Progress In Electromagnetics Research M, Vol. 136, 77-85, 2025

PIERM

(Received 9 November 2025, Accepted 20 November 2025, Scheduled 19 December 2025)

Design of Near-field Focusing Optical Transparent Metasurface
for Millimeter-wave Gommunication

Licong Fan!, Yuan Yao?, Jingchang Nan'-*, and Yifei Wang'

1School of Electronics and Information Engineering, Liaoning University of Engineering and Technology, Huludao, China
2School of Electronics Engineering, Beijing University of Posts and Telecommunications, Beijing, China

ABSTRACT: Low-emissivity glass, commonly employed in building curtain walls, strongly reflects and weakly transmits millimeter-wave
signals, thereby hindering signal propagation. To address this issue, this paper introduces a novel method that leverages the low-emissivity
film itself to design a metasurface for enhanced signal transmission. Two specific metasurface designs are presented. The simulation
results validate the proposed method. For the design targeting linearly polarized waves, a 23 dB enhancement in the transmitted electric
field is achieved compared to that of uncoated glass. The design for circularly polarized waves achieves a 22 dB enhancement. Both
metasurfaces exhibit excellent wide-angle performance, maintaining single-point focusing up to a 30° incidence angle with an electric
field enhancement exceeding 15 dB. The proposed millimeter-wave transparent metasurface features a simple structure, supports wide-
angle incidence, and can be deployed over large areas with adjustable focal points to meet communication requirements. This work
provides a reliable solution for mitigating millimeter-wave transmission loss through low-emissivity glass.

1. INTRODUCTION

ecently, the millimeter-wave band, characterized by abun-

dant spectrum resources, low latency, high reliability, and
precise beamforming, is a key enabler for ultra-fast wireless
networks and a smarter society. Nevertheless, its practical de-
ployment is challenged by high free-space path loss and limited
coverage. Meanwhile, advances in metamaterials have posi-
tioned metasurfaces as a powerful tool for beam manipulation,
making them a promising solution for enhancing signal cover-
age in hot pot areas [1,2]. Due to the excessive insertion loss,
it is difficult to design metasurfaces directly on walls. Conse-
quently, researchers have turned their attention to transparent
glass [3].

To maintain optical transparency, metasurfaces typically em-
ploy glass substrates and can be categorized into two main
types: one based on patterning ITO films on the glass, and
the other on etching metal mesh structures [4—10]. However,
both types of metasurfaces are designed on the exterior of the
glass. While they can enhance the signal transmission through
the glass, their prolonged outdoor exposure makes them suscep-
tible to corrosion, wear, and mechanical damage [11-17]. Ad-
ditionally, the signal enhancement provided by current meta-
surfaces remains limited. There have been few studies on us-
ing the low-emissivity glass from building structures as a meta-
surface substrate. Although the unique low-emissivity silver
film layer between the glass exhibits strong reflection and low
transmission characteristics for millimeter-wave signals, which
obstructs indoor coverage, it can be directly utilized for meta-
surface design. This approach not only avoids wear issues as-
sociated with traditional optically transparent metasurfaces but
also enhances the millimeter-wave signal transmission capabil-
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ity. Moreover, the low-emissivity coating itself has good op-
tical transparency, and designing a gradient metasurface on it
has minimal impact on the overall transparency of the glass.
This paper presents a signal transmission solution that inte-
grates low-emissivity glass with metasurface technology. For
signals of different polarization states, the embedded film lay-
ers within the low-emissivity glass are utilized to design meta-
surface structures, leading to the proposal of two distinct design
methodologies. The characteristics of the metasurface unit in
the millimeter-wave band are analyzed using CST software. By
applying the Huygens-Fresnel principle and a gradient phase
modulation mechanism, a metasurface array is designed. Under
vertical incidence, both metasurfaces achieve an electric field
enhancement exceeding 22 dB compared to uncoated glass,
while maintaining good wide-angle performance. Simulation
results demonstrate that the designed metasurfaces can effec-
tively transmit and focus millimeter-wave signals, thereby en-
hancing outdoor-to-indoor communication links and offering a
new device solution for indoor millimeter-wave coverage.

