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In this paper, a broadband achromatic focusing metasurface design scheme based on the equivalent circuit theory
and optimized by a deep learning method is proposed. The designed metasurface element consists of multilayer
metal rings and a grounding layer, and the phase modulation effect of achromatic aberration in a wide frequency
range is realized by precisely controlling the distance between the layers. The preparation of this complex
structure is realized by using additive manufacturing technology, which effectively overcomes the limitations of
traditional printed circuit board technology in manufacturing complex structures. To further improve the design
efficiency, deep conditional generative adversarial network is introduced in this paper to quickly determine the
structural parameters and realize the inverse design, which significantly improves the efficiency and accuracy of
the metasurface structure design. The experimental results show that the metasurface possesses good focusing
performance in the 17 to 35 GHz band with an effective bandwidth utilization of 69.2 %. The design method
proposed in this study combines artificial intelligence and additive manufacturing technology, which provides

new design ideas for applications in the fields of communication, optics and wireless energy transmission.

1. Introduction

Metasurfaces are artificial electromagnetic materials that can flex-
ibly control the amplitude, phase, and polarization of electromagnetic
waves through a specific periodic arrangement of subwavelength
structures [1-3]. Compared with traditional optical components and
conventional electromagnetic devices, metasurfaces have become a
research direction in the fields of communications and optics in recent
years due to their advantages, such as light and thin structure, high
design freedom, and strong performance adjustability. In the field of
wireless communications, metasurfaces can achieve beamforming and
high-efficiency gain of antenna patterns with their wavefront control
characteristics, thereby improving the complexity of traditional antenna
systems that rely on mechanical or electronic phased arrays [4-7].
Metasurfaces also show advantages in technical directions such as
filtering, electromagnetic stealth, and beamforming, providing technical
support for the next generation of wireless communication systems
[8-11]. In the field of optics, metasurfaces have promoted the

development of super-resolution imaging, dynamic holographic tech-
nology, and adaptive optical components by controlling the phase of
light waves, overcoming many limitations of traditional optical systems
in size, integration, and performance [12-14]. At the same time, it also
has unique advantages in spectral analysis, polarization modulation,
and photonic crystal structure design, and has gradually become an
important driving force for innovation in optical technology [15-18].
The practical application of metasurfaces in the fields of communi-
cation and optics involves the effective convergence of energy in a
specific spatial region, which leads to the concept of electromagnetic
focusing. Electromagnetic focusing refers to the use of specific structures
to accurately adjust the phase of the incident wavefront so that the
electromagnetic energy is accurately concentrated at the target spatial
position, thereby improving energy utilization efficiency. This technol-
ogy is particularly representative in the field of medical imaging and
treatment. Methods such as Magnetic Resonance Imaging (MRI) and
focused ultrasound therapy are typical applications that use electro-
magnetic focusing to achieve high-precision imaging and efficient
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energy transmission [19-22]. In addition, the development of wireless
energy transmission in recent years also requires the use of electro-
magnetic focusing technology to achieve long-distance, low-loss non-
contact energy supply. Typical scenarios include wireless charging of
electric vehicles, powering of portable devices, and continuous energy
supply of IoT devices. This non-contact energy transmission method
greatly reduces the dependence on cables and improves the overall
flexibility and stability of the energy system [23-26].

In recent years, in response to electromagnetic focusing needs such
as imaging and beam shaping, researchers have introduced a variety of
broadband achromatic metal lens designs and published rich research
results. Mainstream strategies include group delay control, multilayer
structure integration, PB phase synthesis, and deep learning-assisted
inverse design. Zheng et al. [27] proposed to use the spectral freedom
function C(w) as an optimization variable to achieve a broadband ach-
romatic metalens with an average transmission efficiency of more than
50 % in the long-wave infrared band. The focal length change is only 4.1
%, which effectively alleviates the focal plane drift problem caused by
structural dispersion; Huang et al. [28] used a genetic algorithm based
on diffraction theory and combined it with the off-axis optimization
target to achieve a single-layer Broadband Achromatic Metalens
covering a 40° field of view in the 8-12 pm band, but its average
focusing efficiency is still limited by material loss and structure thick-
ness; and Xie et al. [29] proposed a composite metalens structure
composed of two types of sub-lenses, concave and convex, based on 3D
printing technology. The frequency band covers 50-102 GHz and shows
good phase compensation capability, but its structural complexity is
high, and processing accuracy and material loss are still one of limiting
factors.

Although existing research has achieved relatively controllable
dispersion compensation in different frequency bands, how to balance
wide bandwidth, high focusing efficiency, manufacturing feasibility and
structural simplicity is still a key difficulty in the current metal lens
design. In the study of Modified Luneburg Lens [30], the authors ach-
ieved sub-diffraction focusing and directional emission capabilities with
a FWHM less than 0.44 by adjusting the radial gradient refractive index,
but this structure relies on fine 3D gradient printing and continuous
substrate construction, which places high demands on the
manufacturing process. Huang et al. [31] used an inverse design algo-
rithm based on particle swarm optimization to achieve focal length
offset control within + 0.5 pm in the near-infrared band, further
improving the stability and tolerance of the system imaging.

