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Abstract: With the continuous advancement of technology, there is an increasing need for innovative
solutions that can handle complex applications such as haptic communications, Internet of Things for
smart cities, automation, and manufacturing. One technology that has received much attention is the
phase reconfigurable metasurface for reconfigurable intelligent surfaces (RISs). The RIS demands low-
power consumption, simple configuration, angular stability, and polarization insensitivity. The use of
phase reconfigurable metasurfaces provides benefits such as low cost, low power consumption, and
improved communication coverage and quality. This article introduces a reconfigurable combined-
loop metasurface that can effectively manipulate phase reflection. This is achieved by incorporating
four PIN diodes between two meta-atoms of a 2 x 2 periodic array within a single-layer metallic
structure. By controlling the state of the PIN diodes, which can be switched into 16 different states,
the metasurface can achieve various phase reflections. The proposed structure has validated a
32 x 32 metasurface through numerical simulations and experiments that exhibit promising results,
demonstrating its potential for use in 6G applications.

Keywords: metasurface; 6G communication; reflecting intelligent surface; phase reconfigurable
metasurface; reflecting surface

1. Introduction

Over the past few years, there has been a significant increase in the demand for high-
speed and reliable wireless communication. This demand has been driven by the growth
of Internet of Things networks and technological advancements such as 5G and beyond [1].
Researchers and engineers are working hard to develop new technologies that can enhance
the capacity and coverage of wireless networks in response to this growing demand. One
of the most promising emerging technologies in wireless communications research is the
reflecting intelligent surface (RIS). Also known as a software-controlled metasurface, the
RIS has been identified as a solution for achieving intelligence in wireless channel and
propagation environments in 5G and 6G communication systems [2].

The RIS is a passive array of electromagnetic elements that can reconfigure wire-
less propagation by intelligently reflecting signals and controlling the reflected waves’
phase, amplitude, and polarization. These surfaces can effectively manipulate the wire-
less propagation environment, enhancing signal quality and coverage. The RIS is created
by integrating intelligent materials into conventional objects such as walls or windows,
allowing them to control and manipulate transmitted signals. An RIS is a two-dimensional
surface with many sub-wavelength elements that can be electronically controlled to reflect,
refract, or manipulate [3,4]. The basic architecture of an RIS is shown in Figure 1.

There are several adequate works on RIS-related secure communication [5-7], reducing
power consumption [8] using optimization methods and simulations. Most studies in
literature concentrate on the theoretical side of an RIS and its simulation. However, there
has yet to be much progress made in RIS design or hardware fabrication up until now.
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The literature section of this paper will comprehensively explain both transmissive and
reflective forms of an RIS to realize the constraints of RIS hardware design.
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Figure 1. Architecture of RIS.

In early RIS designs, the authors developed generalized sheet transition requirements
for the average electromagnetic fields throughout a meta-film [9]. They computed the meta-
films” transmission and reflection coefficients. A “smart” and/or “controllable” surface was
achieved by manipulating the scatters’ polarization densities within the meta film. Utilizing
spherical magneto-dielectric particles, a controlled surface was obtained. The tunability
of spherical magneto-dielectric particles may be limited, especially in specific frequency
ranges, which can restrict their effectiveness in dynamically controlling surface waves and
electromagnetic fields over a broad spectrum. The size of spherical magneto-dielectric
particles may impose constraints on their applicability in specific applications, especially
those requiring miniaturization and integration into compact devices or systems.

A “Digital metamaterial” that uses “coding metamaterial” was propped in [10], which
is made up of two-unit cells with a 0 and 7 phase response. Phases 0 and 7 can be
arranged sequentially to produce different functionalities. The authors eventually came up
with “programmable metamaterial’. Implementing coding schemes within metamaterial
structures may pose challenges in practical implementation and integration with existing
communication protocols and standards, potentially limiting their seamless incorporation
into commercial communication networks. So, a technique called a hybridized resonator
was introduced, and the authors of [11] suggested a binary state controllable phase reflector.
This technique is robust and produces fluctuations caused by an adjustable mechanism. The
control mechanism can be implemented by adding electronic components to the surface.
Varactor diodes are a unique type of diode that can change capacitance in response to
voltage changes. Adjusting the unit cell’s capacitance can modify the impedance and, as a
result, control the reflected waves.

