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Abstract

Achieving multi-beam directional manipulation of electromagnetic waves and energy management
of each beam has important application value in fields such as satellite communications. Existing
methods for realizing multi-beam formation and energy distribution using metasurfaces have
problems such as slow optimization speed and low design accuracy. To break through this design
bottleneck, a new design paradigm is proposed that introduces the 2D image matching algorithm
into the design process of metasurfaces for multi-beam energy management. By using 2D grayscale
images to characterize the far-field patterns generated by the metasurface array and the expected
multi-beams, a wavefront characterization and matching optimization model driven by 2D grayscale
images is established, ultimately achieving the customized design of beam position, intensity, and
sidelobe constraints. The fully customized beam metasurface constructed using this method
generates multiple y-polarized reflected directional beams under x-polarized wave incidence, and
the beam energy distribution ratio can be customized as expected. Both simulation and test results
verify the effectiveness of the proposed method. This method provides a new design idea for
metasurface devices for multi-beam energy management.

Keywords: metasurface; image matching algorithm; multi-beam; optimization design; amplitude-
phase modulation

1. Introduction

As human living environments become more diverse, high-quality ground-based
communication are also facing challenges. This is particularly evident in environments with intricate
ground conditions, such as dense forests, mountainous regions crisscrossed by gullies, desert and
Gobi areas with sparse communication base stations, and buildings plagued by severe
electromagnetic interference. Even the complex sea clutter in distant oceans stands as a critical factor
impacting communications. Ground-based communication systems [1-3] typically adopt high-
power, full-space coverage methods to ensure communication distance and range, often at the cost
of increased weight and volume. Satellite communications [4,5], however, relay and retransmit
electromagnetic (EM) waves emitted from the ground through space via on-board transponders,
addressing communication challenges in complex environments to a certain extent. For on-board
equipment, however, payload is the primary consideration, imposing far stricter requirements and
constraints on the weight and volume of on-board transponders compared to ground-based
transmitters. Consequently, the beams of satellite communication systems must account for multi-
directional beam generation and the attendant energy management issues tailored to communication
targets [6,7]. Metasurfaces [8-12]-artificial electromagnetic structure-boast both low-profile and
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lightweight characteristics, and can achieve exceptional electromagnetic wave manipulation. They
thus provide an effective platform for addressing multi-beam directional shaping and energy
management in satellite communication systems [13-15].

In traditional approaches, the manipulation of multi-beam EM waves based on metasurfaces
often relies on empirical practices or brute-force optimization to determine the required phase and
amplitude distribution of metasurface [16-18]. These methods suffer from inherent drawbacks,
including low design accuracy and slow optimization process, while failing to effectively achieve
precise beam energy allocation or concurrently constrain sidelobe levels. With the escalating
demands for intelligence and low power consumption in communication systems, higher
requirements are being placed on the efficiency of multi-beam energy management and the precision
of beam position control. Traditional methods are increasingly ill-suited to this new trend in terms of
time and energy costs, creating an urgent need for novel, rapid design schemes for customized multi-
beam devices. Since the generated multi-beams can be expressed in a spherical coordinate system
and projected onto a 2D plane consisting of elevation and azimuth angles, the ideal multi-beams
corresponding to the desired 2D wavefront [19,20]. This 2D wavefront can be quantitatively
characterized as a desired 2D grayscale image through grayscale processing. In practical design,
however, there exists a discrepancy between the actual 2D grayscale image corresponding to the
multi-beams realized via metasurfaces and the desired 2D grayscale image. This insight inspired the
optimization of multi-beam generation meta-device using image matching algorithms. Image
matching algorithms refer to find feature-similar images among two or more images based on specific
computational rules, and are widely applied in computer vision, pattern recognition, remote sensing
detection, and intelligent driving [21-24]. Accordingly, the actual 2D grayscale image corresponding
to the array can be calculated using the mapping model from the array’s amplitude-phase
distribution to the far-field wavefront. The difference between this actual image and the desired
image is computed via 2D image matching algorithms, and this difference is employed as the fitness
function for the optimization algorithm. This enables accurate and rapid optimization design without
the need for additional computational processing.