2. DESIGN OF OPTICALLY TRANSPARENT METASUR-
FACE UNITS

Due to the large distance between the base station and the re-
ceiver, the far-field condition of the base station antenna is fully
satisfied, and the received signal can be treated as a plane wave.
The signal is then focused in the near field by the metasurface,
as shown in Fig. 1. This focusing process can be regarded as
the reverse of how a lens antenna converts spherical waves into
plane waves during transmission. To achieve this, the transmis-
sion phase of the phase-gradient metasurface unit must cover a
full 27 range [18-25]. Reference [8] investigated the transmis-
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FIGURE 1. Application scenario schematic.
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FIGURE 3. Triple layer metasurface unit structure diagram.

sion phase limit of the transmission metasurface. It concluded
that to achieve a full 27 transmission phase range while keep-
ing the transmission loss within 3 dB, at least three layers are
required for linearly polarized waves, whereas only two layers
are needed for circularly polarized waves.

2.1. Design of Three-layer Metasurface Unit

For transmissive metasurfaces, the transmission amplitude and
phase of the unit cell are two critical parameters. A key chal-
lenge in their design is to create units on a low-emissivity glass
substrate that allow for high-efficiency transmission of incident
signals while also providing a full 360° phase coverage. Com-
mon unit cell geometries include strip dipoles, square rings, cir-
cular rings, and Jerusalem crosses, as shown in Fig. 2.

In a strip dipole structure, the dipole length must be an in-
teger multiple of half the wavelength. Upon signal incidence,
the dipole resonates and re-radiates energy. For square-ring and
circular-ring units, the perimeter of each half-ring must be an in-
teger multiple of half the wavelength. Conceptually, each half-
ring acts as a dipole, making the total ring perimeter an integer
multiple of the full wavelength. The Jerusalem cross structure
operates on a similar resonance principle. This work employs a
square-ring-based design. To maximize the transmission phase
range, the structure is evolved into a double-square-ring config-
uration. The transmission phase is tuned by adjusting the unit’s
geometric dimensions, and the square ring size can be initially
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FIGURE 2. Common unit forms.
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FIGURE 4. The simulated amplitude and phase response when the size
of the square ring changes.
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estimated using Equation (1):

wy =n* N4 €))

The transmission phase tuning is achieved by adjusting the
dimensions of the multi-layer metasurface units. Within the
3 dB transmission loss range, the transmission phase can cover
a full 360°. Based on the structural characteristics of low-
emissivity glass, a metasurface unit is proposed as shown in
Fig. 3. The unit is a multilayer stack (from bottom to top):
soda-lime glass — silver film — soda-lime glass — silver film —
silver film — soda-lime glass. The parameters related to soda-
lime glass and silver film are sourced from low-emissivity glass
manufacturers. The thickness of the silver film hq is 2 um, with
a sheet resistance of 0.1 {)/sq. The thickness of the soda-lime
glass hy is 100 um, with a dielectric constant of 7. The gap
between the glass layers hg is 2530 um. The design employs
a double-square-ring configuration to exploit dual-resonance
characteristics. The unit period is 7500 um, and the gap be-
tween the inner and outer square rings g is fixed at 1300 pm.
The transmission phase variation of the unit is controlled by
adjusting the edge length w; of the square rings. The width of
the inner square ring ranges from 500 to 1800 pm.

The structure is simulated in CST with periodic boundary
conditions (unit cell) applied in the x and y directions, and an
open boundary condition with additional space in the z direc-
tion. A linearly polarized plane wave propagates along the z-
axis, illuminating the periodically arranged unit cells in the z-y
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FIGURE 5. Simulation results of metasurface elements. (a) Induced current distribution. (b) Side field distribution.

plane. At the center frequency of 28 GHz, Fig. 4 shows the
variation of transmission phase and amplitude as functions of
the square ring edge length. The unit structure is able to ensure
that the transmission phase reaches 27 within the transmission
loss range of less than 3 dB.

