16], [17], [18], [19]. These metasurfaces
are designed to generate spatially orthogonal radiation pat-
terns through either frequency diversity [20], [21], [22] or
reconfigurable control [23], [24], [25], [26]. Frequency-diverse
metasurfaces produce varying fields by sweeping across fre-
quencies, whereas reconfigurable metasurfaces employ tunable
components, such as PIN diodes, to alter their response across
a narrow frequency band (and even at a single frequency),
thereby reducing the required system bandwidth and simpli-
fying the design of broadband RF chains. However, most
existing metasurface designs treat DoA estimation and imaging
as separate functions requiring multiple hardware sources,
with limited progress toward integrating both within a single
platform. In addition, current implementations are generally
limited to single-polarization operation, lacking the ability to
distinguish the polarization state of far-field sources or to ex-
tract the geometric features of the imaged target—capabilities
that can be achieved through computational polarimetric imag-
ing techniques [27], [28], [29], [30], [31].

To address the aforementioned issues, in this paper, we pro-
pose a reconfigurable metasurface aperture (RMA) capable of
radiating dual-polarized, spatially low-correlated field patterns.
By randomly switching the operating states (on/off) of the
PIN diodes loaded onto the RMA, different radiating elements
are selectively deactivated or activated, thereby altering the
aperture distribution (or mask) of the RMA, producing diverse
radiation patterns. These patterns function as measurement
modes for implementing the proposed integrated compressive
electromagnetic sensing and imaging (ISAI) technique (i.e.,
DoA estimation and CI) [32] using a unified hardware plat-
form, as illustrated in Fig. 1.

The rest of this paper is organized as follows. Section II
briefly introduces the ISAI process based on the RMA, laying
a foundation for the subsequent sections. Section III details the
design of the RMA and evaluates its performance. In Section
IV, ISAI experiments are performed using the proposed RMA.
Finally, Section V concludes the paper.

II. PROCESS OF THE RMA-BASED ISAI

The RMA-based ISAI, as depicted in Fig. 1, consists of
two parts: RMA-based DoA estimation and RMA-based CI.
For RMA-based DoA estimation, a single RMA is employed
as a receiver (Rx), whereas for RMA-based CI, two distinct
RMAs are used as a transmitter (Tx) and an Rx, respectively.
Under this configuration and in accordance with the first Born
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Fig. 2. Schematic diagram of the switchable meta-atom.

approximation [33], the back-scattered data, g% (f), for DoA
estimation and CI can be respectively expressed as follows:

G alf) = / ES (v, f) - p(r)dr )

EOE / EY(r.f) B (r.f) - x(r)ar @

where Er and Er denote the radiated field patterns of the
Tx and Rx, respectively. si and s/ represent the i-th mask of
the Tx and the j-th mask of the Rx, respectively. p refers to
the projection of the fields radiated by the far-field sources
on to a plane in front of the RMA whereas x denotes the
susceptibility tensor of the imaged scene [29]. r denotes the
position vector of an imaged pixel [34], and f represents the
operating frequency. Here, the bold font indicates the vector-
matrix notation.
The above two processes can be simply denoted as:

g=H- o 3)

where H represents the sensing matrix constructed from a
set of measurement modes [32], and o denotes the estimated
objective (i.e., p or X).

Consequently, the projection pattern (or imaged scene) can
be reconstructed using computational algorithms, such as the
least-squares algorithm [35]:
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III. DESIGN OF THE RMA

According to the analysis in Section II, the RMA should
be capable of radiating diverse field patterns. Therefore, it is
essential to rapidly reconfigure the mask across the RMA. To
this end, a single-polarized switchable meta-atom is designed
as the radiating element, which can be deactivated or activated
by toggling the operating states (on/off) of the PIN diodes
loaded on it. Subsequently, by randomly arranging the meta-
atoms with two orthogonal orientations over the aperture, an
RMA capable of radiating dual-polarized, low-correlated field
patterns is realized.

A. Switchable Meta-Atom

As shown in Fig. 2, an “I-shaped” meta-atom is etched
on the top layer of the substrate to function as the radiating
element, while the backside of the substrate is copper-clad
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Fig. 3. Performance analysis of the switchable meta-atom based on (a) the
Floquet port model and (b) the radiating model.

to form the ground plane. The meta-atom has a side length
of 4 mm, and its structural parameters are detailed in Fig. 2.
The substrate is Rogers RO4003C (e, = 3.35, tand = 0.0027)
with a thickness of 1.524 mm and the PIN diode is MACOM
MADPO000907-14020W. The PIN diode can be modeled as a
resistor-inductor-capacitor (RLC) series circuit with parame-
ters R=5¢, L =0.1 nH for on state (+1.4 V) and R = 10 k{2,
L = 0.1 nH, C = 0.025 pF for off state (-10 V) [19], [30].

The performance of the “I-shaped” meta-atom is evaluated
in CST Microwave Studio using two approaches: the Floquet
port model and the radiating model, as shown in Fig. 3(a) and
3(b). From Fig. 3(a), it can be observed that the “I-shaped”
meta-atom only works under y-polarization and is activated
at 20 GHz when the PIN diode is off. Conversely, when the
PIN diode is in on state, the meta-atom is deactivated at
20 GHz, demonstrating a switch-like behavior. The normalized
radiated power obtained from the radiating model, as shown
in Fig. 3(b), further confirms this characteristic.

