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ABSTRACT: The multifunctional metasurface offers a high degree of flexibility in manipulating electromagnetic waves. However, the
majority of its functions are limited to the reflection or transmission space in a single band, restricting the utilization of electromagnetic
information. This paper proposes a three-channel multifunctional frequency multiplexing coding metasurface based on the Fabry-Perot
cavity principle. It consists of two layers of orthogonal metal gratings and a cross-shaped, oblique open loop structure in the intermediate
layer. Simulation results reveal that at an incidence of 22 GHz, the polarization conversion and focusing functions of the transmitted wave
are accomplished. Similarly, at an incidence of 31 GHz, the beam deflection function of the reflected wave is observed. Furthermore, at
an incidence of 32 GHz, the radar scattering cross-section reduction function of the reflected wave is achieved. In addition to achieving
high efficiency, miniaturization, and compactness, the proposed metasurface effectively enhances the spatial utilization of electromag-
netic information. As a result, potential applications in multifunctional integrated systems, including wireless communication, sensing

technologies, and radar systems, are vast.

1. INTRODUCTION

etasurface, a structure consisting of two-dimensional

metamaterial units [1], has the benefits of a thin struc-
ture, easy fabrication, and flexible electromagnetic wave
control [2, 3], attracting great interest among researchers and
scholars. It is feasible to alter the amplitude, phase, and
polarization of electromagnetic waves by discretizing the
parameter size of the unit structure [4—6]. In 2014, coded
metasurfaces were proposed by Cui’s group [7], analogizing
the structure of units with different phase responses to a binary
code. The phase discretization of 27 can be broadened from
1-bit to multi-bits [8,9], further simplifying the design and
manufacturing of metasurface devices. Despite the limited
number of encoded states, coded metasurfaces are usable to
effectuate applications such as anomalous deflection [10],
radar cross section (RCS) reduction [11, 12], and vortex wave
generation [13, 14].

Due to the rapid advancement of integrated and miniatur-
ized systems, 5G/6G communications, and wireless sensing
technology [15,16], there is a growing demand for multi-
functional integration within a single structure [17]. Thus,
multifunctional metasurfaces have been a hot research topic
in both the microwave and optical fields. The array may
perform various modulation functions for electromagnetic
waves by designing unit structures that result in diverse
flexible multiplexing, such as polarization multiplexing and
frequency multiplexing [18,19]. Traditional multifunctional
unit structures can be stacked with multiple layers, but
electromagnetic waves transmitted through multiple layers
will generate high losses [20]. Additionally, active devices
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typically require external circuits [21], which can gener-
ate metasurface complexity and power consumption while
achieving multifunctional electromagnetic wave control.

For multifunctional metasurfaces, Dong et al. [22] inge-
niously conceived a single-layer reflective multiplexing coded
metasurface that can realize frequency and polarization multi-
plexing. A four-band dual circular transmission metasurface
with polarization conversion was proposed by Li et al. [23]. In
each of the four frequency bands, this metasurface may turn
line polarization waves into transmitted left-hand and right-
hand circular polarization waves. Shang et al. [24] proposed
a reflectance-transmission integrated metasurface. By oper-
ating at the same frequency, various focusing functionalities
can be attained in both the reflection and transmission chan-
nels for different incident directions. This enables the manipu-
lation of asymmetric characteristics of electromagnetic waves.
Although metasurfaces have been proven to offer control over
multiple channels and improve the utilization of electromag-
netic information, the research on realizing multi-channel, mul-
tifunctional, full-space, and multiplexing metasurfaces still
faces challenges.

A three-layer frequency multiplexing coded metasurface that
exhibits the excellent performance of a three-channel multi-
function in the entire space is presented in response to the issue
of traditional metasurfaces. As a proof of concept, theoretical
calculations and Computer Simulation Technology (CST) sim-
ulation analysis are used. The results indicate that under the ex-
citation of x-polarized incident waves along the —z direction,
polarization conversion and focusing functions of transmitted
waves can be achieved at 22 GHz. Similarly, anomalous beam
deflection and RCS reduction are accomplished under the ex-
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citation of y-polarized waves incident along the +z direction
at 31 GHz and z-polarized waves incident along the —z direc-
tion at 32 GHz, respectively. The architecture of the paper is
organized as follows.

