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Abstract

This paper presents an optically transparent 2-bit unit-cell

for reflective intelligent surface applications in Wi-Fi 6E.

The unit-cell is based on a metalmesh and can be recon-

figured electronically by adjusting the voltage applied to

a varactor diode. The performance of the RIS is demon-

strated through simulation, which shows that the results are

in good agreement with the theoretical predictions.

1 Introduction

Numerous electronic devices today employ Wi-Fi technol-

ogy for efficient connectivity. Wi-Fi 5 (802.11ac) and Wi-Fi

6 (802.11ax) are two commonly used Wi-Fi standards that

operate on the frequency bands of 2.4 GHz and 5 GHz [1].

However, these frequency ranges may pose challenges for

high-speed and low-latency internet connections in the fu-

ture. To address this issue, a new Wi-Fi standard, known

as Wi-Fi 6E (extended), has been developed to operate on a

frequency range of 5.925 to 7.125 GHz. As a result, there

has been an exploration of antennas suitable for Wi-Fi 6E to

enhance the performance of this new standard [2, 3]. How-

ever, almost all of these antennas are not transparent to light

or not reconfigurable, which may pose a design challenge,

in aesthetic concerns, for smart homes and cities.

Transparent antennas are typically fabricated on a substrate

made of glass or plastic, and they can be classified into

two main categories: mesh antennas and thin-film anten-

nas [4]. Mesh antennas are usually constructed using con-

ventional opaque conductive materials like copper, gold,

or silver, that have patterned holes to allow light to pass

through. On the other hand, thin-film antennas attain their

transparency from materials that possess both high optical

transparency and electrical conductivity. Meshed conduc-

tors have a lower sheet resistance compared to thin films

(conductive oxide or conductive polymer, for example), and

so higher electrical conductivity. However, their optical

transparency is also lower than these films [5]. On sub-

strates that possess optical transparency, such as Polyethy-

lene Glycol Terephthalate (PET), the metalmesh is barely

visible as it is composed of ultrafine metal gridlines. The

widths of these gridlines are typically less than 10 μm,

while their spacings vary between 150 μm to 300 μm [5].

Reflective Intelligent Surfaces (RIS) are poised to play a

pivotal role in shaping the future of smart radio environ-

ments. These surfaces can be strategically deployed in var-

ious settings, including building walls (and, if transparent,

in windows) to enhance diverse aspects of wireless commu-

nication [6]. For example, they can provide uninterrupted

connectivity, by dynamically adjusting their radiation char-

acteristics, and improve the quality of service in uncon-

trolled environments, such as large cities, where wireless

control is limited. Reconfigurability is a fundamental as-

pect of RIS, which is achieved by manipulating the elec-

tromagnetic response of its unit-cells. Various techniques

can accomplish this. The most common method involves

the utilization of active elements such as PIN diodes, var-

actors, and radiofrequency micro-electromechanical system

switches [7].

The present work proposes a high optical transparency two-

bit metalmesh-based RIS suitable for Wi-Fi 6E applica-

tions. The unit-cell consists of a metalmesh patch antenna

loaded with a varactor diode to achieve reconfigurability

by applying a bias voltage. The ground is implemented by

metal stripes to further enhance the optical transparency.

2 Optically Transparent Unit-cell

2.1 Single Layer Optically Transparent
Structures

Figure 1 shows a partial schematic of the two studied

single-layer structures. Both structures employ polyethy-

lene terephthalate (PET) substrates. The first structure con-

sists of a square metal mesh having a mesh width (w)

and a mesh spacing (s). This square configuration was

chosen for its desirable properties such as high flexibility,

compactness, lightweight, transparency, and mechanical ro-

bustness. The second structure considers only the vertical

lines of the mesh. The electromagnetic shielding proper-

ties of both structures will be studied and compared under

y-polarized waves incidence, to evaluate their potential use

in the ground layer of the RIS unit-cell.

