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Abstract: This paper proposes an active
angle-selective surface (AASS) with angular
selectivity and adjustable transmission states.
The suggested structure consists of two angle-
selective surface (ASS) layers with the same
configuration and a transmission-reflection
switchable active frequency selective surface
(AFSS) layer. The upper ASS layers are
employed to obtain angular selectivity by
forming a transmission window at a specific
incident angle, while effectively reflecting
electromagnetic waves at other angles. The
lower AFSS layer utilizes PIN diodes to
enable the variation of electromagnetic
response. Numerical simulation and analysis
indicate that, at the operating frequency of
11.75 GHz, the proposed system exhibits
notable angular selectivity under TM-
polarized incidence, guaranteeing high
transmission only at an incident angle of 60°
and maintaining strong reflection for other
angles. Additionally, the transmission and
shielding states can be rapidly changed by
adjusting the working conditions of the AFSS
when the incident angle is 60°, thus providing
dual control over angular selectivity and
electromagnetic response. This proposed
design provides a promising solution for
spatial filtering and directional
communication in complex electromagnetic
environments, with good potential
applications in practical engineering.
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1. Introduction
Frequency selective surfaces (FSSs) are two-
dimensional periodic electromagnetic structures
that regulate how incident electromagnetic
waves are transmitted or reflected [1-3]. Owing
to this field-control capability, they have been

used in radar stealth, radomes, electromagnetic
shielding, spatial filtering, and related
applications [4-7]. As electromagnetic operating
environments become more complex, however,
conventional FSSs that depend mainly on
frequency selectivity expose a clear limitation:
they do not by themselves address angular
selectivity, polarization control, or dynamic
reconfigurability [8-10]. This gap has motivated
renewed interest in FSS-based structures that
combine angular selectivity with reconfigurable
electromagnetic responses.
Angle-selective surfaces (ASSs) extend the
filtering mechanism from the frequency domain
to the spatial domain. In a typical design, waves
incident within a prescribed angular range are
allowed to pass, whereas waves arriving from
other directions are reflected or suppressed, so
the propagation direction can be controlled more
selectively [11,12]. Reported implementations
include schemes based on planar optics, the
Brewster angle principle, angularly sensitive
FSS configurations, and anisotropic unit cells
[13-15]. For example, Mao et al. proposed a
broadband dual-polarized ASS based on
multilayer FSSs, obtaining high transmission at
normal incidence and strong reflection under
oblique incidence [16]. Hong et al. introduced a
longitudinal component in a three-dimensional
ASS to tune the electromagnetic response for
different incidence angles [17]. Zhang et al.
further reported a via-free two-dimensional ASS
that combines a grid structure with crossed
dipole elements, permitting transmission below
20 degrees while reflecting waves above 47
degrees [18]. These studies demonstrate the
feasibility of angular filtering, but most reported
ASSs remain passive; after fabrication, their
electromagnetic response is essentially fixed,
which limits their adaptability in changing
electromagnetic environments.
Active frequency selective surfaces (AFSSs)
address this lack of tunability by loading the
surface with controllable elements, such as PIN
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diodes, varactor diodes, or MEMS devices. With
these components, an AFSS can switch between
operating states or adjust its operating band
[19,20]. Li et al. proposed a compact dual-layer
AFSS derived from filter-circuit topology,
realizing independent switching between
passband and stopband responses while
maintaining angular stability within 45 degrees
[21]. Wang et al. presented an active second-
order FSS composed of three symmetric layers,
which achieved switching between broadband
transmission and broadband shielding for
incidence angles up to 60 degrees [22]. Although
these results indicate the value of AFSSs for
reconfigurable electromagnetic devices, much of
the existing work still concentrates on frequency
tuning or state switching. Selective manipulation
in the angular domain has received
comparatively less attention.
Therefore, to address the challenge that
interference signals and desired signals often
overlap in the frequency domain and cannot be
effectively separated using conventional
frequency-selective approaches, and to enhance
the adaptive control capability of systems in
complex electromagnetic environments,
integrating angular selectivity with active
reconfigurability has become an important
direction for achieving dynamic electromagnetic
manipulation in the spatial domain. However,
the incorporation of angular selectivity and
active tuning mechanisms often introduces
mutual coupling effects, which increase design
complexity and make it difficult to
simultaneously achieve optimal angular
selectivity and reconfigurable performance.
To address the aforementioned challenges, this
paper proposes a state-switchable angularly
selective active angle-selective surface (AASS).
The proposed structure consists of two cascaded
ASS layers with identical topology and one
AFSS layer, where the upper two layers are
designed to achieve angular selectivity, and the
bottom layer enables dynamic switching
between transmission and reflection states. By
carefully optimizing the structural parameters
and interlayer coupling, the proposed design
achieves high transmission only for TM-
polarized waves at an incident angle of 60° at
11.75 GHz, while exhibiting strong reflection
under all other incidence conditions.
Furthermore, under the 60° incidence condition,
the transmission and shielding states can be
flexibly switched by controlling the operating

states of the AFSS, thereby enabling
simultaneous control over angular selectivity and
electromagnetic response.

