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Abstract—Addressing the need for efficient channel control
in 6G networks, we introduce a novel 3-bit reflective intelligent
surface (RIS) concept. It is compatible with low-cost FR4 printed
circuit board technology and operates at the 7.125-8.4 GHz FR3
band. The core innovation proposed here is the use of internal
reflections between a polarization rotator and a filter, which
successfully enhances the phase shift up to 307°. The method
allows an efficient unit cell design maintaining a high reflection
coefficient above -0.9dB. The final RIS panel demonstrates
reliable beam steering up to 50°. It shows a minimal performance
degradation, with a maximum amplitude difference below -1.1 dB
relative to the theoretical scan loss.

Index Terms—6G, beam scanning, FR3 band, metasurfaces,
polarization rotation, RIS

I. INTRODUCTION

The sixth generation (6G) of wireless technology aims to
create intelligent, interconnected networks with ubiquitous
connectivity [1]. This objective drives a future where data
traffic is expected to exceed the capacity of current 5G systems
[2]. To meet the demands for data rate (up to 1,000 Gbps), low
latency and efficiency, RIS offer a groundbreaking solution. It
fundamentally changes the wireless channel from a random,
statistical medium into a controllable, deterministic one. By
creating a direct, non-line-of-sight (NLOS) communication
path that bypasses blockages, RIS ensures enhanced signal
transmission and provides a highly compatible and scalable
technology for existing infrastructure [1]. This technology is
vital for utilizing the proposed FR3 band (7 — 24 GHz), which
offers better throughput than sub-6 GHz and superior coverage
compared to millimeter-wave bands [3].

The main purpose of an RIS is to deflect an incoming
beam to a desired direction by adapting the correct phase
profile on its surface calculated by generalized Snell’s law
[4]. A fixed beam RIS can be designed by using passive
unit cells that rely on the geometry and dimensions of the
copper-etched pattern to achieve a phase gradient surface [5],
[6]. Although these passive cells can achieve high reflection
coefficients with a phase range exceeding 340° [7], they
also rely on resonance frequency. Consequently, the phase
shift rapidly slopes downward or upward, making the phase
response not fully linear across a large fractional bandwidth.
A stable slope is crucial to achieve the desired beam deflection
angle throughout the desired band. While unit cells based on
meander lines offer a potential solution [8], they are sensitive
to variations in both line length and spacing.

k
5 L Eoe

Filter
k3 - ﬂi .
" @Ee” el20
2 IECN k-4
PRS
(b)

E
15y

Fig. 1. (a) RIS panel configured for a 30° deflection. (b) Step-by-step
visualization of the phase doubling concept using reflections. The flow (solid
cyan line) shows the wave undergoing five steps, where additional phase ¢
is accumulated via reflections. PRS: Polarization rotating surface. k: wave
vector. E: Electric field

Therefore, to achieve low loss design while providing also a
linear phase range, here we propose a novel concept, illustrated
in Fig.1, which combines a polarization rotation unit cell
and reflections from a polarization selective filter. In [9], [10]
unit cells that combines filters and polarization rotations have
been presented, but their application is limited to polarization
control and does not extend to beam deflection through the
phase adjustment. There are also researches on the usage of
polarization-rotation unit cells in reflectarray antennas [11],
[12]. However, these designs usually do not incorporate a
filter concept. Instead, they manipulate the reflection phase
by changing the orientation of the cells giving either 0° or
180° of phase. This provides a 1-bit solution which has lower
resolution for the phase profile than using 3-bits.

The RIS, in this paper (Fig. 1), is designed to achieve 3-
bit resolution and low loss performance using standard FR4
substrate. By utilizing FR4, we demonstrate a cost-effective
and scalable design suitable for mass production. Instead of
the conventional method of changing the orientation of the po-
larization rotation elements, we use a copper etching technique
to achieve a continuous phase shift. Leveraging polarization



effects with an additional filter, allows the polarization rotator
to operate with only half of the required phase range as
depicted in Fig. 1. Benefiting from the reflections doubles
the overall phase shift capacity aiming up to 315° in the
low-FR3 band between 7.125 and 8.4 GHz [3]. Through this
method, it is expected to achieve a more linear multi-bit phase
response across a wide bandwidth while maintaining a high
reflection amplitude. Therefore our novel concept provides an
efficient RIS that is expected to be both cost-effective and
high-performing despite lossy dielectric materials.