Taking the response of the unit at the center frequency of
28 GHz with a plane wave signal as an example, the distribu-
tion of the surface induced current and the side field distribution
of the unit are examined. Fig. 5(a) shows the distribution of in-
duced current around the square ring in the frequency-domain
simulation, indicating that the unit structure can effectively res-
onate. The side field distribution of the unit at five different
phase moments are shown in Fig. 5(b). The metasurface unit
structure facilitates coupling between the layers of the low-
emissivity glass, enabling effective energy transfer and thereby
ensuring efficient signal transmission.

2.2. Design of a Double-layer Metasurface Unit

For circularly polarized signals, various approaches can pro-
vide full phase coverage. Herein, we employ the element ro-
tation method, grounded in polarization transformation theory,
using a two-layer open-ring structure. This unit achieves a full
27 transmission phase range while maintaining an insertion loss
below 3 dB. Consider a right-handed circularly polarized (RCP)
plane wave incident on the unit along the —z direction. Its elec-
tric field can be expressed as:

E; = Eo(x + jy)e’*%el" )

An incident RCP plane wave can be decomposed into two
orthogonal, linear polarization components. The transmission
responses of the unit to these two components are denoted as
T, and T, respectively. Assuming an ideal lossless condition,
the transmission amplitude for both components is unity. Un-
der this assumption, the transmission coefficients are given by
Equation (3):

T,=1-¢€l% T,=1-¢l%v

A3)
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where ¢, and ¢, are the transmission phases for the two or-
thogonal components, respectively, the transmitted field is con-
sequently given by Equation (4):

E, = E, (mejsom +jyej‘P_y) elkoz gjwt

“)

When a phase difference of 7 exists between the two compo-
nents, the expression in Equation (4) reduces to Equation (5):

Ey = Eo(x — jy)e’#= eltosel®! (5)

Equation (5) demonstrates that the incident RCP wave is
fully converted to a co-propagating LCP wave, with the trans-
mitted wave acquiring a phase shift of ¢,. When the unit is
rotated counterclockwise by an angle 6, the transmitted field,
derived through a process analogous to that leading to Equa-
tion (5), is given by Equation (6):

E, = FEy(z — jy)ejzeej%ejkozejm

(6)

A comparison of Equations (5) and (6) reveals that a counter-
clockwise rotation of the unit by an angle 6 advances the trans-
mission phase by 26 (not 2 degrees), while the transmission co-
efficient remains unchanged. Consequently, rotating the unit
from 0° to 180° provides a full 360° phase coverage, maintain-
ing stable and high transmission efficiency throughout. Analo-
gously, for an incident LCP wave, the same rotation introduces
a phase delay of 26 in the transmitted field, which is efficiently
converted to RCP. The configuration of the dual-layer metasur-
face unit is depicted in Fig. 6. Its key geometric parameters are
as follows: the interlayer thickness hg is 1890 um; the meta-
surface silver film thickness h; is 2 wm; the outer ring radius R
is 2014 um; the inner ring radius r is 1621 um; and the opening
length L is 970 pm.

Figure 7 presents the transmission phase and amplitude ver-
sus the rotation angle, confirming that the unit achieves a full
27 phase shift. The induced current and field distributions un-
der signal incidence are shown in Fig. 8, which clearly indicate
effective structural resonance and energy coupling via the open
ring. Furthermore, the side-view field distributions at five rep-
resentative phase points reveal the energy propagation mecha-
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FIGURE 6. Double layer metasurface unit structure diagram.
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FIGURE 8. Simulation results of metasurface elements. (a) Induced current distribution. (b) Side field distribution.

nism: energy couples into the interlayer through the upper open
ring, propagates in a waveguide mode, and is finally received
and re-radiated by the lower open ring.