2. Structure Design and Theoretical Analysis
To simultaneously achieve angular selectivity
and state switching, the ASS and AFSS are
cascaded in a multilayer configuration. As
illustrated in Figure 1, the upper ASS layers are
responsible for angular filtering, while the lower
AFSS layer enables dynamic state switching.
Here, denotes the effective electrical length of
the transmission line. Accordingly, the proposed
structure can be modeled as a multilayer
impedance network composed of cascaded ASS
and AFSS layers. For an incident
electromagnetic wave, each layer can be
equivalently represented by a surface impedance
that depends on both frequency and incident
angle. The dielectric substrates and air spacings
between adjacent layers can be modeled as
transmission line sections. Therefore, the overall
structure can be rigorously analyzed using the
transmission matrix method.
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From this model, the transmission and reflection
coefficients of the equivalent circuit can be
obtained,
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where 0Z denotes the intrinsic impedance of
free space.

Figure 1. Equivalent Circuit Model of the
Combined Structure of ASS and AFSS

For the ASS design, a double-layer FSS
configuration is adopted. The equivalent circuit
model (ECM) of the double-layer ASS is
illustrated in Figure 2, where h represents the air
thickness between the two FSS layers. Due to
the presence of an air spacing between the two
FSS layers, a Fabry–Pérot-like cavity resonance
is formed. When the resonance condition is
satisfied (3), a strong standing-wave field is
established between the two FSS layers [23].
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2 2rh n    (3)
where h denotes the thickness of the air layer,
 is the propagation constant, r represents
the reflection phase, and n is an integer.
Under this condition, the transmitted waves
undergo constructive interference and continue
to propagate, resulting in a resonance peak that
varies significantly with the incident angle.
Therefore, employing a double-layer FSS for
ASS design enhances angular sensitivity. In
addition, interlayer coupling introduces extra
phase delay, such that constructive interference
is satisfied only at specific incident angles,
thereby further suppressing transmission at
undesired angles.

Figure 2. Equivalent Circuit Model of the
Double-Layer ASS

Through proper design of the periodic unit cell,
impedance matching between the incident
electromagnetic wave and the ASS can be
achieved at a specific incident angle, thereby
forming a transmission passband. When the
incident angle deviates from the designed value,
the matching condition is disrupted due to the
angle-dependent variation of ASSZ , resulting in
impedance mismatch and consequently strong
reflection.
For the AFSS design, PIN diodes are
incorporated into a bandpass FSS to enable
reconfigurability. The corresponding ECM is
shown in Figure 3, where the PIN diode is
connected in parallel with the capacitor C. When
the diode is in the ON state, it can be modeled as
a series combination of a parasitic resistance and
inductance. Under this condition, the resonant
behavior shifts to a stopband response. When the
diode is in the OFF state, it is equivalent to a
capacitance, and the structure exhibits a
passband resonance. In this way, dynamic
switching between transmission and reflection
can be achieved. Furthermore, by properly
tuning the structure such that the passband
resonance of the AFSS coincides with the
transmission band of the ASS, and by optimizing
the spacing between the two layers to mitigate
mutual coupling effects, both angular selectivity
and state-switching functionality can be
simultaneously realized.

Figure 3. Equivalent Circuit Model of State-
Switchable AFSS

Based on the aforementioned design concept, the
proposed AASS structure is illustrated in Figure
4, where the yellow and blue regions represent
the metallic layers and dielectric substrates,
respectively. The overall structure consists of a
double-layer ASS on the top and a single-layer
AFSS at the bottom, cascaded with an air
spacing of 2h between them. The upper ASS is
composed of two identical FSS layers separated
by an air gap. Each layer consists of a cross-
shaped slot loaded with meandered arms,
arranged with a 90° rotational symmetry about
the center. The spacing between the two ASS
layers is denoted as 1h . The lower AFSS layer
is formed by a square-loop slot structure, in
which PIN diodes are symmetrically loaded
around the slot to enable state switching. The
dielectric substrates used for both the ASS and
AFSS are made of F4B material with a relative
permittivity of r =2.65 and a loss tangent of
tan =0.0001, and all substrates have a uniform
thickness of t .