From the actual design process of metasurfaces, the current tradi-
tional methods rely on theoretical derivation, empirical formulas or
large-scale parameter scanning. This method has extremely low design
efficiency when facing complex multi-dimensional parameter spaces
and nonlinear coupling problems, consumes a lot of computing re-
sources and time, and is difficult to obtain a global optimal solution. In
recent years, inverse design has been widely proposed. Its characteristic
is to first determine the required electromagnetic response target and
then reverse solve the geometric structure parameters that meet these
requirements. Although this method effectively solves the logical
problem from demand to structural design, it still needs to search for the
optimal solution in the high-dimensional parameter space. It is usually
difficult to balance high precision and high efficiency under limited
computing resources, especially when it involves multiple objectives
and multiple constraints. To break through the bottleneck of traditional
design methods, the emergence of artificial intelligence and deep
learning technology has provided a new approach for metasurface in-
verse design. Machine learning can capture complex and nonlinear im-
plicit associations from massive structural-electromagnetic response
data, thereby achieving fast and accurate structural parameter predic-
tion [32-38].

With the development of machine learning, data-driven inverse
design has received widespread attention in the field of optoelectronic
materials and devices. Compared with traditional empirical scanning or
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topology optimization methods, machine learning can automatically
extract nonlinear mapping relationships from high-dimensional struc-
ture-performance data, significantly improve design efficiency and
broaden the space of accessible solutions. Zheng et al. used conditional
generative adversarial networks to achieve broadband achromatic
design of nanocolumn metal lenses in the visible light band, with an
average transmission efficiency of more than 50 % [39]; Huang et al.
combined the random forest model to propose an incident direction
estimation algorithm based on programmable metasurfaces and single
detector arrays, achieving high-precision DOA estimation of more than
95 % and an error of less than 0.5° [40]; Lin et al. combined Variational
Autoencoders (VAE) with genetic algorithms for complex non-convex
optimization of reflective metasurface design, and successfully ach-
ieved angle-adjustable scattering enhancement [41]; Xu et al. used Deep
Neural Networks (DNNs) to accelerate the inverse design of scattering
metasurfaces, significantly shortening the number of simulations [42].
In addition, Zhou et al. introduced a Multilayer Perceptron (MLP)
network into the multimode propagation and phase control of the elastic
metasurface element, realizing a dual-function design of edge detection
and beam deflection [43].

This paper proposes a broadband achromatic electromagnetic
focusing metasurface design scheme that combines equivalent circuit
theory analysis, additive manufacturing technology and deep condi-
tional generative adversarial network. Specifically, a multi-layered
metasurface element is proposed, including two layers of metal rings
and a metal substrate. By adjusting the interlayer distance, broadband
achromatic phase control is achieved in the 17-35 GHz frequency band.
The traditional Printed Circuit Board (PCB) process is limited by the
fixed layer spacing design and is difficult to meet the processing re-
quirements of complex three-dimensional structures. The metal-
substrate hybrid additive manufacturing technology used in this paper
effectively improves the freedom and accuracy of structural
manufacturing, breaks through the bottleneck of traditional
manufacturing processes, and improves the design accuracy of broad-
band achromatic phase. To further improve the efficiency and reliability
of the inverse design process, we also introduce the Deep Conditional
Generative Adversarial Network (DCGAN) algorithm, which can quickly
realize the accurate prediction and design optimization of broadband
achromatic focusing metasurface structures through a small-scale
random sample data set. Both simulation and experimental tests show
that the design method proposed in this paper has focusing efficiency in
the 17-35 GHz frequency range, and the bandwidth utilization rate
reaches 69.2 %. This study combines artificial intelligence with additive
manufacturing to provide an efficient design and manufacturing method
for metasurface design.

2. Element design theory

As shown in Fig. 1, the metasurface element structure used in this
paper consists of two layers of square metal rings and a layer of metal
ground plane, which are arranged periodically, with an element period p
of 5 mm and a total height h of 2.8 mm. The metal ring width w on the
xoy plane is fixed at 0.1 mm, and the metal thickness along the z-axis is
fixed at 20 pm. The side lengths of the metal rings are a; and ag,
respectively, which can be adjusted in the range of 0.5 mm to 4.9 mm. In
the z-axis direction, the distance between the lower metal ring and the
ground plane is hy, the spacing between the upper and lower metal rings
is hy, and the spacing between the upper metal ring and the top of the
device is h3. The sum of the thicknesses of these three dielectric intervals
constitutes the total thickness h of the element. By adjusting the values
of aj, ay, h;, hy, and hs, the reflection phase response of electromagnetic
waves at different frequencies can be finely controlled to achieve
reflection phase compensation at different frequencies, thereby effec-
tively improving the degree of freedom of achromatic regulation within
the bandwidth.

The phase control of the element designed in this paper is achieved
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Fig. 1. Achromatic Metasurface Elements using conductive and dielectric
multimaterial additive manufacturing.

by adjusting the distance between the metal rings and the side length of
the metal rings. The thickness of the metal layer remains consistent
during the manufacturing process, thanks to the stability of the additive
manufacturing equipment when depositing conductive materials, thus
ensuring the consistency and high repeatability of the structural pro-
cessing process. In this way, not only is the freedom of the element
structure in design parameters improved, but also an operational
physical basis is provided for subsequent inverse design and rapid
printing manufacturing based on machine learning.