This work proposes a new method for constructing fully customized multi-beam meta-devices
driven by image matching algorithms. Through a rapid optimization process integrating “data-
driven+algorithm iteration”, it successfully achieves precise specification of beam position, intensity,
and sidelobe constraints. A fully customized five-beam meta-device with varying energy allocations,
constructed with amplitude-phase tunable meta-atoms, is employed to validate the proposed
method. The process involves first performing grayscale processing on the 2D image of the far-field
wavefront of the metasurface array, then establishing an optimization design model for multi-beam
energy management meta-device based on 2D image matching algorithms. Ultimately, this realizes
a direct correlation between the far-field wavefront effect and the array’s amplitude-phase
distribution-i.e., a direct mapping of “device function-design parameters”. A prototype of the meta-
device finally obtained through this method was fabricated and tested. Experiment results agreeing
with expectations, thereby verifying the method’s effectiveness. The proposed design scheme breaks
through the limitations of traditional far-field pattern description, establishes an image-based
functional function and matching optimization system, and provides a novel design approach for far-
field pattern shaping.
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Figure 1. Multi-beam energy management customized meta-device for on-board transponders.

2. Principle and Methods

According to the literature [25,26], the mapping model from the amplitude-phase distribution
FArmy (07¢alaa7f)

of the metasurface array to the far-field wavefront of the array can be obtained:
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wherein, k=2n/2 , 0 and ¢ are the elevation angle and azimuth angle of the beam, respectively.

S, (li’j,ai’j,f)

el is the orthogonally polarized reflection coefficient of the meta-atom, which is

related to the meta-atom structural parameters [ and «. i and j denote the i-th row and j-th column of
the meta-atom in the metasurface array. p is the period of the meta-atom. The above formula indicates
that the far-field wavefront model of the multi-beam energy management device is closely related to
frequency. In this work, as a verification of the proposed method, only the far-field wavefront at the
central frequency of 10 GHz is considered, and the frequency term will be simplified in the
subsequent model.

Next, starting from the function of the meta-device for multi-beam energy management, the
analytical expression of the device’s function “g” is driven, and establish the mapping relationship
between the array amplitude-phase distribution and the function g, thereby guiding the rapid
optimization design of the device.

According to the analytical expression principle of the function, we can concretely express the
grayscale mappings & and C (from amplitude and phase distribution of the array to the device actual
function g, respectively) in the optimization design paradigm model of the amplitude-phase
modulation metasurface as follows:

g(La)=(£®)| Famy (0.0.1,a)]

FArray (01,(01) FArray (01,(02) FArray (01,(0,[)
| P 0 Frft) P ()
ﬁArray (Hm,(ol) ﬁArray (Hm,(oz) ﬁArray (em,(on)

(2)

For brevity, the meta-atom structure dimensions [ and « are omitted from the matrix
representation of the above formula. Now, the two-dimensional grayscale processing of the device
function in the optimization and design model has been completed.
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In satellite communication systems, to maximize energy efficiency, on-board transponders
should generate ideal beams directed at the communication targets. These energy beams are
expressed in a spherical coordinate system and projected onto a 2D plane consisting of elevation
angles and azimuth angles to form the desired 2D wavefront. To quantitatively characterize this 2D
wavefront, we perform grayscale processing on the 2D projection, and take a step size of 1° in both
the elevation angle and azimuth angle dimensions to generate a 90 x 359 2D image. The above

processing process constitutes the analytical expression of the expected function &  of the device:
h(glﬂgol) h(91a§02) h(91a¢n)
h(@z,(pl) h(‘927¢72) h(62’¢n)

g= : :
h(@m,q)l) h(gma¢2) h(em’(on)
m =90
n=359
he|0,255
where h(el’gol)means the gray value h in direction of (9’"’¢”).