Section 1 is the introduction, which mainly introduces the
current research status of digital coding, multifunctional, and
multiplexing metasurfaces, and Section 2 primarily talks about
the principle of the Fabry-Perot resonant cavity used in this pa-
per, laying a theoretical foundation for subsequent design. Sec-
tion 3 is the design and result analysis of the metasurface unit
structure, as well as the coding sequence scheme for its discrete
phase. Section 4 presents the design, simulation, and analysis
of a three-channel multifunctional metasurface. Section 5 is
the conclusion, summarizing the innovation and shortcomings
of this work and providing application scenarios and develop-
ment directions for multifunctional multiplexing metasurfaces.

2. PRINCIPLE ANALYSIS OF FABRY-PEROT CAVITY
UNIT

For structure design, a multi-degree of freedom electromag-
netic response in the frequency band, polarization, and direc-
tion of incidence of electromagnetic waves needs to be exhib-
ited by the unit. This makes it possible to control multiple types
of electromagnetic waves on the metasurface array. As shown
in Figure 1, the topology of the full-space unit can be regarded
as a Fabry-Perot cavity based on multiple interference theory.
Electromagnetic waves with different polarization components
are reflected and transmitted internally, which can improve the
utilization rate of electromagnetic information in space.
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FIGURE 1. Fabry-Perot cavity model of unit structure.

In particular, the unit structure incorporates front and back
grating layers that function as selectors for  and y polariza-
tions, while the middle layer is employed as a generator for
polarization conversion. The majority of incident z-polarized
waves can pass through the upper grating, while the middle
layer separates the incident waves into cross-polarized and co-
polarized components. Subsequently, the y-polarized compo-
nent is allowed to pass through the underlying y-polarized se-
lective grating. However, the x-polarized component will be
completely reflected and interact with the middle and top layers
again. The resonance processes described above are repeated
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multiple times for both the cross-polarized and co-polarized
components of the electromagnetic field. Eventually, the trans-
mission amplitude of T}, is close to “1”, causing a high polar-
ization conversion efficiency.

Apply the propagation matrix method to further analyze the
unit working principle, namely the full space properties [25].
M, represents the correlation between the forward and reverse
propagation fields when the electromagnetic wave is vertically
incident on the unit structure.

E/ Ef

Mab by = iy ( 1)
Ebe E‘ILQC
EbLy Ez,

where am and bm are the propagation of m (z or y) polarized
electromagnetic waves in media a and b, respectively. EL  and
E[ represent the electric field of m polarized electromagnetic
waves in media a and b, respectively. f and L denote the for-
ward and reverse propagation directions. From the derivation,
M, can be obtained as:
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where r and ¢ are the reflection and transmission amplitudes.
When the refractive index of a uniform medium A is ¢, the
propagation matrix in the medium can be expressed as:

P, = diag (eikd)wh, eikqﬁmh’ e—ik’(i)mh’ e—ik¢7$h)

3)

Thus, the total propagation matrix M of the overall unit is
defined as:

M = Myz - Py - M3 - Py - Mo “4)

Two dielectric layers and three metal structures are respon-
sible for governing the resonance and propagation of electro-
magnetic waves within a Fabry-Perot cavity. The incident
wave is decomposed into four parts: R, R, (co-polarized
and cross-polarized components of reflection), and 17, Ty, (co-
polarized and cross-polarized components of transmission).
The z-polarized wave incident along the +z direction under-
goes multiple reflections and transmissions in the Fabry-Perot
cavity unit and is ultimately converted into a y-polarized wave
with high conversion efficiency and transmission coefficient
(see Figure 1).