In this paper, the metasurface element structures are prepared by
additive manufacturing technology, and the substrate material used has
a dielectric constant of 2.78 and a loss tangent of 0.018. The preparation
process uses Nano Dimension’s DragonFly IV additive manufacturing
equipment, which, by combining the inkjet printing and photo-
polymerization processes, can realize the complex electronic compo-
nents and metasurface structures by combining inkjet printing and
photopolymerization processes [44]. The high-precision inkjet print
head of this system can precisely deposit liquid materials to form com-
plex 3D structures, and the materials maintain good mechanical stability
after curing by ultraviolet (UV) irradiation. DragonFly IV supports the
hybrid printing of multiple materials enhances the flexibility of meta-
surface structure design [45-48].

In the design of broadband achromatic focusing metasurfaces, the
key is to accurately control the distance between different layers of
metal rings. The PCB usually uses a dielectric board of fixed thickness,
which is limited in processing accuracy. When making metasurfaces
involving multi-layer structures, it is difficult to meet the high-precision
requirements of phase compensation for elements at different positions.
Especially under broadband working conditions, a slight deviation may
cause the accumulation of phase errors, significantly affecting the
overall focusing performance.

In contrast, additive manufacturing technology shows obvious ad-
vantages in this scenario. On the one hand, it has higher flexibility in
structural design and can flexibly set the distance between metal layers
according to the needs of different elements; on the other hand, its
manufacturing accuracy is significantly better than that of traditional
PCBs, and the material stacking thickness can be stably controlled
within the micron level, thereby ensuring the uniformity and repeat-
ability of focusing performance. Specifically in this work, by adjusting
the dielectric thickness between metal rings layer by layer, corre-
sponding phase compensation is applied to elements in different areas of
the array, achieving a relatively stable focusing response within the
frequency band. As shown in Fig. 2, a three-dimensional cross-section
diagram of the designed metasurface is shown. Metal rings are
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Fig. 2. Schematic distribution of three-dimensional structures on a broadband
achromatic metasurface designed by a deep conditional generative adversarial
network algorithm.

embedded at different heights in the substrate, and their position dif-
ferences are used to finely adjust the reflection phase. This multi-layer
embedded structure breaks the limitations of traditional planar pro-
cessing, not only ensuring the compactness of the device, but also
leaving ample parameter adjustment space for subsequent reverse
optimization.

However, the structural complexity brought about by additive
manufacturing also leads to an increase in the number of metal layers in
the metasurface element, raising the need for computation in the design
process. Although the traditional parameter scanning method can be
used to optimize the structural design, the increase in parameters such as
the metal ring edge length and the metal ring layer spacing of the
metasurface element leads to the excessive computational burden of the
traditional design method, and the optimization process is time-
consuming, consumes many computational resources, and is less effi-
cient. To improve this problem, this paper introduces the deep learning
technology to quickly obtain the structural parameters that satisfy the
target electromagnetic performance requirements through the deep
learning model, which significantly improves the design efficiency and
solves the problems existing in the traditional methods.

As shown in Fig. 3, according to the Transmission Line Theory
(TLM), the equivalent impedance Zys of the metasurface element is
determined by the metallic ring structure and the thickness of the
dielectric layer, while the characteristic impedance Z of the dielectric
depends on the chosen dielectric material. The metal grounding layer is
theoretically considered as an ideal short circuit, and therefore its
equivalent impedance Zg is 0 [49].

The transmission characteristics of the metasurface element can be
represented by the ABCD matrix as follows:

coshyh  Zysinhyh

(A B ) -1 M
¢ D —sinhyh  coshyh
Zn

where h is the thickness of the dielectric, y is the propagation constant,
and Z, is the characteristic impedance of the dielectric.

The reflectivity I” of the element can be calculated by the following
equation (2):

_Zus —Zo

r=2M 20

@

where Z) is the characteristic impedance of air. Since the metal
grounding layer is regarded as a lossless ideal short circuit, its imped-
ance Zg is 0. By adjusting the parameters of the metasurface element (h;,
hy, hs), the value of Zy can be varied to realize the control of the
reflection phase.
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Fig. 3. Equivalent circuit theory for impedance calculation of metasurface elements.

In the multilayer structure design, the equivalent circuit model of the
metasurface element contains multiple dielectric layers (Zg1, Z42, Z43)
and the characteristic impedance of the multilayer metasurface struc-
ture (Zy, Z2, Z3). By finely adjusting the heights between the metal rings
(hi, hz, hs), the characteristic impedance of each layer can be varied to
achieve more precise control of reflection phase and achromatic phase.

The equivalent impedance Z, of the multilayer structure can be
expressed as:

Zeg = Z1|22|| 25 (3

where the equivalent impedance Z, is the result of the parallel
connection of the impedances of each layer. The importance of the
multilayer design is that it can provide richer phase regulation capa-
bility and more effectively realize the fine regulation of phase response
and dispersion.