This proposed work focuses on the structure that supports multi-features to develop a
reflecting intelligent surface physical layer design. The prime contribution is the choice of a
structure and its integration to achieve the following:

v Single-layer phase reconfigurable reflecting metasurface structure to address the de-
sign complexity;

v" Good angular stability and polarization sensitivity to address the minimum coverage
issue from existing RIS systems;

v Phase reconfiguration through an active device maintains the ideal phase difference
between the unit cells.
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Literature Survey

The authors of [12] modified the electromagnetic characteristics of a metal ground
plane by applying a periodic surface texture. It was possible to create a tunable impedance
surface where the bias voltage regulates the reflection phase and the resonant frequency by
including varactor diodes into the texture. It was possible to adjust the surface to produce
a phase gradient that could guide a reflected beam by +/— 40°. The authors proposed a
varactor diode-based RIS in the sub-6 GHz frequency range [13]. The suggested design
operated at a frequency of 3.5 GHz. The cells that made up the construction had 2430 units.
The reflected beam was rearranged with the use of a varactor diode. Another varactor
diode-based RIS was suggested in [14] and contains 1100 controlled elements operating at
5.8 GHz. They proposed a practical approach for customizing the RIS over the air. A power
boost of 27 dB was noted in the short-distance measuring scenario. The authors assessed
the RIS’s performance over a 500 m outdoor long-distance course. The RIS performed well
in the outside measuring setting as well. A varactor diode with a split ring was considered
in [15]. With the suggested unit cell, a phase shift 277° at 24.5 GHz and a minimum
reflection amplitude of 0.5 were attained. A varactor diode-based RIS was proposed in [16].
This model was tailored for the RIS-assisted Ambient Backscatter Communication system,
and the suggested RIS considerably increased the system performance. Even though the
performance varactor-based RIS is better, it consumes a high degree of power during the
control and modulation processes, contributing to less energy efficiency and low battery
life for wireless devices and systems.

The other controlling device, a PIN diode, was considered to design RIS. PIN diodes
offer the advantage of low loss, high durability, compact size, improved energy efficiency
with longer battery life, and low power consumption. PIN diodes were utilized to build an
electrically reconfigurable reflect array, as per the authors’ proposal in [17], which involved
massive electronically reconfigurable microstrip patches. Then, in [18], a 2-bit low-cost,
high-gain RIS was suggested. The suggested structure gained 21.7 dBi at 2.3 GHz and
19.1 dBi at 28.5 GHz. The authors provided the phase and magnitude response of the RIS
for four-element combinations. The authors of [19] described an RIS based on mm-Wave
PIN diodes. After carefully examining the PIN-based metasurface, the authors acquired a
broad bandwidth near the 28 GHz frequency range. After that, the authors created the unit
cell and confirmed its features.

In [20], the authors proposed a PIN diode-based RIS working at 5.8 GHz. Computer
vision was utilized to aid the RIS-based beam tracking. A camera was used to obtain visual
information about the surrounding environment of the RIS, and the data captured by the
camera was used to reflect the beam in the desired direction. The suggested antenna was
tested in close field and far file settings. In [21], a novel kind of 2-bit unit cell was put
forward. Realizing an RIS with this design was relatively easy. In [22], a brand-new RIS
type operating at 5.8 GHz was proposed. A 16 x 10 element array was considered to
obtain the RIS after a basic patch, and a PIN diode was added to the unit cell. The unit cell
had a parasitic patch on its 1-bit working mechanism. The authors numerically analyzed
the performance of the unit cell. The magnitude of the reflection was negligible between
the two states, and the phase difference between the two states was 180°. A 64-element,
2-bit high-accuracy RIS was proposed in [23], where FPGA could control each element
individually. Each unit cell had two PIN diodes, and an FPGA could control each PIN
diode. The proposed RIS could be deflected up to 30°. In [24], a 1-bit RIS was proposed to
aid wireless communications to overcome path loss and shadowing. In [25], the authors
proposed an improved path-loss model suitable for RIS-aided wireless communications.