The paper is organized as follows. SectionIl introduces
the concept and the proposed unit cell. It analysis in detail
each component of the structure and their effects in the
performance. SectionIlIl details the 3-bit RIS panel design,
including its performance across the desired band and under
various beam deflection angles. Finally, the paper concludes
and discusses the future perspectives in SectionIV.

II. RIS CONCEPT AND UNIT CELL DESIGN
A. Concept

RIS is composed of two main parts: a reflective polarization
rotating surface (PRS) and a filter as depicted in Fig. 1(b). The
core principle exploits the transmission of one polarization
state and inter-reflections of the cross polarization state be-
tween PRS and the filter. This causes the wave to pass through
the polarization rotation cells twice, thus doubles the reachable
phase range. The phenomenon is illustrated in Fig. 1(b). A
linearly polarized wave penetrates through the filter (step 1),
then it interacts with a reflective polarization rotation surface
(step 2). Each unit cell constructing the surface, changes the
polarization to a cross polarized state and adds an additional
phase value. Then, the wave front moving towards the filter
bounces back (step 3) and re-interacts with unit cells (step
4). This converts it back to the initial polarization state and
adds another phase value. Finally, the wave exits the filter
with double the amount of phase value that a unit cell could
provide (step 5). By leveraging this effect, polarization rotation
unit cell only has to be designed to provide half of the total
required phase range. This approach is expected to increase the
linearity of the phase values and the overall efficiency of the
unit cell, as the structure would rely less on deep resonances
to achieve the full phase range.

B. Unit cell design

The performance of a split ring polarization rotator with
a filter in [9] has already been demonstrated to achieve a
high efficiency. In our work, we inspire from that idea and
combine the phase shifting and polarization rotation on the
same structure. The proposed unit cell design shown in Fig.2
is composed of four layers: A metal strip on the top layer
for filtering, underneath a 45° tilted split ring polarization
rotator, beneath a ring resonator to improve the accuracy of
phase and at the bottom layer a ground plane for reflection.
The latter three layers constructing the main assembly, utilizes
FR4 (¢, = 4.3, tand = 0.01) as the dielectric substrate. The
filter layer though is separated by air. The period is A/3.85 at
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Fig. 2. (a) Unit cell. (b) Polarization rotator(PR) and ring resonator (RR) from
top view. GND: ground. Period (P): 10 mm, filter width (W): 6.5 mm, edge
clearance: ¢: 0.5 mm, substrate heights (h1,2): 1.5 mm, 1.25 mm respectively,
air gap h3: 0.5mm, split gap size (I): varying, PR radius (R): 4.5 mm,
RR radius (R’): 1.7 mm. Copper trace width (w’): 250 um. FR4 substrates
(green), copper (yellow)
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Fig. 3. Phase and amplitude of the polarization rotator for the cross
polarization state at different values of [. The desired band is highlighted
with gray rectangle. Substrate height: 3.2 mm
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Fig. 4. Phase comparison of the 3-bit states for design including a filter (solid
and dotted lines), and the design without filter (dashed lines). Both excited in
TM mode. Small and large phase ranges are for unit cells (UC) without and
with the filter respectively. 2* indicates the phase values multiplied by two.
Each state is defined by a split gap size [ shown in table I and the increasing
order is shown by an arrow. Substrate height: 3.2 mm

7.8 GHz. We maintained an edge clearance of ¢ = 0.5 mm to
prevent coupling between adjacent cells. Note that to increase
the benefit derived from the inductance, we extended the split
ring toward the edges of the unit cell, resulting in a more
diamond-like shape.