As shown in Fig. 4, six different parameter combinations of meta-
surface elements (aj, ag, hi, hy) were selected, and the reflection phase
curves of each metasurface element were simulated using ANSYS HFSS
simulation software. The simulation results show that the characteristic
impedance of the metasurface can be effectively changed by adjusting
these geometrical parameters, thus realizing a rich control of the phase
response and dispersion characteristics over a wide frequency range
from 17 GHz to 35 GHz. The importance of multilayer design in the
design of broadband metasurfaces is further verified, and the feasibility
of utilizing additive manufacturing to realize this structure is also
demonstrated.

3. Array design theory

In the design of wideband achromatic reflectarray antennas, it is
necessary to solve the dispersion problem encountered by conventional
reflectarray antennas under wideband operating conditions [50]. The
traditional reflectarray antenna will cause the propagation direction of
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Fig. 4. Phase curves of achromatic metasurface elements.

the reflected wave in space to change with frequency due to the
inconsistency of the reflection paths of electromagnetic waves of
different frequencies, which will cause the focal point positions of
electromagnetic waves of different frequencies to be unable to coincide,
directly reducing the focusing effect of the antenna in the broadband.
This dispersion phenomenon is especially obvious when the operating
band is wide.

The traditional reflectarray antenna has the best gain and focusing
performance at the center frequency fc, but when the operating fre-
quency deviates from the center frequency, such as the lower frequency
f1 or higher frequency fy shown in Fig. 5(a), the phase distribution of the
reflected wave changes, resulting in a decrease in focusing performance.
This is since the phase center of a conventional reflectarray antenna is
shifted with frequency changes, creating a dispersion effect. The
dispersion phenomenon not only limits the bandwidth of the antenna,
but also significantly reduces the high gain performance in a wide fre-
quency band.

Taking the traditional horn antenna feed as an example, due to the
fixed position of the phase center of the horn antenna, it is difficult to
adjust the traditional reflectarray antenna for phase changes at different
frequencies. This makes the reflectarray antenna can only achieve the
ideal focusing effect at a single pre-designed frequency f¢, while the
focusing ability is significantly reduced at other frequencies. Therefore,
effectively solving the dispersion problem and realizing high-
performance focusing under wideband operation have become impor-
tant challenges in designing wideband achromatic reflectarray antennas
[51,52].

Different from the traditional reflectarray antenna, the achromatic
reflectarray antenna adopts a phase modulation scheme with low
dispersion, which effectively reduces the phase difference between
electromagnetic waves of different frequencies. As shown in Fig. 5(b),
the design enables electromagnetic waves of different frequencies to be
focused to the same spatial location, resulting in a stable high-gain
performance over a wide frequency range.

The achromatic reflection array replaces the conventional
dispersion-type reflection surface by introducing a frequency-
independent phase compensation structure. By optimizing the parame-
ters of the metasurface element, the phase response of the element is
realized to be highly consistent throughout the entire operating fre-
quency band, effectively eliminating the dispersion problem brought
about by frequency changes.

In the design of this paper, the horn antenna as the electromagnetic
wave feeder is placed at a position about 100 mm away from the met-
asurface array. The electromagnetic wave emitted by the horn antenna
is a spherical wave, and the metasurface array firstly needs to
compensate the phase of the spherical wave to convert it into a plane
wave, and then further carry out the phase control to precisely focus the
plane wave to the focal point position of 300 mm.

The phase distribution of a spherical wave transmitted by a horn
antenna can be expressed as:

(Dxpherical (r>f) = % (\/ rz + d2 — d) (4)

where @gpperical (7,f) is the phase distribution at frequency f, r is the radial
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Metasurface

Fig. 5. Comparison of focusing effect between broadband achromatic antenna and conventional reflector array antenna.

distance from the metasurface element to the focal point, d is the dis-
tance from the horn antenna to the metasurface, and the wavelength
Af) = 7 with c being the speed of light.

To realize the transformation from spherical to plane waves, the
metasurface needs to impose the corresponding phase compensation:

—/12—;) (VP +d -d) ®)

After this compensation, the spherical wave can be transformed into
a plane wave after passing through the metasurface.

To realize the focusing effect, the metasurface also needs to further
adjust the phase of the plane wave, so that it is focused on the focal point
of 300 mm from the array. According to the lens focusing principle, the
phase distribution of the metasurface needs to satisfy:

q>focu.sing(r7f):%(\/rz+F2 *F> (6)

where F is the focal length and r is still the radial distance from the
element to the focal point.

In the actual design, the spherical wave phase compensation and
focusing phase modulation are integrated on the same metasurface
array, and each metasurface element must satisfy the above two de-
mands at the same time, so the overall phase modulation of the meta-
surface element can be expressed as:

<I)wtal (rvf) = q)cumpensation(rvf) + q>focu.sh1g(r7f) (7)

(Dcompensan'on (rvf ) =

which simplifies to:

<I>mm1(r,f):/12—(;[)<\/r2 +P —F- VP +d +d> (8)

Eq. (8) for the metasurface element simultaneously realizes the phase
compensation of spherical wave and the phase modulation of plane
wave focusing.

To realize the broadband focusing effect, the metasurface needs to
maintain a stable phase response throughout the operating frequency
band. In this study, the phase response of the metasurface is optimized at
the center frequency f¢ to ensure that the phase response at this fre-
quency is ideal. At higher frequency fy and lower frequency f;, the phase
response of the element is affected by the wavelength change, but by
adjusting the structural parameters of the metasurface element, the
phase response can be controlled at the corresponding phase in a wide
frequency range, thus realizing the achromatic focusing performance on
a wide band.