B. RMA and Its Performance

Considering that the switchable meta-atom radiates only
single-polarized field patterns, and dual-polarized radiation is
required for the RMA, it is therefore necessary to rotate a
portion of the meta-atoms by 90° to achieve this functionality.
Thus, as shown in Fig. 4, the RMA is realized by randomly
distributing 492 switchable meta-atoms across the aperture,
with half of them rotated by 90°. The overall dimensions of
the RMA are 6.67\ x 6.67\ (100 mm x 100 mm), where A\
denotes the free-space wavelength at 20 GHz.

The performance of the proposed RMA is evaluated as
shown in Fig. 5. First of all, the reflection coefficient (i.e., S11)
of the RMA is assessed to characterize its antenna behavior.
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Fig. 5. (a) Reflection coefficients (S11) of the RMA under different masks;
(b) SV curves of both the x- and y-polarized measurement modes; CC values
of the (c) x-polarized and (d) y-polarized measurement modes.

From Fig. 5(a), the S;; values under most mask configu-
rations remain below -10 dB, indicating a good impedance
matching of the RMA. Then, considering that the RMA is
specifically designed for ISAI applications, it is essential to
evaluate the spatial orthogonality of the measurement modes
(H = Er - Eg). Common metrics for this assessment include
the correlation coefficient (CC) [35] and singular value (SV)
[36]. Generally, better performance is indicated by lower CC
values and a flatter SV spectrum [37]. Here, as an example
and without loss of generality, 100 measurement modes are
selected to verify the performance. As depicted in Fig. 5(b),
the normalized SVs of the measurement modes under dual-
polarization states are above 1072 and form two relatively flat
curves, indicating high spatial orthogonality [38]. Furthermore,
as illustrated in Fig. 5(c) and 5(d), the CC values for both x-
and y-polarized measurement modes are smaller than 0.26,
confirming their low-correlation characteristics [39].
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Fig. 7. CI results of the horizontal bar. (a) Amplitude of the reconstructed im-
age using dual-polarized measurement modes; (b) Phase correlation between
reconstructed images using the x- and y-polarized measurement modes.
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IV. RMA-BASED ISAI SIMULATIONS

To verify the feasibility of the proposed RMA, full-wave
ISAI simulations are conducted in CST Microwave Studio.
The imaged scene is 30 cm x 30 cm in x- and y-directions,
and it is discretized into 1681 (41 x 41) imaged pixels with
a side length of 0.75 cm.

The RMA-based DoA estimation experiment is firstly car-
ried out according to the configuration shown in Fig. 1(a). In
this work, two far-field sources with orthogonal polarizations
are employed, with respective incident angles of (8, p)¥ret =
(20°, -20°) and (0, p)*ret = (-30°, 40°). Following the proce-
dure described in [15], the DoA patterns are reconstructed, as
shown in Fig. 6. A peak-finding algorithm is then employed
to determine k,/ko and k, /ko (collectively referred to as the
K-factor), where k, /ky = sinf cos ¢ and k, /ko = sinfsin ¢
[32]. From Fig. 6, the K-factors of the two far-field sources are
(0.333, -0.125) and (-0.375, -0.333), corresponding to incident
angles of (0, ©)?%" = (20.855°, -20.556°) and (0, ©)o7" = (-
30.115°, 41.634°), respectively. The close agreement between
the estimated and true incident angles confirms the validity of
the RMA-based DoA estimation method. Moreover, a compar-
ison between Fig. 6(a) and 6(b) reveals that when only the y-
or x-polarized measurement modes are employed, the incident
angles can be determined solely for far-field sources matching
the respective polarization. However, as shown in Fig. 6(c),
when dual-polarized measurement modes are utilized, all far-
field sources can be accurately estimated regardless of their
polarizations.

Next, a horizontal metallic bar (3 cm x 9 cm), positioned
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50 cm from the RMA, serves as the imaged target for the CI
experiments (see Fig. 1(b)). The results are shown in Fig. 7.
Fig. 7(a) presents the amplitude of the reconstructed image
obtained using the dual-polarized measurement modes, clearly
revealing the target. To highlight the geometric features of
the target, the correlation between the reconstructed images
from the x- and y-polarized measurement modes is calculated
following the approach in [22]. This process allows extraction
of the bar’s orientation from the phase value, with values close
to -7/2 and 7r/2 indicating vertical and horizontal orientations,
respectively [27], as demonstrated in Fig. 7(b).

In summary, the results of both the DoA estimation and CI
experiments collectively demonstrate the feasibility of RMA-
based ISAI using a unified hardware platform.

V. CONCLUSION

In this paper, an RMA for ISAI applications was proposed.
The RMA comprised a set of randomly distributed switchable
meta-atoms with two orthogonal orientations to enable dual-
polarized radiation. By manipulating the on/off states of the
PIN diodes loaded onto the RMA, switchable meta-atoms
are selectively deactivated or activated, thereby dynamically
altering the aperture mask and generating low-correlated field
patterns. A total of 100 such field patterns were selected as
measurement modes to implement RMA-based ISAI (i.e., DoA
estimation and CI). The incident angles of the far-field sources
were accurately estimated, and both the image and orientation
of the target were successfully retrieved, confirming the feasi-
bility of the proposed RMA. This design offers an alternative
technology for ISAI applications and is a promising unified
hardware platform for IoT applications.
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