3. THE UNIT STRUCTURE DESIGN OF THREE-
CHANNEL

According to the Fabry-Perot cavity principle, a multifunc-
tional multi-frequency full-space unit is constructed that gener-
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FIGURE 2. Unit structure diagram of Fabry-Perot cavity model: (a) Overall schematic diagram of the unit, (b) metal layer A, (c) metal layer B, (d)

metal layer C.

ates high-performance reflected and transmitted waves simul-
taneously. The unit contains three layers of the metal struc-
ture, including gratings A and C on the upper and lower lay-
ers, as well as composite structure B with oblique open rings
and a cross shape in the middle layer which are all made of
“copper pure” (shown in Figure 2(a)). The thickness of the
metal layers is 0.035mm. Meanwhile, the metal layers are
separated by two identical dielectric plates F4By (¢, = 3.5,
tand = 0.001), whose thickness is » = 1 mm. The periodicity
of the unitary structure is p = 4 mm. By optimizing the param-
eters, the following fixed geometric parameters are obtained:
d; =0.33mm, d, = d; = 0.66 mm, r; = 1.6 mm, r, = 2mm.
The transverse arm length [, the longitudinal arm length [,, of
the cross-shaped structure, and the rotation angle « of the diag-
onal opening ring are set as variable parameters in metal layer
B. d = 2h = 2mm is the thickness of the cavity, and unit’s
resonant frequency is around 20 GHz.

From the unit structure design shown in Figure 2, it is ap-
parent that the parameter changes of the oblique open loop and
cross-shaped composite structure in the middle layer are used to
implement the reflected and transmitted electromagnetic wave
modulation at both ends of the unit structure. Establish a unit
model in CST for simulation and optimization. Derived from
the propagation principle, the geometrical parameters of the
unit structure are optimized by discrete adjustment. The re-
flected phase at 31 GHz is obtained by adjusting the /,, under the
y-polarized incident wave. For x-polarized incident waves, dif-
ferent reflected and transmitted phases at 32 GHz and 22 GHz
can be reached by adapting [, and «, respectively. Thereby,
the lengths [, are optimized to 1.4 mm and 2.49 mm, and the
lengths [, are evaluated to 1.8 mm and 2.4 mm.

Figures 3(a) and 3(b) illustrate the reflection amplitude and
phase of the unit structure under y-polarized and xz-polarized
incidence waves, respectively. For the four coding units “U-0-
07, “U-0-17, “U-1-0", and “U-1-1", the second and third digits
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act as the coding sequence of the unit under the incidence of
x/y-LP, respectively. At a frequency of 31 GHz, when the y-
LP is vertically incident along the +z axis, and the remaining
parameters are modified, the reflected amplitude exceeds 0.9,
while the phase difference between “0” and “1” units is approx-
imately 180° (as depicted in Figure 3(a)). That is to say, the am-
plitude and phase response under y-LP are only determined by
ly, and the changes in other parameters hardly affect them. The
reflection amplitude and phase of the unit structure at 32 GHz
under z-LP along —z incidence are plotted in Figure 3(b). By
adjusting the [, parameter, units “0” and “1” achieve a phase
difference of 180° with a reflection amplitude greater than 0.9,
and the impact of other parameter changes is relatively small.

At 22 GHz, the rotation angle « of the unit is adapted to im-
plement both “0-M-N" and “1-M-N” units under z-LP along
—z incidence. Figure 3(c) shows that in the frequency range,
the transmission amplitude of the units is higher than 0.9, result-
ing in an efficient transmission performance. It should be noted
that, regardless of changes made to other structural parameters,
the phase difference between two units always remains at 180°.
The analysis reveals that the unit exhibits a relatively high trans-
mission amplitude and a flat phase-change curve, which con-
tributes to the array’s excellent beam modulation. The metasur-
face polarization conversion rate is defined as: PCR = téx; the
polarization azimuth is defined as: 6 = atan(t,, /t,), Where
tya 1s the cross-polarization transmission amplitude, and ¢, is
the co-polarization transmission amplitude. The polarization
conversion ratio (PCR) is greater than 0.99 in the band range
of 22 GHz, as depicted in Figure 3(d). Moreover, the polar-
ization conversion azimuth of nearly 90° is equipped with the
unit. According to the simulation results, nearly all z-polarized
waves are converted into y-polarized waves, thereby denoting
the achievement of an effective transmission polarization con-
version capability.
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FIGURE 3. Full-space three-channel unit simulation results: (a) Reflection amplitude and phase response results at 31 GHz, (b) reflection amplitude
and phase response results at 32 GHz, (c) transmission amplitude and phase response results at 22 GHz, (d) polarization conversion coefficient and

azimuth results at 22 GHz.