Using binarized grayscale images to characterize the desired spatial multi-beams can more
accurately describe the distribution position and intensity of spatial beams, while taking into account
the constraints on sidelobe levels in space. In the process of optimizing the array using the heuristic
optimization algorithm, the actual 2D grayscale image corresponding to the array can also be
calculated based on the mapping model from the array’s amplitude-phase distribution to the far-field
wavefront. The difference between this actual image and the expected image is computed via the 2D
image matching algorithm, and this difference is used as the fitness function of the optimization
algorithm. This enables accurate and rapid optimization design without additional computational
processing.

In this work, considering the computation time and scale, the Mean Absolute Differences (MAD)
algorithm [27] is selected as the image matching algorithm for array optimization, and the index
calculation method is as follows [28]:

ii\gféy\

1
Dyyp =
mn .y =

)

wherein, g represents the actual 2D grayscale image calculated from the array amplitude-phase
distribution, and € represents the expected image. Taking Dwmab as the fitness function of the genetic
algorithm, and the setting rules of other parameters of the genetic algorithm remain consistent with
those in the previous text. To ensure that the far-field wavefront formed by the array achieves the
expected effect, the number of array elements is minimized to realize rapid optimization design.
Therefore, a 20 x 20 element array is adopted in this section. Each element contains two variable
parameters: the fractal arm length | and the rotation angle «. Thus, the number of individual DNA
loci in the model to be optimized by the genetic algorithm is:

Ny, =20x20%2=800

other parameters of the genetic algorithm are set as follows:

®)
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N, =200
g, =107
Ngs =50
NG ax =500
p-=0.3

Py =0.01

(6)

The genetic algorithm-based optimization design model is finally established as follows:

min fAdapt: ZZ‘gu la g,,‘

=l j=1

m =90

n =359

stihe [0,255]

ac [10,85]

le [1, 6] )

Here, as an example, we randomly select five directions (25, -45), (20, 20), (-30, -50), (-25, 30), (0,

0) to generate five beams with random energy allocations (40%, 20%, 20%, 10%, 10%). Then the
desired function in formula (3) can be written with the special value conditions in the desired function

are as follows:
h(25,—45)=0.4x255=102
(20 20) 0.2x255=151
h( -30, 50) 0.2x255=>51
h( 2530) 0.1x255=25.5
h( ) 0.1x255=25.5
h(‘gothera(pother) 0

®)
wherein, the 2D grayscale values of the desired function for the five directions are consistent with the
expected energy ratios.

The corresponding desired grayscale image is shown in Figure 2(a). The desired grayscale image
was substituted into the genetic algorithm optimization model[], and the programming
implementation was carried out in MATLAB, with the optimization process shown in Figure 2(b).
After 495 rounds of survival competition, the change rate of the fitness function was less than the
convergence criterion, indicating that the individual had reached the optimal state, i.e., the overall
amplitude and phase optimization distribution process for the metasurface array has been
completed. The grayscale image of the finally optimized optimal individual is shown in Figure 2(c).
Comparing the desired and actual grayscale images, the difference between them is shown in Figure
2(d). The two are in good agreement, with only some errors in the main beam width range. This is
because in the algorithm design process, strict restrictions were imposed on the beam width to pursue
the accuracy of the designed beam. Thus, even if the beam generated by the actual array becomes
wider, it can still be within the allowable range of the desired beam error. The above simulation
process verifies the effectiveness of the genetic algorithm optimization.
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Figure 2. The performance of the optimize algorithm. (a) Desired grayscale image; (b) Genetic algorithm
optimization design process; (c) Grayscale image of genetic algorithm optimization result; (d) Difference

between desired and optimized grayscale images.