2.2 Optical and Electrical Properties

The optical transparency (OT) of a metalmesh, i.e. the per-

centage of light transmitted through it, is defined as the ra-
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Figure 1. Structures: (a) metalmesh and (b) metal stripes.

tio between the open area and the total area [8]. So, the OT

of a square with side length (s+w) and open area (s× s),

and therefore of the meshed metal layer represented on the

structure of Figure 1 (a) is given by:

OT =

(
s

s+w

)2

. (1)

In the case of the structure of Figure 1 (b), the OT is im-

proved by eliminating the horizontal lines, calculated as:

OT =
s

s+w
. (2)

When metalmesh layers are employed on a substrate, as in

the structures considered, it is necessary to take into ac-

count the optical reflectance, R, which is given by Fres-

nel’s law at the air/glass interfaces. Considering a PET sub-

strate (εr = 3 and tanδ = 0.003), the optical reflectance is

approximately 7.2%. In turn, the theoretical transparency,

Tr, of the structures represented on Figure 1, can be calcu-

lated as:

Tr = (1−R)2 ·OT = 0.86 ·OT. (3)

Figure 2 displays the theoretical transparency, Tr, of a single

layer of metalmesh and of stripes, as a function of spacing

(s) and width (w). As expected, an increase of s leads to

an increase of the transparency of both the structures. Con-

versely, an increase in w leads to a decrease in transparency.

An increased level of transparency in the striped structure

compared to the meshed structure for the same values of

s and w parameters is observed. This is attributed to the

larger open area in the striped structure, thereby resulting

in improved transparency by s+w
s , as can be figured from

equation 1 and 2.

If the thickness of a continuous metal layer, t, is higher than

1 μm, its sheet resistance R�, can be calculated by [8]:

R� =
1

σt
. (4)

Figure 2. Theoretical transparency for mesh (solid lines)

and stripe (dashed lines) structures as a function of mesh

width (w) and mesh spacing (s).

The presence of apertures in metalmesh layers leads to an

increase in the sheet resistance. The sheet resistance of a

metalmesh can be expressed as follows:

R′
� ≈

(
1+

s
w

)
R�. (5)

The previous equations demonstrate that the structures de-

picted in Figure 1 face a significant challenge due to the in-

herent trade-off between their sheet resistance and optical

transparency. An increase in Tr leads to an increase in R′
�.

Consequently, these results underscore the need to strike

a balance between the conductivity (R′
�), width, space, and

thickness of the metal to optimise the antenna performance.

Figure 3 depicts the reflection and transmission amplitudes

of the structures of Figure 1 under linear y-polarized wave

incidence, obtained on CST Studio Suite. As can be seen,

the striped structure of Figure 1 (b) presents a slightly better

performance in comparison with the metalmesh of Figure 1

(a). This behaviour was already seen in [9] for electromag-

netic interference shielding. This may be due to small leak-

age currents in the direction perpendicular to the polariza-

tion of the wave in the metalmesh structure.

Figure 3. Reflection and transmission amplitude for mesh

structure (solid lines) and stripe structure (dashed lines), un-

der y-polarized wave incidence at 6.5 GHz (p = s+w and

τ = s
s+w ).



2.3 Design Procedure

The unit-cell, shown in Figure 4, has an area of 23 ×
23 mm2 (λ0/2× λ0/2 at 6.5 GHz, where λ0 is the wave-

length in free space). To allow optical transparency a 2 mm

thick PET substrate was used. The radiating element con-

sists of a silver (σ = 6.3×107 S/m) metalmesh rectangular

patch antenna, with a L = 7.5 mm and W = 11 mm, on

top of the substrate and a silver stripe layer at the bottom.

As the polarization of the unit cell is linear, along the y-

direction, the current flow in the ground plane is mainly

along that direction [5], so stripes are employed in the bot-

tom layer to enhance transparency.
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Figure 4. Geometry of the proposed RIS unit-cell.

This unit-cell employs concepts that were developed for

frequency agile antennas. It operates by electronically mod-

ifying the resonant frequency and, in turn, the reflected

phase of a patch using a varactor diode, that serially con-

nects the two halves of the patch. The MGV-100-20 gallium

arsenide (GaAs) varactor diode was chosen for the unit-cell

design, and a gap of g = 0.5 mm was used for it. To un-

derstand how the linewidth (w) affects the radiation prop-

erties of this transparent antenna, keeping the optical trans-

parency (τ = 0.95), two cases were considered: w = 25 μm

with s = 0.475 mm and w = 12.5 μm with s = 0.2375 mm.

The theoretic sheet resistance is approximately 0.3 Ω/sq.

It should be noted that the number of lines on the bottom

layer and of squares of the patch were adjusted to maintain

a constant optical transparency.

2.4 Simulation of the unit-cell

The simulation of the unit-cell was carried out using the

Frequency Solver of CST Studio Suite, with unit-cell

boundary conditions on the lateral faces of the unit-cell.