Hence, independent phase control of different polarizations,
frequency bands, and incident directions, as well as high reflec-
tion and transmission performance, can be realized by varying
the unit structure parameters [, [, and . The specific param-
eters are displayed in Table 1.

TABLE 1. Coding sequence, size, and rotation angle of units.

Frequency 31GHz 32GHz 22GHz

Code method  Iy/mm  [;/mm al®
0-0-0 1.4 1.8 0
0-0-1 2.49 1.8 0
0-1-0 1.4 2.4 0
0-1-1 2.49 2.4 0
1-0-0 1.4 1.8 90
1-0-1 2.49 1.8 90
1-1-0 1.4 2.4 90
1-1-1 2.49 2.4 90

The surface current of the multi-channel unit was simulated
(see Figure 4) to further discuss the issue of crosstalk between
distinct channels and to demonstrate that an independent elec-
tromagnetic wave phase response may be obtained on the same
aperture. When the y-LP is incident along the 42z axis (shown
in Figure 4(a)), strong current occurs mainly in the longitudi-
nal arm length of the cross structure, which indicates that the
structure resonates at 31 GHz. At 32 GHz, z-LP is incident
along the —z axis (shown in Figure 4(b)), strong current ap-
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pears in the transverse arm length of the cross structure. So, the
transverse and longitudinal arms of the cross structure only res-
onate with the incident wave parallel to the arm direction and
have good isolation. Similarly, when a 22 GHz z-LP is inci-
dent along the —z axis (shown in Figure 4(c)), there is a small
amount of current on the cross structure, but the current density
is more concentrated on the oblique open loop. In summary,
the oblique open-loop structure resonates in the low-frequency
band but barely works in the reflected band, as observed from
the surface currents.

The above results further prove that there is a lower fre-
quency band crosstalk between the cross-shaped structure and
oblique open-loop structure. To summarize, the unit structure
that has been designed exhibits the capability to achieve spatial,
frequency band, and polarization reuse effectively. This char-
acteristic proves highly beneficial in enabling the realization
of multi-channel, multifunctional, and full space integration of
metasurface arrays on a single structure.

4. THE DESIGN OF A THREE-CHANNEL MULTIFUNC-
TIONAL METASURFACE

Figure 5 presents a conceptual diagram of the proposed meta-
surface, which allows multi-channel multi-frequency multi-
plexing in both reflection and transmission modes. The three
functions of beam deflection (f}), RCS reduction (f), and
focusing (f3) within the same metasurface array aperture are
accomplished by judiciously formulating the phase-coding se-
quence under diverse frequency bands, incident directions, and
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FIGURE 4. Diagram of simulation results of metal surface current in layer B of unit: (a) 31 GHz, (b) 32 GHz, (c) 22 GHz.
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FIGURE 5. Three-channel multi-function multi-band multiplexed coding metasurface diagram: (a) Metasurface structure, (b) reflection function fi,

(c) reflection function f>, (d) transmission function f5.

polarizations. The metasurface array contains 32 X 32 unit
structures with a total size of 128 mm x 128 mm x 2.105 mm.

The first function (f;) beam deflection of the metasurface is
implemented in the —z direction half-space. The y-LP verti-
cally incident electromagnetic wave at 31 GHz is directionally
reflected to a specific angle of 17° with respect to the —z axis.
The total electric field energy in the —z direction half-space of
the metasurface can be attained by superimposing the electric
fields of its reflected beams, ultimately achieving the function
of beam deflection. Taking a point in the center direction of the
mth beam as f,,, the phase distribution of the superimposed
electric field required to form the reflected beam can be ex-
pressed as:

o) a3 [Fnew(-sk[F)]
m=1

where F;,, denotes the amplitude in the direction of the center
of the mth reflected beam, and & is the wave vector. When the
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electromagnetic wave from the feed is normally incident on the
metasurface array, the phase distribution of the radiated electric
field is . Thus, the total phase distribution required for the
reflected beam-splitting metasurface is defined as:
(45, yi5) = mod [pp(i,yi) — r(wi, yi), 27]  (6)
The sequence of the metasurface function (f;) can be cal-
culated employing the electric field superposition theorem. By
changing the numerical magnitude of F;,, and distance d, the
target beam is set to a single beam and off-axis. Figure 6(a)
displays the size distribution of the metasurface as calculated.
Figures 6(b) and 6(c) describe the simulated results of the two-
dimensional and three-dimensional far-field scattering plots of
the metasurface under the illumination of the y-LP incident
wave. It is clear that the main flap of the reflected wave is no-
ticeably deviated from the —z axis by 17°. To further verify the
beam deflection characteristics of the metasurface, the electric
field distribution at 31 GHz was simulated. The energy of the
reflected electric field is mainly concentrated on the right-hand
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FIGURE 6. Study on the performance of y-LP incident metasurface at 31 GHz: (a) Metasurface size distribution, (b) two-dimensional results, (c)
three-dimensional results, (d) electric field distribution of metasurface on xoy plane.

region, while the energy of other sidelobes is lower (see Fig-
ure 6(d)).

When a 32 GHz x-LP wave is incident along the —z direc-
tion, the achievement of the second function RCS reduction
(f2) of the full-space metasurface is observed. The ideal value
of the array sequence is solved using the particle population op-
timization algorithm, which is derived from the far field scat-
tering theorem of metasurfaces (Equation (7)):

N N
F0,9) = f(0,4) D> exp{—i{v (m,n)

+KD(m —1/2)sinfcos
+KD(n—1/2)sinfsiny}} @)

where 6 and 1) are the pitch and azimuth angles of the reflected
beam; 1) (m, n) is the reflected phase response of a single unit to
an incident electromagnetic wave; m and n are the coordinate
values of the unit. D is the period length of the metasurface, and
K is the propagation vector. Figure 7(a) presents the encoding
sequence of function (f,). The metasurface array is modeled
in CST using the optimized encoding sequence as the founda-
tion. Figure 7(d) depicts this array’s three-dimensional far-field
scattering pattern. Electromagnetic waves are reflected by the
array and form countless randomly oriented electromagnetic
wave beams in the upper half of space, known as diffuse scat-
tering beams. To further demonstrate the RCS reduction per-
formance of the array, we draw 3D far-field scattering for the
same incidence case and the same size of metal plate (displayed
in Figure 7(c)). The reflected electromagnetic wave energy in
the normal direction is effectively suppressed. Concurrently,
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quantitative numerical analysis was carried out (displayed in
Figure 7(b)), and a —14 dB RCS decrease was attained by the
encoded metasurface in the xoy plane (¢ = 0°) compared to
the metal plate.

For function (f3), the transmitted wave focuses in the lower
half space of the metasurface under the illumination of x-LP
waves at 22 GHz toward —z directions and achieves polariza-
tion conversion. The electric field distribution on the metasur-
face comes from the wavefront superposition of the focused
target field. Hence, given the wavefront information of the fo-
cused target field, the phase distribution of the metasurface can
be obtained. The radiation field distribution E of a single fo-
cal point can be obtained after discretizing the target field. The
compensation phase ¢ required for the array can be obtained by
overlaying the electric field generated by multiple focal points.
Due to the reversibility of light, the reconstructed electric field
will reverse to form multiple focal points, ultimately resulting
in the desired focused target field.

N .
Wn\ T,y Yi, 0) - ex kRn
po 3" [Faleut) oot ©
n=1 n
w(xhyia 0) = Pr — angleE(Iivyivo) (9)

where w,, is the intensity factor of the nth discrete focus, R,
the distance from the nth discrete focus to the ith unit of the
metasurface, k the wave vector, and ,. the compensation phase
from the feed source to the metasurface.