3. Results

After theoretically verifying the accuracy of the proposed two-dimensional grayscale image
matching algorithm, the next step is to construct a metasurface based on the optimization results to
verify its actual effect, thereby further proving the practicability of the optimization method proposed
in this work. The application requirements of multi-beam energy management meta-device have
weakened the energy constraints on co-polarized waves and cross-polarized waves, but increased
the requirements for decoupling amplitude and phase regulation. Firstly, the mechanism of
independent regulation of amplitude and phase by cross-polarization conversion meta-atom is
analyzed based on the Jones matrix, details are shown in Section A of supplementary materials (SM).
The results as follows:

— — /¢X ]
r,=r,=e¢"sin2a )
wherein r represents the reflection coefficient and the subscript xy denotes the x-polarized component
(i.e., cross-polarized component) reflected or transmitted by the incident y-polarized wave, and the
meanings of other subscripts are similar to this. @ represents the reflection phase response of the

structure to x-polarized waves in the initial state, Formula (9) shows that the rotating angle of the that
metallic structure &

to 100% when it changes from 0 to 45°. That is, achieve full-range coverage of the cross-polarized
wave amplitude regulation. For the reflection phase response of the structure to x and y linearly

4. =9, +180°

can realize the scaling control of the cross-polarized wave amplitude from 0

polarized EM waves illuminates, which are @» and @, respectively, if they meets
[12], itis proved in section A of SM that the reflection phase of the cross-polarized wave is only related
to the transmission phase @x of the structure under x-polarized wave illumination. Then, 360° full-
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range regulation of the reflection phase of the cross-polarized wave can be achieved by adjusting the
transmission phase @x under x polarization.

It is worth noting that in Formula (9), the amplitude scaling factor of the cross-polarization
response is sine, so this factor is symmetric about o = 0°. That is, when -« is taken, it is equivalent to
adding a 180° phase to the transmission phase @x. Therefore, in the meta-atom design, it is only
necessary to construct a meta-atom whose transmission phase under x polarization covers 180°,
which greatly reduces the difficulty of meta-atom design. Next, a reflective amplitude-phase tunable
meta-atom with decoupled amplitude and phase is designed based on the above mechanism. The
meta-atom is symmetric about both the x-axis and y-axis, make its transmission phase responses to
x-polarized and y-polarized waves satisfy a 180° phase difference, and achieve fully decoupled and
complete regulation of the amplitude and phase of the cross-polarized reflected wave of the meta-
atom by rotating the meta-atom and adjusting the transmission phase of the meta-atom under x
polarization to meet the 180° phase coverage. The details of the meta-atom are shown in section B of
SM.

After selecting the amplitude-phase tunable meta-atom, parameter scanning simulations were
performed to obtain the mapping relationship from structural parameters (/, @) to the amplitude

?(La, f) D(La, f)

G and H in the optimization design paradigm model of the amplitude-phase modulation metasurface

and phase of reflection coefficient. The concrete expression of the mappings

established is completed:

T(l,a,f):G[lﬁa’f]: SILICE:II (Z,Of,f)‘ (10a)

¢(l,aaf) ZH[I,(Z,f] :LSi_ch (l’a’f)

(10b)

wherein, G and H represent the process of obtaining the reflection coefficient through numerical
simulation. Although both the amplitude and phase responses are related to [ and a here, the phase
is mainly affected by the branch length [, and the amplitude is mainly affected by the rotation angle
a. So far, the concrete expression of the mapping relationship at the meta-atom level in the
optimization design paradigm model has been completed.

After decoding the optimal individual in previous, the optimized array amplitude-phase
distribution is obtained as shown in Figure 3(a)-(b). Then, combining the required amplitude-phase
distribution with the amplitude-phase response mapping dataset generated earlier, as shown in
Figure S1(d)-(e) of SM, the structural parameters of the amplitude-phase tunable meta-atom designed
in this section are obtained as shown in Figure 3(c)-(d).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Performance distribution and corresponding meta-atom parameter distribution. (a) Amplitude
distribution and (b) phase distribution required after genetic algorithm optimization; (c) Rotation angle a and

(d) fractal arm length [ required for the corresponding amplitude-phase tunable meta-atom.