To separate the effect of the polarization rotator, we begin
our unit cell analysis by excluding both the filter and the ring
resonator from the design. All simulations in this section are



TABLE I
3-BIT CONFIGURATIONS OF FILTER INTEGRATED UNIT CELLS AT 7.8 GHZ

Bit state 0 1 2 3 4 5 6 7
¢ 0 45 90 135 180 225 270 315
[ (mm) 1 2 34 43 5 56 64 82
without RR
[ (mm) 1 27 4 4.8
with RR

535 58 65 82

performed using a frequency domain solver with Floquet mode
excitation under periodic boundary conditions. By varying
the size of the split (I in Fig.2(b)), both the line inductance
and the capacitance formed across the split are reduced. This
reduction collectively shifts the resonance frequency toward
higher values, thereby adjusting the cross polarization phase
as shown in Fig.3. The results demonstrate a linear phase
response across a wide frequency range.

The drawback of adjusting the ! parameter is a significant
loss of polarization rotation efficiency within the desired band.
As depicted in Fig. 3, | S11 | remains above —2 dB in the desired
band, if [ is smaller than 6 mm. This limit, yields only 100° of
phase shift which is not enough for 3-bit resolution. However,
integrating the filter improves substantially the |S7;| which
allows the expansion of the [ range, hence the phase range.
Figure4 demonstrates that 303° of phase shift is achieved
with each line representing one of the eight states of the 3-bit
resolution. TableI presents these bit states, their ideal phase
values (¢), and the corresponding [ dimensions that achieve the
closest phase approximation at 7.8 GHz. We currently focus on
the design without the ring resonator. As depicted in Fig. 5,
it exhibits for each bit state an |Si;| above —0.9dB in the
desired band.

We now compare in Fig. 4 the phase shift performance using
the same ! dimensions in the TableI for the versions with
and without the filter. The objective is to determine if the
filter doubles the phase range. The version without the filter
reaches 186° of phase shift. However, for the design with filter
the maximum shift is 303° and not 372°. This indicates that
the filter interaction with the polarization rotator cannot be
neglected.

To confirm the phase doubling, we therefore focus only on
the unit cell with the filter, by comparing its cross-polarization
phase values, with the initial co-polarization phase. The result
coincides perfectly with the total measured phase by taking
twice the cross-polarization phase and adding 10° of offset.
The offset is related to the gap between the filter and the po-
larization rotator. This demonstrates that the unit cell achieves
exactly twice the phase shift provided by the polarization
rotator while maintaining a high |S11| above —1dB for the
incident polarization and |S11| below —10dB for the cross
polarization.

Despite optimization efforts, the phase interval between bit
states 0 and 1 exhibits significant deviation from the ideal
45° target, resulting in an error exceeding £15°. To enhance
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Fig. 5. Amplitude comparison of the 3-bit states for two different unit cell
designs, both excited in TM mode: Design including a filter (solid lines), and
the design including a filter, and a ring resonator (dotted lines). Substrate
height: 2.75mm and 3.2 mm for designs with and without RR respectively.
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Fig. 6. Phase comparison of the design with and without the ring resonator
for 3 bit states. Each state is defined by a split gap size ! shown in table I
and the increasing order is shown by an arrow. Substrate height: 2.75 mm and
3.2mm for designs with and without RR respectively.

the phase linearity and minimize this error, we integrate a
ring resonator at a fixed radius of 1.7mm between the po-
larization rotator and the ground plane. The resonator creates
an additional resonance outside of the desired band allowing
to adjust the slope of the phase curves. This modification
reduces the deviation mostly in the range of +15° up to 20°
between all bit states throughout the entire band and increases
the phase range up to 307° at 7.8 GHz as shown in Figure 6.
The final design is described in Fig. 2(a) with overall substrate
height reduced down to 2.75 mm and ! dimensions depicted in
Tablel. To further minimize the error, one could parametrize
the radius R’. However, this would complicate the structure
and is therefore beyond the scope of this paper. Figure 5 shows
that all bit states have |S;1| above —0.9dB. Therefore, we
proceed with a unit cell shown in Fig2(a) with bit states
defined in table I to construct the RIS panel.