To verify the design theory of the wideband achromatic reflectarray
proposed in this paper, an achromatic reflectarray antenna with a
diameter of 80 mm is designed, the feed is a horn antenna, the feed is
100 mm away from the metasurface reflectarray, and the target focus is
located at a position of 300 mm from the metasurface reflectarray. Fig. 6
shows the required phase distribution of each metasurface element in

—— 17GHz Focus Phase
——— 35GHz Focus Phase

400 \ /
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\
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Fig. 6. Phase distribution requirements for each metasurface element of a 20 x
20 array.

the 20 x 20 array, where the blue curve indicates the focusing phase
requirement at the frequency of 17 GHz, the red curve indicates the
phase requirement at the frequency of 35 GHz, and the yellow shaded
area demonstrates the distribution of the required phases of the meta-
surface elements in the range of the frequency band from 17 to 35 GHz.

4. Generative adversarial networks

In the design of broadband achromatic reflector array antennas, it is
critical to establish a comprehensive library of metasurface elements
with diverse parameters. However, the relationship between the struc-
tural parameters of the metasurface and its electromagnetic response is
very complex and highly nonlinear. Traditional methods generally
optimize the structural parameters step-by-step through many simula-
tions and experiments to match the target electromagnetic performance.
Although this method is effective, it is inefficient, time-consuming and
consumes many computational resources, which makes it difficult to
meet the current demand for rapid design of metasurfaces.

To address this problem, this paper proposes an inverse design
method based on DCGAN, which generates the corresponding structural
parameters directly from the given target electromagnetic response. The
DCGAN model consists of a Generator and a Discriminator. The Gener-
ator is responsible for learning the mapping relationship from the
electromagnetic response to the structural parameters, while the
Discriminator continuously optimizes the quality of the Generator’s
output by distinguishing the generated data from the real data [53]. In
this paper, we train the DCGAN model with simulation data and verify
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its effectiveness in inverse design of metasurface elements. Compared
with traditional methods, deep learning-based inverse design not only
improves the design efficiency but also enhances the design accuracy.

The DCGAN network structure designed in this paper is shown in
Fig. 7 for the inverse design of metasurface elements. Unlike traditional
GAN models, both the generator and discriminator in this study incor-
porate additional conditional information y, so that the network output
depends not only on the random noise z, but also on the input broadband
achromatic phase conditions ¢1, @2, @3, ¢4, @5, @6, @7. These phase
conditions correspond to seven representative frequency points in the
frequency band at 17 GHz, 20 GHz, 23 GHz, 26 GHz, 29 GHz, 32 GHz,
and 35 GHz, which are used to generate the corresponding metasurface
structure parameters [aj, a», h;, hp]. In the network structure, the
generator and the discriminator are based on the MLP model of the fully
connected network.

The inputs to the generator include random noise z and conditional
phasey = [¢1, ¥2, ¥3, 94, P5, 6, ¢7]. The random noise z obeys a uniform
distribution U (—1,1) with a dimension of 100 x 1; the conditional phase
is the broadband achromatic aberration phase obtained by simulating
the metasurface element, with a dimension of 7 x 1. Therefore, the
generator has a total dimension of 107 x 1 for the inputs and 4 x 1 for
the outputs, which corresponds to the structural parameters [a;, a, hy,
hz].

To better capture the nonlinear relationship between the achromatic
phase and the structural parameters, the generator adopts a network
structure containing an input layer, two hidden layers and an output
layer, as shown in Table 1.

The goal of the generator is to learn the characteristics of the joint
distribution of random noise z and conditional phase y, and generate
structural parameters [aj, ag, hj, hz] that satisfy the target conditions.

The input to the discriminator then consists of the generated struc-
tural parameters or the true structural parameters, and the corre-
sponding phase conditions, combined into an 11 x 1 dimensional vector.
The discriminator consists of one input layer, four hidden layers and one
output layer, and its output is a scalar representing the probability that
the input structural parameters are real data. The specific structure of
the discriminator is shown in Table 2.

The discriminator discriminates between true and generated struc-
tural parameters as accurately as possible, thus improving the accuracy
of the discrimination. The training objective is to maximize the proba-
bility that the real parameters are discriminated as true and minimize
the probability that the generated parameters are discriminated as true.

The hidden layers of both the generator and the discriminator use a
nonlinear Rectified Linear Element (ReLU) activation function with the
expression:

flx)

The ReLU activation function can effectively alleviate the gradient
vanishing problem and speed up the network training. Meanwhile, the
generator output layer uses Tanh activation function:

= max(0, x) (C)]
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Table 1
Generator Network Structure.

Layer Number of Neurons Activation Function
Input Layer 107 None
Hidden Layer 1 256 ReLU
Hidden Layer 2 128 ReLU
Output Layer 4 Tanh
Table 2

Discriminator Network Structure.

Layer Number of Neurons Activation Function

Input Layer 11 None

Hidden Layer 1 128 ReLU

Hidden Layer 2 64 ReLU

Hidden Layer 3 32 ReLU

Hidden Layer 4 16 ReLU

Output Layer 1 Sigmoid
e —e™

f) =777 (10

ex e

The Tanh function restricts the generator output range to between
[-1,1], corresponding to the range after normalization of the structural
parameters.