According to the literature survey, overcoming issues like high power consumption,
complex configuration, angular instability, and polarization insensitivity is vital. The
significance of RIS design is as follows:

v For practical activities, that the RIS should use the least amount of power is essential;
v' To reduce design complexity, the RIS should be configured;
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v RIS can take all incoming waves regardless of their polarizations, and the RIS should
handle angles of incidence. The maximum suggested RISs are sensitive to the angle of
incidence and are not polarization independent.

Hence, designing RIS gives an enormous scope for this research. Maintaining the ideal
phase difference between the unit cells is vital for RIS design. On the other hand, minute
manufacturing flaws can drastically alter the phase difference. Therefore, multifunctional
features of RIS are expected for wireless communications.

2. Design Flow of the Proposed Structure
2.1. Fundamental Architecture of Proposed Unit Cell

The Metasurface structure is divided into three layers: top, middle, and bottom
(Figure 2). Each layer affects the frequency response differently.

= » Boundary Region

= =» Substrate (Middle layer)
= » Metal layer (top layer)

Figure 2. Structure of unit meta-atom.

The top layer of the electromagnetic device consists of conducting elements arranged
in a specific manner to achieve the desired frequency response. The proposed design
structures employ square loop metasurface because of their high level of customize ability
to adjust the geometry of the loops to meet our specific design requirements. Further, it is
integrated with an octagonal loop metasurface to reduce coupling between neighboring
elements and significantly enhance the metasurface’s overall performance. This integrated
loop structure ensured that the electromagnetic waves reflected from the source were
polarized in a specific direction, considerably reducing signal degradation, and improving
overall quality. Also, using a tripole metasurface with diodes in the integrated loop helps
to adjust the phases of the waves, precisely steering them towards the intended receiver,
even in the presence of obstacles or interference.

In this structure, copper (Cu) is the preferred metal layer due to its high conductivity
and low cost. The middle layer acts as a substrate that controls the propagation of the
electromagnetic (EM) wave. It separates the top and bottom layers, and the substrate
selection is crucial for the metasurface’s proper functioning. The relative permittivity (e,)
and thickness (t) are the parameters that affect the frequency response of the substrates.
For high-frequency applications, materials with lower relative permittivity are preferred.
Rogers RT/Duroid 5880, with an ¢, value of 2.2, is the substrate selected for this device. The
bottom layer acts as a conductive plane at the back of the electromagnetic device. However,
no conductive plane is assigned during the radar cross-section simulation of the unit cell.
In the complete architecture design of RIS, a conductive plane is placed at the back to block
the transmitted wave and provide effective total reflection. Figure 3 shows the structure of
the meta-atom, and Table 1 shows the meta-atom parameters and values.
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Figure 3. Combine loop meta-atom with tripole.

Table 1. Parameters of meta-atom.