(a)

(b) (c)
Figure 4. AASS Structural Diagram (a) 3-D
View of the Whole Structure (b) Top View of
the ASS Unit Cell (c) Top View of the AFSS
Unit Cell ( p =8mm, t =0.508mm, 1h =12mm,

2h =25mm, 1l =1.5mm, 2l =0.7mm, 3l =1.1mm,
4l =2.6mm, 1d =1.25mm, 2d =1.3mm,
3d =0.6mm, 1w =0.1mm, 2w =0.2mm)
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To further analyze the electromagnetic response
of the proposed AASS, the overall ECM is
presented in Figure 5. In this model, the parallel
combination of 1L and 1C represents the first
and second layers of meander-loaded cross-
shaped slot structures. Similarly, the parallel
combination of 2L and 2C corresponds to the
third-layer square-loop slot structure. In addition,
a switching branch connected in parallel is
introduced to model the loaded PIN diodes,
enabling state switching functionality. The
transmission line impedances tZ and 0Z

represent the dielectric substrates and the air
spacing layers, respectively, where t , 1h , and 2h

denote the thickness of the dielectric substrate
and the air gaps.

Figure 5. Overall Equivalent Circuit Model of
AASS

The core of the proposed three-layer structure
lies in the functional decoupling and coordinated
design between the ASS and AFSS. The upper
two ASS layers primarily determine the angular
selectivity by establishing a transmission
channel only at an incident angle of 60°, while
the bottom AFSS layer controls the switching
between transmission and reflection states,
thereby regulating the overall electromagnetic
response under the constraint of angular
selectivity. Under the 60° incidence condition,
the ASS layers provide a well-matched
impedance environment, and the overall
transmission performance is mainly governed by
the AFSS layer. Specifically, when the AFSS
operates in the transmission state, the entire
structure exhibits high transmission; when it
switches to the reflection state, the structure
transitions to a shielding state. In contrast, under
non-60° incidence conditions, the ASS layers
introduce significant impedance mismatch. As a
result, even if the AFSS is in the transmission
state, the overall structure still exhibits strong
reflection, thereby achieving dual selectivity in
both angle and electromagnetic state.

3. Simulation Results
Full-wave simulations of the proposed AASS are
carried out using CST Microwave Studio to
further validate its electromagnetic response
characteristics. As shown in Figure 6, when the

PIN diodes are in the OFF state, the structure
exhibits an excellent stopband response under
TE polarization. As the incident angle increases
from 0° to 89°, the transmission coefficient S21
remains below −25 dB at 11.75 GHz, indicating
strong reflection of the incident electromagnetic
waves. Under TM polarization, the transmission
window is confined to the oblique incidence case
of 60° at 11.75 GHz, corresponding to the blue
region in the simulated response. At the
remaining incident angles, the surface mainly
shows a reflective state.

(a)

(b)
Figure 6. Transmission Coefficients Under (a)

TE and (b) TM Polarization
Figure 7 shows the angular response at 11.75
GHz and gives a direct comparison among the
simulated polarization-angle combinations. For
TM incidence, transmission is retained only at
60°; the other cases, including the nonselected
angles and polarization states, are suppressed by
reflection.

Figure 7. Simulation of Angle Selectivity in
11.75 GHz
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The transmission behavior is therefore limited to
obliquely incident TM-polarized waves. This
selectivity is related to the polarization-
dependent field distribution and the
corresponding equivalent-circuit response. In the
TM case, the electric field contains a normal
component in the plane of incidence, which
couples more effectively to the current paths in
the unit cell and produces a stronger resonant
response. In contrast, for TE polarization, the
electric field orientation does not align with the
dominant current paths of the structure, making
it difficult to excite an effective resonance mode
and resulting in an overall reflective response.

Figure 8. Transmission Coefficients of the
AASS in Two Diode States

The results presented above correspond to the
OFF state of the PIN diodes. The state-switching
functionality of the proposed AASS is further
verified in Figure 8. Under TM polarization with
an incident angle of 60°, when the PIN diodes
are switched to the ON state, the passband at
11.75 GHz is successfully transformed into a
stopband, enabling the transition from
transmission to reflection.
Compared with conventional ASS or FSS
structures with single functionality, the proposed
design offers significant advantages in terms of
angular selectivity and reconfigurability. In
addition, the relatively simple configuration
ensures its feasibility for practical engineering
implementation.

4. Conclusion
In this paper, a three-layer AASS is proposed.
By cascading a double-layer ASS with a single-
layer AFSS, the proposed structure achieves the
integration of angular selectivity and dynamic
control of electromagnetic response. Based on
the equivalent impedance model and multilayer
coupling mechanism, the underlying physical
mechanism enabling highly selective
transmission under specific incidence conditions
is clarified. The results show that, at the

operating frequency of 11.75 GHz, the proposed
structure has high transmission only for TM-
polarized waves with an incident angle of 60°,
while reflecting strongly for other incident
angles and polarizations, thus achieving good
angular selectivity. Moreover, by adjusting the
operating state of the AFSS layer, the
transmission and shielding states can be
effectively switched under the condition of 60°
incidence, which allows the combination of
angular selectivity and functional
reconfigurability. The proposed design has
promising application prospects in spatial
electromagnetic filtering, directional
communication, intelligent radomes and
electromagnetic protection.
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