3. DESIGN AND RESULTS ANALYSIS OF PHASE GRA-
DIENT METASURFACE ARRAY

The lens of the antenna converts the spherical wave of the an-
tenna into a plane wave and emits it, thus enabling the inverse
design of the metasurface, so that the far-field plane wave emit-
ted by the base station is focused at a preset position. Based on
the Huygens-Fresnel principle and the gradient phase modu-
lation mechanism, the metasurface pattern is designed. When
a plane wave is incident, the metasurface imposes a spatially
varying phase profile, which introduces controlled phase ad-
vances or delays across the wavefront [26].

A spatial gradient in the transmission phase introduces a pro-
gressive shift of the wavefront, which steers the entire beam
toward the region of phase delay. Consequently, to achieve fo-
cusing, the phase profile p(z,y) across the metasurface array

80

must conform to the following condition in Equation (7):

2m (\/F2+R2—F)

o(z,y) = 3 ; (7

where p(z,y) is the phase difference required for focusing, A
is the wavelength at the center frequency, F' is the target focal
length and R is the distance from each unit on the metasurface
array to the focal point.

3.1. Three-layer Square Ring Metasurface Array

The focal length of the metasurface is set to 3 cm, with a cen-
ter frequency of 28 GHz, corresponding to a wavelength of
11.11 mm. The phase difference of the metasurface units is cal-
culated using Equation (7), and the unit size is determined based
on the relationship between the phase difference and the square
ring size. The metasurface array consists of 20 x 20 units, with a
planar size of 15 cm x 15 cm. The metasurface units are strictly
center-symmetric square ring structures. Based on the phase
gradient modulation mechanism, it is known that the phase dif-
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FIGURE 9. Transmission phase distribution of 1/8 metasurface.
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FIGURE 10. Metasurface pattern.

ference distribution of the array also exhibits symmetry. There-
fore, only 1/8 of the metasurface structure’s phase difference
distribution needs to be calculated, and a mirror operation is
used to obtain the entire metasurface array structure. The rela-
tionship between the phase difference distribution of each unit
and the square ring size w; is shown in Fig. 9.

The model of the entire phase-gradient metasurface is shown
in Fig. 10. The arrangement achieves a continuous phase gra-
dient across the aperture, which is essential for effective wave-
front manipulation and focusing.

The metasurface is simulated in CST, with the z-direction
being the signal incident and exit direction. The boundary con-
ditions are set as open (add space), and the boundaries in the
other directions are also set to open. The incident angle of the
plane wave is sequentially adjusted to 0°, 15°, and 30°, in or-
der to observe the wide-angle performance of the metasurface.
The simulation results are shown in Fig. 11. It can be seen
that the energy is concentrated at the preset central spot. When
the incident angle is 30°, the focal point displacement radius is
controlled within 2.1 cm, demonstrating good wide-angle per-
formance. The designed metasurface exhibits excellent signal
enhancement effects.

The three-layer blank glass without metasurface film layer
was simulated in CST, and the glass thickness, dielectric con-
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stant and observation position were consistent with the metasur-
face. Compared to the blank glass, the simulation results are
further quantified, and the enhanced electric field intensity at
the focal point is shown in Fig. 12. In the range of 26-30 GHz,
the metasurface can effectively enhance the electric field inten-
sity of the signal. When the incident angle is vertical, the elec-
tric field enhancement can reach 23.98 dB. Fig. 12 demonstrates
that the metasurface has good wide-angle performance. Even
at a 30° oblique incidence, compared to vertical incidence, the
enhancement effect has decreased by 5 dB. This might be due
to the fact that there is still room for improvement in the an-
gular sensitivity of the square ring-shaped element. Adopting
a strictly center-symmetric structure should bring about an im-
provement. Although the enhancement effect has declined, it
is still above 15 dB, exhibiting excellent millimeter-wave sig-
nal enhancement.