Joint modeling and numerical simulation of the array were carried out using MATLAB and CST,
and the 3D far-field wavefront was obtained as shown in Figure 4(a). It can be seen from the figure
that the metasurface device has multiple beams consistent with the expected directions and meeting
the energy distribution conditions.To further show the direction and energy distribution of each
beam, we plotted 1D wavefront curves in the azimuth plane where each main beam is located. It
should be specially noted that since there may be multiple beams in the same azimuth plane, to avoid
misleading caused by the display of far-field wavefronts of different beams, only the far-field
wavefront curves in the quadrant where each main beam is located are plotted here, as shown in
Figure 4(b). The energy distribution ratio of each main beam is close to the expectation, which again
proves that the rapidly optimized metasurface device proposed in this section can realize flexible
regulation of the far-field wavefront of the reflected cross-polarized wave. In addition, the 3D far-
field pattern is displayed as a 2D far-field pattern shown in Figure 4(c), from which the five designed
beams and their energy distribution can also be clearly seen. By comparing the expected 2D grayscale
image in Figure 4(a) with the simulated 2D grayscale image in Figure 4(d), it is found that the two
are in good agreement, which verifies the effectiveness of the optimization design method for multi-
beam energy management metasurfaces based on the 2D image matching algorithm proposed in this
section.
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Figure 4. Array modeling and simulation results based on genetic algorithm optimization design. (a) Array
modeling and 3D far-field pattern simulation results of genetic algorithm optimization design; (b) Far-field
patterns in the planes where each designed beam is located; (c) 2D far-field pattern simulation results; (d) 2D

grayscale image corresponding to the simulation results.

To further verify the practical effect of the multi-beam energy management metasurface
designed in this section, we fabricated a physical sample and tested it in a microwave anechoic
chamber. The physical printed circuit board is double-sided copper-clad, with the designed pattern
etched and retained on one side, and separated by an F4B dielectric plate in the middle. The actual
photograph is shown in Figure 5(a).

Figure 5. The photograph of the metasurface prototype and test setup. (a) Physical photograph of the multi-
beam energy management metasurface prototype; (b) Anechoic chamber test environment. Since the main

beams are not located in the xoz or yoz plane, the prototype needs to be placed at an angle.

The actual measurement environment in the anechoic chamber is shown in Figure 5(b). Double-
ridged horn antennas are connected to both the input and output ports of the vector network analyzer
(Agilent E8362C PNA). The signal receiving horn is mounted on a fixed turntable, and the sample
and signal transmitting horn are placed on a remote turntable that meets the far-field conditions.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Since the design in this section is a cross-polarized reflective surface, the receiving horn and the
transmitting horn are placed perpendicular to each other. To obtain a more accurate energy
distribution of the main beams, the sample needs to be placed rotationally to ensure that the main
beams are within the plane of the turntable. However, for the spherical coordinate system
decomposition, the main beam at 6 = 0 is the same in any ¢, so there is no need to place the sample
horizontally separately, and it is only necessary to place it at the four angles shown in Figure 5(b).
The far-field patterns in the section of each main beam obtained by far-field scanning are shown in
Figure 6(a). To intuitively show the peak energy ratio of each beam, we normalized the RCS. The
normalized RCS values of the five designed expected beams (25, -45), (20, 20), (-30, -50), (-25, 30), (0,
0) are (0, -3.08, -4.13, -5.38, -5.94) respectively. Figure 6(b) shows the main beam energy ratios under
expected, simulated and experimental conditions. It can be seen from the figure that the energy ratios
between multiple main beams in the simulation and experiment are consistent with the design
expectations, which verifies the effectiveness and accuracy of the optimization design method for
multi-beam energy management metasurfaces proposed in this section.

(El) 0 T @ = 2359 (b)4 -
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Figure 6. (a) Measured normalized RCS curves of the multi-beam energy management metasurface; (b) Main
beam energy ratios.

4. Conclusion

This paper integrates metasurface design with the two-dimensional image matching algorithm
in the field of image processing, and establishes a metasurface beam full-customization model that
combines beam direction customization and beam energy management. Binary grayscale images are
used to characterize the actual multi-beams and the expected spatial multi-beams. The image
matching algorithm is employed to calculate the difference between the two, which serves as the basis
for array optimization. Finally, a metasurface device capable of generating customized beam
directions and energy distributions is obtained. The optimization design method for metasurfaces

with multi-beam energy management proposed in this work provides a new design idea for far-field
pattern shaping.
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