The DCGAN model training is done using an adversarial game,
defining the loss function as:

L = minmax (E(xy)-p, [108D(X[Y) | + Ez-p,(o) l0g(1 = D(G(zly)ly ) )])
aan

where logD(ai1, a2, hi, hy|y) represents the discriminator’s loss for real
structural parameters, and log(1 —D(G(zly)|y ) ) represents the discrimi-
nator’s loss for generated structural parameters. Alternate training by
minimizing the generator loss and maximizing the discriminator loss
makes the generator gradually generate more realistic structural
parameters.

To evaluate the performance of the DCGAN model, the training set
contains 10,000 sets of samples, which are divided into training sets and
test sets in a ratio of 9:1. The training set is used for model training, and
the test set is used to evaluate its inversion design capabilities. The
prediction accuracy of the generator was quantified by calculating the
Expected Root Mean Square Error (ERMSE) and Expected Maximum
Error (EMAXE) between the generated and real structural parameters.

The ERMSE is defined as:

1 mo
Ermse = EZH i —y)* 12)
The EMAXE is defined as:
Eyaxe = max[|y; — yi| as)

Update Network Parameters

Generated

Generator . G(zly)

i

Achromatic Phases:

c Structura

Discriminator G(z|y)

Real Structural

Fig. 7. Schematic of the DCGAN network-based model for inverse design of metasurface.
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where @; is the i point of the generated structural parameters, and q; is
the i point of the real structural parameters. These evaluation metrics
effectively assess the inverse design capability of the DCGAN model.

The DCGAN model uses a generator and discriminator, both with a
learning rate of 0.001. Additionally, the regularization coefficient for
the weights of each fully connected layer is set to 0.001, with training
running for 10 x 10* epochs. As shown in Fig. 8(a), during the training
process, the loss function values of the generator and the discriminator
gradually converge, indicating that the adversarial game between them
gradually reaches equilibrium. Initially, the generator outputs structural
parameters of low quality, which are easily recognized by the discrim-
inator, and thus the loss is high. As the training advances, the quality of
the generator output gradually improves, and it is gradually difficult for
the discriminator to distinguish between real and generated data, so that
the loss of the generator is gradually reduced and stabilized. At this
point, the discriminator accuracy is close to random guessing (about 50
%), proving that the generator has successfully captured the complex
mapping relationship between the structural parameters and the elec-
tromagnetic response, meeting the design goal.

To verify the effectiveness of the proposed DCGAN-based inverse
design method for metasurface elements, the noise dimension was fixed
at 100 x 1 during testing. Then, 100 sets of achromatic phases [¢1, @2,
@3, 04, P5, 6, @71 from the test set were input into the trained generator,
which predicted the corresponding structural parameters [a;, az, hy, hz].
To quantitatively evaluate the prediction error in the inverse design of
metasurface elements, the ERMSE and EMAXE were calculated to
measure the gap between the generator’s output structural parameters
and the real simulation data. According to equations (12) and (13), the
predicted root mean square error for the metasurface element is 0.12 %,
and the maximum error is 0.38 %, achieving a prediction accuracy of
99.88 %.

As shown in Fig. 8(b), it is a prediction error histogram of DCGAN-
based inverse design. Despite the high overall accuracy, there are still
relatively large errors in individual points, mainly for two reasons. First,
although the training samples cover the main structural response dis-
tribution, there are still a small number of sparse areas in phase space,
especially at the locations where the phase changes drastically at the
edge of the bandwidth. When the test points happen to fall into these
areas, the generator can only rely on adjacent points for interpolation
estimation, resulting in a slight increase in local errors. Second, there are
certain high-order coupling relationships between structural parame-
ters, this nonlinear interaction is difficult to fully capture with a neural
network under limited training samples. The current model mainly
learns significant first-order trends, while some coupling terms have not
been fully expressed. Therefore, when multiple parameters change
significantly at the same time, the prediction deviation is relatively

Generator Loss
Discriminator Loss

Loss

Epochs <10*
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higher. The above analysis explains the causes of individual outliers in
Fig. 8(b) and further reveals potential optimization directions for
improving the accuracy of inverse design.

The computational efficiency advantage of the DCGAN model over
the traditional parameter scanning method is significant, with the
computation time for each inverse design taking only 19 ms. Traditional
methods usually take hours or even longer for the complete simulation
and optimization process, so the DCGAN inverse design method pro-
posed in this paper improves the design efficiency.

5. Experimental testing and discussion

As shown in Fig. 9, the experimental sample is a 20 x 20 metasurface
element array, which was prepared using the DragonFly IV additive
manufacturing system from Nano Dimension. This advanced
manufacturing technology is capable of processing complex structures
with high precision, ensuring the consistency and stability of the met-
asurface array in terms of design size and processed structure.