Parameter L1 L2 ' L3 t
Dimensions (mm) 4.5 4.3 0.3 1.075 0.508

2.2. Reconfigurable Metasurface

Researchers have explored using metasurfaces and metamaterials to achieve phase
modulation and reconfigurability in phase-reconfigurable systems. In a study conducted
by [26], a phase reconfigurable metasurface was designed using PIN diodes to dynamically
control the phase of electromagnetic waves. The literature survey also reveals that PIN
diodes are widely used in phase reconfigurable metasurface. Placing diodes within the
metasurface is crucial to achieve the desired functionality and manipulating the current
distribution. The desired current distribution can be determined by the functionality that
needs to be achieved. Positioning the diodes strategically along the metasurface allows
for the current flow to be manipulated, resulting in pattern reconfigurability. It allows for
the control of the beam, depending on the ON/OFF state of each pin diode. Placing pin
diodes in a metasurface allows for the equivalent length of slots to be adjusted, altering the
current distribution within the structure. This can be achieved by strategically placing the
pin diodes in specific locations along the metasurface, rearranging the current distribution
and enabling the desired pattern reconfigurability due to the current distribution of a single
element (Figure 4), trying to place the PIN diode on the right edge of the unit cell. That
leads to an electrical length change and gives frequency reconfiguration. So, to maintain
the electrical length and alter the current flow, instead of using a PIN diode in the meta-
atom, it is connected with the metasurface using PIN diodes with the reference of the
current distribution.

The current distribution of the proposed work shown in Figure 4 helps to adopt the
diodes between the two elements. The placement of the diode is based on the high current
flow in the metasurface. Therefore, the D1 is placed between the top edges of the first-
and second-unit cells due to the high current flow at the top edge of the first-unit cell.
Likewise, all the diodes are placed according to the symmetric current distribution of the
proposed work shown in Figure 5. Four diodes (D1, D2, D3, D4) are used at the high
current distribution of the 2 x 2 metasurface. The diodes between the two elements of the
metasurface are shown in Figure 5.
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Figure 5. Reconfigurable of 2 x 2 metasurface with PIN diode equivalent circuit.

2.3. Switch Controller

The ability to control the switching condition of a PIN diode using an Arduino has been
made possible with a microcontroller-controlled embedded biasing network. As detailed
in [27], this circuit design eliminates the need for a DC power supply and various lumped
components, reducing the setup’s overall cost, weight, and complexity. The microcontroller,
such as the ATMEGA 2560, controls the PIN diode switching [28]. It generates the necessary
control voltage to bias the PIN diode, which controls its RF switching state. The essential
advantage of this approach is that the microcontroller can toggle the control voltage
between “ON” and “OFF” states with precision and programmability. This feature provides
flexibility in controlling the timing of the PIN diode switching, allowing for customization
based on specific application requirements.

Furthermore, an Arduino board offers a user-friendly and accessible platform for
programming and controlling the PIN diode. Additionally, the Arduino programming
language simplifies the implementation of the control logic. Overall, the use of an Arduino
and a microcontroller-controlled embedded biasing network provides an effective and
efficient method for controlling the switching condition of PIN diodes. In this work, the
PIN diode is governed by the controller, and their states can be controlled by a keypad
through a level shifter to control the forward voltage of the PIN diode, as depicted in the
block diagram in Figure 6.
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Figure 6. Block diagram of switch controller.

3. Performance Simulation

The 7 GHz to 24 GHz frequency range can support wide-area coverage and high
capacity, especially with the new technological advances of 6G. For supporting wide-area
use cases, X-band (8-12 GHz) and Ku-band (12-18 GHz) are globally discussed [29,30].
Hence, this proposed work’s frequency covers the Ku-band with an operating center
frequency of 15.4 GHz.

The architecture of an RIS consists of multiple layers, each with a specific purpose
of enhancing communication performance. The first layer of the RIS architecture com-
prises passive reflecting elements, while the second layer comprises copper plates placed
below the passive reflecting elements. The third and final layer is the intelligent control
module, which is responsible for controlling and optimizing the performance of the entire
RIS system.

3.1. First Layer

The first layer contains an array of elements with low cost and operates as reflecting
surfaces for radio signals. They are designed to efficiently reflect and redirect signals in the
desired directions, enhancing signal strength and coverage for wireless environments.