III. RIS PANEL DESIGN

In this section, to validate the concept, the RIS panel is
designed for one-dimensional (1D) beam scanning. As shown
in Fig. 1(a), the RIS is constructed using repeated supercells
which are a block of unit cells exhibiting a discretized linear
phase profile for a specific deflection angle following the



TABLE 11
SUPERCELL PHASE PROFILES AND CORRESPONDING BIT STATES FOR
MULTIPLE DEFLECTION ANGLES AT 7.8 GHZ

10°®(°) 016 33 49 65 81 98 115 131 147 164 180 196
213 229 245 262 278 295 311 327 344

10° bits 0001122233444
555667770

20° &(°) 033 65 98 131 164 196 229 262 295 327

20° bits 00123445677

30° ®(°) 0 45 90 135 180 225 270 315

30° bits 01234567

40° ®(°) 0 60 120 180 240 300

40° bits 013467

50° ®(°) 072 144 216 288

50° bits 02457

generalized Snell’s law [4]. The required phase profile is
mapped onto the available bit states in the Table 1. Table II
summarizes on the right column the discretized phase profile
(®) with rounded values and corresponding bit states for the
10°, 20°, 30°, 40° and 50° deflection angles which are on the
left column. Due to the decrease in discretization resolution
for deflection angles above 30°, bit selection is optimized
to minimize the grating lobes. Each RIS panel is formed
by repeating supercells in this table and has 300 x 300 mm
dimensions as shown in Fig. 1(a).

Simulations are realized with an FDTD solver of EMPIRE
software under TM mode excitation. Across the entire desired
band, RIS panel consistently provides a main lobe at the target
angle. However, for visual clarity, a single deflection angle
(30°) is chosen to demonstrate the bandwidth coverage and a
single frequency (7.8 GHz) is selected to illustrate the beam
scanning performance. Changing the orientation of the filter
would provide the same results for the TE mode.

Figure 7 compares the deflection performance across the
7.1 — 8.4GHz range for a fixed deflection angle of 30°.
We observe that the main lobe gain remains above 15.5dB
and is closely aligned with the desired angle, showing only
small angular shifts due to wavelength variation across the
band. Furthermore, the achieved side lobe levels (SLL) is
below —12dB. These results demonstrate that the RIS design
provides adequate performance and stability throughout the
entire operational bandwidth. Note that for larger deflection
angles, grating lobes remain above —10dB, up to —7.5dB
towards the extremities of the band. This is because of the
discretization resolution of the phase profile and can be solved
by reducing the periodicity of the unit cell.

Figure 8 compares the beam scanning performance of the
RIS against a reference copper metallic plate of the same
surface area. The main lobes closely follow the theoretical
scan loss curve, exhibiting a maximum difference of —1.1 dB.
This confirms the high efficiency of the structure and its ability
to support beam deflection up to 50°.
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Fig. 7. Radiation pattern at different frequencies of RIS designed for 30°
deflection angle.
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Fig. 8. Beam scanning at 7.8 GHz for different deflection angles. Scan loss
(solid cyan line) calculated with respect a copper plate having the same surface
as RIS.

IV. CONCLUSION AND PERSPECTIVES

In this work, we presented a novel 3-bit RIS panel design
that integrates polarization rotation and a filter to achieve
enhanced linear phase range and efficiency via internal re-
flections. The unit cell exhibits high efficiency with |Si1]
above —0.9dB and a wide operational range across the entire
7.1 — 8.4GHz band, while maintaining a significant phase
shift capability up to 307° at the central frequency. These
combined properties successfully demonstrate a RIS panel
achieving an excellent agreement with the theoretical scan
loss up to 50° of beam deflection with a maximum 1.1 dB of
difference. Despite lossy FR4 substrate and copper materials,
it achieves a stable and high-performance operation across the
entire band. Therefore, our novel concept, offers a promising
and cost-effective solution for high-efficiency, wideband beam
deflection in the FR3 band, positioning it as a strong candidate
for future 6G applications. Upcoming research will target the
implementation of this same concept based on unit cells with
active components to achieve real-time reconfigurability.
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