To verify the actual performance of the designed broadband achro-
matic focused metasurface arrays, we carried out experimental tests in
the 17-35 GHz band range. As shown in Fig. 10, the experimental setup
used a cross-programmable test system equipped with two ERAVANT
WR-42 SAR-1532-42-S2 horn antennas for electromagnetic wave
transmission and reception. The metasurface array was placed about
100 mm in front of the transmitting antennas to receive the incident
wave at an inclination angle of 15°, and the reflected wave left the
metasurface array at a direction of —15° and achieved focusing on a
position 300 mm away from the array. During the experimental test, the
receiving antenna is placed at the focal position 300 mm from the array,
and scanning measurements are performed in the near-field region to
obtain the electric field strength of the reflected electromagnetic waves
at different frequencies, to analyze the focusing performance of the
metasurface array in a wide frequency band.

As shown in Fig. 11, the full-wave simulation of the designed ach-
romatic metasurface array was carried out by using the high-frequency
electromagnetic simulation software of ANSYS HFSS, and the simulation
band covered 17-35 GHz. at seven representative frequency points,
namely 17 GHz, 20 GHz, 23 GHz, 26 GHz, 29 GHz, 32 GHz and 35 GHz,
the simulation results showed that the electromagnetic waves were all
focused on a wide band. The simulation results show that the electro-
magnetic waves are effectively focused on the same spatial position,
indicating that the designed metasurface array can realize relatively
stable focusing performance on a wide frequency range. However, as the
frequency approaches 35 GHz, the dispersion effect at both ends begins
to appear, and although the focusing performance decreases, it can still
form an obvious electromagnetic focusing point.

. Distribution of Inverse Design Errors

40
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25

Count

20

L 1 1
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Fig. 8. (a)Loss function curves of DCGAN generator and discriminator. (b) Prediction error histogram of DCGAN-Based Inverse Design.
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Fig. 9. Wideband achromatic metasurface arrays prepared by additive manufacturing (the metal rings of each metasurface element have different heights within

the substrate).

Fig. 10. Experimental setup diagram for near-field planar scanning measurement (cross-programmable test system).
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Fig. 11. Simulated amplitude distribution of the electric field focused by the metasurface array.

As shown in Fig. 12, the scanning results of the experimentally
measured near-field electromagnetic wave field strength in the fre-
quency range of 17-35 GHz are shown. To facilitate the comparative
analysis of the focusing performance at different frequencies, we have
normalized the scanning results. The experimental results show that the
designed metasurface array can effectively focus the reflected wave at
the preset 300 mm focal point over a wide frequency range from 17 GHz
to 35 GHz, and the experimental measurements are in good agreement
with the simulation results. Especially near the center frequency of 26
GHz, the metasurface array has the best focusing effect, and the reflected
wave energy is highly concentrated, showing obvious focusing

characteristics. At the edge of the frequency range, 17 GHz and 35 GHz,
although the focusing performance is slightly reduced, the energy con-
centration remains high, which indicates that the designed metasurface
array has good performance and stable focusing ability over the whole
wide frequency band.

During the additive manufacturing process of the sample, the Drag-
onFly IV process will bring micron-level dimensional tolerances, and
slight deviations in the element geometry will disturb the phase
compensation and affect the final focus. Taking 35 GHz as an example,
the slight offset of the local size causes the measured focus position to
differ from the simulation value; however, the phase between adjacent



J. Cai et al.

Materials & Design 255 (2025) 114210

__ 100 __ 100 __ 100 100 100
E 3 E E 3
E o E o E o E o E o
> > > > > 0.9
-100 -100 -100 -100 -100 0.8
07 E
4100 0 100 4100 0 100 4100 0 100 4100 0 100 4100 0 100 o
X (mm) X (mm) X (mm) X (mm) X (mm) 06 £
17GHz 20GHz 23GHz 26GHz 29GHz - %
04 5
03 §
100 100 100 z
‘g 'g —g 0.2
E o E o E o 0.1
> > >
-100 -100 -100
4100 0 100 4100 0 100 4100 0 100
X (mm) X (mm) X (mm)
29GHz 32GHz 35GHz

Fig. 12. Measured amplitude distribution of the electric field focused by the metasurface array.

elements has a certain complementary effect in the physical structure, so
the measured focus spot is not obviously distorted. Secondly, the orig-
inal simulation assumes that the substrate dielectric constant is inde-
pendent of frequency, while the actual material has a slight dispersion in
the high-frequency band, which will change the reflection phase and
correct the focusing intensity, making the measured results closer to the
simulation. Finally, the probe positioning accuracy of the near-field
scanning system is about &+ 0.5 mm, and the averaging effect of spatial
sampling will make the measured field distribution slightly smooth and
raise the peak amplitude to a certain extent, thereby masking the slight
attenuation predicted in the simulation. The above three points can
explain the difference between simulation and experiment near 35 GHz.

To quantify the focusing stability of the metasurface in the entire
frequency band, we define the Effective Bandwidth Utilization 5, which
is expressed as follows [54]:

) I

x 100%
fe

(14)

where fy and f;, are the upper and lower limits of the frequency band for
maintaining good focusing performance, and f¢ is the center frequency
with the best focusing performance. In this work, the three values are: fy
= 35 GHz, f; = 17 GHg, f¢ = 26 GHz we can calculate = 337 x 100%
= 69.2%. The metasurface designed in this paper can maintain stable
focusing ability on the frequency band of 17-35 GHz and has excellent
broadband achromatic control effect.