The transmission focusing plane of the full-space frequency
multiplexed metasurface at 100 mm forms an “I”-liked focus-
ing pattern, and the required phase distribution is shown in Fig-
ure 8(a). The CST simulation result (Figure 8(b)) displays the
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FIGURE 7. Study on the performance of z-LP incident metasurface at 32 GHz: (a) Metasurface size distribution, (b) two-dimensional results of coded
metasurface and the metal reference plate of same size, (c) three-dimensional results of metal reference plate of the same size, (d) three-dimensional
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FIGURE 8. Study on the properties of z-LP incident metasurface at 22 GHz: (a) Phase distribution of metasurfaces, (b) electric field distribution of

metasurface on the xoy plane.

distribution of cross-polarized electric field intensity scanned
on a focusing plane at a fixed distance from the metasurface.
Obviously, the cross-polarized transmitted wave has strong
electric field spots on the “I” line of the target focusing plane,
and the electric field distribution is uniform. The ratio of the
incident wave energy to the focusing energy of the “I” image is
defined as the focusing efficiency, which can be calculated to
be 38.75%.

For the above simulation results, the versatility of beam de-
flection, RCS reduction, and focusing were easily fulfilled by
the proposed full-space metasurface design scheme. The total
size distribution of the metasurface B-layer metal, which con-
tains eight coding unit structures, can be obtained by the above
coded sequence calculation analysis, as shown in Figure 9(a).
The metasurface has reflected phase responses at 31 GHz and
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32 GHz, respectively, while it has a transmitted phase response
at 22 GHz. The simulation results illustrate that the proposed
metasurface permits the easy realization of diverse electromag-
netic wave modulation in full-space on a single aperture, as
exemplified by beam deflection (Figure 9(b)), RCS reduction
(Figure 9(c)), and focusing (Figure 9(d)).

As shown in Table 2, a comparison of the work in this pa-
per with other recent publications is presented. In [26], the
metasurfaces can achieve dual-band, four-channel multifunc-
tionality, but only the electromagnetic information in the upper
half space of the metasurface is utilized. Although full-space
electromagnetic wave control is implemented in [27], it only
operates in one frequency band. Compared to [28], the pro-
posed full space design scheme in this paper has smaller unit
cycles, thickness, and size, which is more conducive to integra-
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TABLE 2. Comparison of references.

references frequency size space channel number
[26] 8/15GHz 352mm X 352 mm half-space 4
[27] 15GHz 240mm X 240 mm full-space 2
[28] 7.7/8.4/9/15/15.9/16.5GHz  375mm x 375mm x 17.172mm  full-space 6

this work 22/31/32 GHz 128 mm X 128 mm x 2.105mm  full-space 3

tion. Simultaneously, the three-channel multi-frequency multi-
plexing full-space metasurface proposed in this article greatly
expands the electromagnetic information capacity of metasur-
faces from an informatics perspective and enriches the control
space of electromagnetic waves.

5. CONCLUSIONS

In conclusion, a multi-layer unit structure has been presented in
this research that can control reflected and transmitted waves
by changing the direction, frequency ranges, and polarization
of the incident waves, and can avoid crosstalk between chan-
nels. By elaborately combining the unit structure with a spe-
cific coding sequence, three independent electromagnetic wave
control functions can be achieved. The simulation results meet
the expected theoretical calculation results, indicating that the
z-polarized wave incident along the —z direction at 22 GHz
achieves polarization conversion and focusing functions of the
transmitted wave. Meanwhile, the abnormal deflection and
RCS reduction of the reflected beam are implemented under
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the excitation of y-polarized wave incident along the +z di-
rection at 31 GHz and z-polarized wave incident along the —z
direction at 32 GHz, respectively.

This paper achieves multiplexing of electromagnetic waves
in frequency, polarization, and space, greatly improving the
utilization of electromagnetic information. However, due to
time and experimental conditions limitations, no research has
been conducted on the multiplexing of electromagnetic waves
in other dimensions such as amplitude and circular polarization
mode. Further exploration is needed for multifunctional inte-
grated metasurfaces. In addition, 3-bit phase discretization on
the three variable parameters of the metasurface is conducted,
which reduces the complexity of the design while limiting the
accuracy of the implementation effect. Even so, the proposed
full-space frequency multiplexing unit structure is simple and
efficient, and its combination with different functional coding
sequences has potential application value in highly integrated
communication equipment and electromagnetic systems. Fur-
thermore, it can also be easily applied to other bands, such as

Www.jpier.org



Progress In Electromagnetics Research M, Vol. 126, 107-115, 2024

PIERM

terahertz and optical bands, and can be extended to other mul-
tifunctional devices, like radomes and multiplexers.
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