The boundary conditions impose a Floquet port excitation

under linear polarization and normal incidence. The incor-

poration of a varactor diode into the unit-cell on the simula-

tor was achieved by using a lumped element with its corre-

sponding equivalent circuit, an RLC series, with R = 0.7 Ω,

L = 0.4 nH and C = 0.12 - 1.8 pF. The capacitor value was

varied within this range, which correlated to the applied

bias (the capacitance decreases as the controlling voltage

increases). Figure 5 depicts the phase of the reflection co-

efficient obtained by simulation of a non-transparent ver-

sion unit-cell for reference, as a function of the capacitance

(the top and bottom layers were replaced with a continuos

silver film). The four coding states indicated in Figure 5

(s1, s2, s3, s4), are separated by 90◦ between them, and cor-

respond to capacitances of 0.12 pF, 0.215 pF, 0.27 pF and

0.52 pF.

Figure 5. Reflection phase of the non-transparent unit-cell

as a function of the capacitance of the varactor diode.

Figures 6 (a) and (b) depict the reflection coefficient’s mag-

nitude and phase, respectively, for the four states, obtained

by simulation in the frequency band studied and for the

three cases under study. The grey shadowed areas repre-

sent the operational frequency range of the RIS element,

which spans from 6.23 to 6.8 GHz (maximum phase de-

viation of 45◦, for the non-transparent version and for the

w = 0.125 μm). As demonstrated in Figure 5, the adjacent

phase states exhibit a phase difference of approximately 90◦
in the vicinity of 6.5 GHz.

For the transparent unit-cells, the reflection amplitudes ex-

hibit levels greater than -3 dB, allowing for phase modula-

tion with minimal loss. Theoretical OT of the top layer was

calculated as approximately 96%, and 95% for the bottom

layer (approximately 5% more than would be achieved with

a metalmesh). Therefore, the estimated light transmittance,

Tr, of the RIS element is about 79%, which is similar to the

results obtained in [5]. Furthermore, this result represents a

30% improvement over the design presented in their earlier

work [10].

(a) (b)

Figure 6. (a) Magnitude and (b) phase of the three

unit-cells reflection coefficient for the four states (non-

transparent in solid line, w = 0.25 μm in dashed line and

w = 0.125 μm in doted line).

3 Metalmesh-based RIS

The presented 2-bit optically transparent unit-cells based on

a metalmesh can be used to implement a linearly-polarized

beam-steering RIS for diverse scan angles. The far-field

pattern scattered by the RIS can be calculated by the super-

position of the scattering wave from each cell as [11]:



f (θ ,ϕ) =
M

∑
m=1

N

∑
n=1

|Γmn|e− j[Φmn+kd sinθ(mcosϕ+nsinϕ)], (6)

where |Γmn| and Φmn are the magnitude and phase of the

reflection coefficient of the unit cell located at position [m,

n], k is the wavenumber in free space, d is the period of the

RIS and θ and ϕ are the elevation and azimuth angles in a

spherical coordinate system.

A simulation was conducted on CST Studio Suite to

demonstrate the beam steering ability of the proposed opti-

cally transparent RIS using a 16× 16 elements array, with

w = 0.125 μm. As depicted in Figure 7, the simulation

yielded far-field scattering patterns for four different steer-

ing angles, according to the phase profile imposed in the

RIS, namely θ = 10◦, 20◦, 30◦, and 40◦. The theoretical re-

sults, obtained through equation 6, agree well, as expected.

(a) (b)

Figure 7. (a) Normalized scattering patterns for different

steering angles (b) The different phase distributions used.

4 Conclusion

A transparent unit-cell for reflective intelligent surfaces was

proposed for Wi-Fi 6E applications. The unit-cell con-

sists of an optically transparent PET substrate, a metalmesh

patch with a varactor diode, and a stripe ground plane. The

unit-cell can change the reflected phase over 290◦, allowing

for four different states of reflected phase and the imple-

mentation of a 2-bit RIS. The proposed unit-cell was used

to design a transparent RIS consisting of 16×16 elements,

which was illuminated by a plane-wave, and the full-wave

simulation patterns were observed for 10◦, 20◦, 30◦ and

40◦, consistent to theoretical predictions. The metalmesh-

based RIS that has been proposed shows great potential for

use in scenarios involving RIS-assisted wireless networks

that require optical transparency (for example, in build-

ing windows or above solar panels, allowing light to pass

through without affecting their efficiency).
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