3.2. Dual-layer Open-ring Metasurface Array

The design method of the phase gradient metasurface allows
for the free adjustment of the array’s size and focal distance
during the design phase according to communication require-
ments. To distinguish it from the three-layer metasurface ar-
ray, the focal length of the dual-layer metasurface array is set
to 5cm, and the center frequency of the metasurface is set to
27 GHz. The phase difference of the metasurface unit is cal-
culated using Equation (7). The circular ring structure with an
opening introduces additional phase differences through differ-
ent rotation angles, enabling the unit to rotate from 0° to 180°
and achieve complete 360° phase coverage. Because the dual-
layer open-ring metasurface tunes the phase difference by ad-
justing the rotation angle, a corresponding relationship between
the phase difference and the unit rotation angle can be obtained.
The metasurface array is composed of 20 x 20 units, with a
planar size of 10.148 cm x 10.148 cm. The corresponding re-
lationship between the phase difference and the rotation angle
for the 1/8 metasurface structure is shown in Fig. 13. The entire
structure is obtained by mirror rotation, as shown in Fig. 14.
Simulation was performed in CST with incident angles of 0°,
15°, and 30°, where the incident wave is a right-hand circularly
polarized plane wave, to observe the signal enhancement per-
formance of the metasurface. The results of the plane wave in-
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FIGURE 11. Simulation results of electric field distribution. (a) The field distribution of the focal plane. (b) Side field distribution.
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FIGURE 13. Transmission phase distribution of 1/8 metasurface.

cident at different angles are shown in Fig. 15. From the figure,
it can be observed that after the signal incident, the metasurface
effectively focuses the signal, and the focal point shift distance
for a 30° oblique incidence is controlled within 3.2 cm.
Double-layer blank glass without metasurface film was sim-
ulated and set up in CST, with the glass thickness, dielectric
constant and observation position remaining consistent with the
metasurface. The results are compared with the blank glass
without the metasurface pattern. The electric field strength en-
hancement of the metasurface is shown in Fig. 16, and the re-
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sults varying with the incident angle are shown in Fig. 16. The
results indicate that the dual-layer circular ring metasurface ar-
ray can effectively enhance the intensity of circularly polarized
millimeter-wave signals.

4. COMPARISON OF DIFFERENT DESIGNS

Table 1 presents a comparison between this work and other re-
cent related studies. Compared to other metasurfaces, this work
integrates the metasurface between low-radiation glass layers,
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FIGURE 15. Simulation results of electric field distribution. (a) The field distribution of the focal plane. (b) Side field distribution.
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TABLE 1. Comparison of different designs.

Reference Material Incident angle  Polarization type  Enhancement (dB) Low-E process
[1] metal mesh +45° LP - No
[3] Cu - - 10 No
[4] ITO 0° LP - No
[5] Ag metal mesh +20° LP 5 No
[6] Silver +20° LP 5 No
This work  Low-E silver film +30° LP, CP > 22 Yes
83
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offering better stability and enhanced electric field intensity.
The metasurface we designed is more aligned with practical
applications, avoiding the issue of wear and failure when meta-
surfaces are placed on the exterior of glass. Most importantly,
this work is the first to propose designing a low-radiation film-
layer metasurface between low-radiation glass layers, which
supports wide-angle incidence and meets the communication
needs of millimeter-wave signals from outdoor to indoor.

5. CONCLUSION

This paper innovatively utilizes the film layer between low-
radiation glass to design the metasurface. Based on differ-
ent signal polarization forms, two unit structures are proposed,
and the characteristics of these unit structures are analyzed to
explain the working principle of the metasurface array. The
operating frequency bands of the two metasurfaces are 26.3—
29.8 GHz and 25.5-29 GHz, respectively. Compared to blank
glass, the enhancement of the electric field intensity can be
increased to 23.98 dB and 22.12 dB, with the maximum inci-
dent angle reaching 30°. The metasurfaces enhance both lin-
early and circularly polarized signals. In the future, base sta-
tions, metasurfaces and indoor repeaters can form a new type of
millimeter-wave indoor communication coverage system, pro-
viding a novel solution to address the challenges of millimeter-
wave communication blockage.
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