To further quantitatively evaluate the focusing ability of the meta-
surface designed in this paper in the entire 17-35 GHz operating fre-
quency band, based on the measured near-field amplitude distribution
shown in Fig. 12, this paper introduces typical performance indicators:
focusing radius Ry, focusing efficiency ¢ and equivalent Numerical
Aperture (NA) to quantitatively analyze the focusing ability.

The focusing radius Ry is used to characterize the spatial compactness
of the focusing point. It is defined as: the equivalent radius formed by the
point with the maximum amplitude at the focus as the center and the
position where the amplitude decays to 1/v/2 (i.e. — 3 dB) as the
boundary. In the measured data at 26 GHz, the normalized maximum
field strength is about 0.998, the — 3 dB threshold is about 0.707, and
the corresponding equivalent focusing radius is Ry ~ 9.5 mm. This value
is only about 0.83 times the central wavelength 4 ~ 11.5 mm, and the
corresponding 3 dB focusing spot diameter is 0.0644, indicating that the
designed array has sub-wavelength focusing capability.

To quantitatively evaluate the energy focusing capability at different
frequencies, this paper introduces the focusing efficiency ¢, which is
defined as the ratio of the energy in the focal area to the total energy on

the entire observation surface [55]. According to Poynting’s theorem,
the focusing efficiency can be expressed as:

Ref§ (ExH')edS
_ Proci _ Sroci

Ps ~ Ref (ExH')edS as)
s

¢

where Pry; is the energy in the circular area Sp,; with radius Rfand the
focus as the center, and P is the total energy on the entire observation
surface S.

In the actual calculation, the experiment uses the amplitude data of
40 x 40 grids for calculation, where the observation surface size is 176
mm x 176 mm, and the single point spacing is 4.4 mm. To simplify the
calculation, |E|? is used to approximate the power density, that is:

2
é, ~ Z |E|>Ey, |E| (16)
Zall'E‘z
Epnax
Ep =—= 17
"= a7

According to the above formula, the focusing efficiency at each fre-
quency point is shown in Table3.

As shown in Fig. 13, the focusing efficiency of the broadband ach-
romatic metasurface designed in this paper shows good in-band stability
at different frequencies. In the main operating frequency band of 20-30
GHz, the focusing efficiency ¢ is always maintained between about 48
%-52 %, which fully verifies the broadband achromatic characteristics
of its design. After the frequency exceeds 32 GHz, the focusing efficiency
decreases to a certain extent due to the enhanced dispersion effect of the
array element, which is in line with the expected frequency response
trend.

Based on geometric optics approximation, this paper introduces NA
as an evaluation indicator to measure the energy focusing ability. It is
defined as:

NA = sinfey (18)

Table 3
Focusing Efficiency ¢ (%) Measured at Representative Frequencies from 17 GHz
to 35 GHz.

Frequency 17 20 23 26 29 32 35
(GHz)

¢ (%)

38.05 52.20 48.11 51.83 5257 37.19 21.85
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Fig. 13. Frequency-Dependent Focusing Efficiency of Broadband Achromatic
Metasurface.

—tant (P12
Omax = tan ( F ) (19)

where array aperture D = 80 mm, focal length F = 300 mm, substitute
and calculate: gy ~ tan~!(0.1333) =~ 7.6, NA ~sin(7.6") ~ 0.132.

Despite the compact size and relatively long focal length of the
proposed structure, efficient energy concentration can be achieved. This
design lays a practical foundation for beam focusing and steering in
broadband applications.

6. Conclusion

In this paper, we propose a wideband achromatic metasurface
element design method based on equivalent circuit theory and suc-
cessfully realize efficient electromagnetic focusing on a wide frequency
range by deep learning-driven inverse design. First, we design a meta-
surface element with a multilayer structure and realize wideband ach-
romatic focusing on the frequency band from 17 GHz to 35 GHz by
reasonably adjusting the geometrical parameters and material proper-
ties of the element. The designed element can effectively compensate for
the phase response at different frequencies to ensure the consistency of
the phase characteristics over a wide frequency range. The experimental
results show that the metasurface exhibits the best focusing performance
at the center frequency of 26 GHz and maintains a high energy con-
centration throughout the entire operating band, with its effective
bandwidth utilization reaching 69.2 %.

Secondly, this paper introduces a DCGAN for the inverse design of
metasurface elements. Compared with the traditional parameter scan-
ning design method, DCGAN dramatically improves the efficiency and
accuracy of metasurface design by learning the complex nonlinear
mapping between electromagnetic response and structural parameters.
In both simulation and experiment, the DCGAN model can generate
structural parameters that satisfy the target electromagnetic response in
a short time, with an average prediction accuracy of 99.88 %. In addi-
tion, the high degree of consistency between experimental measurement
data and simulation results further validates the effectiveness of the
proposed method.

In this paper, a wideband achromatic metasurface design method
that integrates multilayer structure design, deep learning inverse design
and additive manufacturing technology is proposed. The method pro-
vides a new approach for the fast inverse design of wideband achromatic
metasurface, effectively improves the efficiency and accuracy of the

Materials & Design 255 (2025) 114210

metasurface structure design and shows good application prospects in
the fields of wireless communication, radar detection and medical
imaging.
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