3.1.1. Investigation of Unit Cell

Metasurfaces possess several key characteristics that make them highly suitable for ma-
nipulating electromagnetic waves. The emergence of metasurface technology has opened
up new opportunities in various applications by allowing for the precise manipulation of
electromagnetic waves in multiple dimensions. Furthermore, metasurfaces can be designed
to exhibit unique phenomena that are not typically observed in conventional materials.
For instance, metasurfaces can enable negative-angle refraction, where light is bent in
a direction opposite to that predicted by Snell’s law. Due to their unique metasurface
characteristics, an analysis of the effective medium theory is essential. However, in (1-3),
the retrieval process for the effective medium parameters [31] is presented.

)L(l —So91 + 511)

~ 1
Hr jﬂd(l + Sy1 — 511) ( )
AS
er & i+ @)
| A ) (Sa— 1)> — Sy4 3
M~ 5 5 3)
Jma | (So1+1)° — Sy

Figure 7a—c illustrate the effective permeability (u.), permittivity (e,), and refractive
index (1,). In the effective medium, negative peaks occur at an operating frequency
(15.4 GHz) with substrate t and wavelength A thickness. Figure 7a—c display that the
permittivity, permeability, and refractive index curve deliver negative real and imaginary
values at 15.4 GHz. So, the design is a metasurface and confirms that the proposed system
satisfies the left-handed behavior.
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Figure 7. Metasurface analysis with effective medium: (a) effective permeability; (b) effective
permittivity; (c) effective refractive index.

Metasurface angular stability analysis studies how metasurfaces function when sub-
jected to different angles of incidence or viewing. This analysis is crucial in determining
the effectiveness of metasurfaces in manipulating electromagnetic waves. It ensures the
consistent and reliable performance of metasurfaces regardless of the angle at which they
are viewed or interacted. The proper selection of the structure helps to reduce variations in
resonance frequency. The angle mean deviation (AMD) [32] can be used to calculate the
frequency deviation, and it can determine the angular stability for TE and TM modes of
operation under varying incidence angles using (4).

normal __ O

Ofus = 2" r I« 100% 4)

i=0 1
n frnormu
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where fgs, fr””m”l , ff i, and n are the deviation in the resonating frequency, the resonating
frequency at a normal incidence angle, the resonating frequency at various incidence angles,
and the number of incidence angles, respectively. Figure 8a,b show the various incident
angle (0° to 85°) curves in the proposed structure’s TE and TM modes. For each incident
signal (0° to 85°) from the source, the proposed structure reflects the signal in the same
frequency with minimum frequency shifting, as shown in Figure 8a,b. With this collected
data, we can identify the frequency deviation. The calculated angle mean deviation (AMD)
depicts the minimum percentage of frequency deviation 0.45% for TE mode and 1.01% for
TM mode.

8 10 12 14 16 18 20 22
Frequency(GHz)

(a)

170 12 14 16 18 20 22
Frequency(GHz)

(b)
Figure 8. Incident angle analysis: (a) TE mode; (b) TM mode.

Metasurfaces are an increasingly important technology for manipulating electromag-
netic waves. One crucial aspect of metasurface design is polarization insensitivity. This
means that the polarization of the incoming wave does not affect the device’s performance.
Polarization sensitivity is a common issue with traditional devices that can reduce effi-
ciency and performance in real-world scenarios where the polarization of the wave is
unknown or uncontrolled. Polarization insensitivity enables the design of devices and
systems that can operate with a wide range of incident polarizations, providing greater
flexibility and adaptability. To achieve polarization insensitivity, the metasurface must
have a stable operating frequency for both polarized incident waves. Figure 9 shows the
Sy1 curve for the meta-atom with different polarizations, following a normal incidence
angle of 65°, considered for angular stability. At various angles, the unit cell has a stable
operating frequency.
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Figure 9. Polarization analysis for the incident angle of 65°.

The proposed system improves polarization insensitivity, with an average maximum
deviation rate of approximately 0.027% for different polarized orientations. This demon-
strates the system’s stability and performance, making it a more versatile and efficient
platform for manipulating electromagnetic waves.

Based on the above analysis, it is evident that the proposed structure satisfies both
angular and polarization stability, making it effective for reconfigurable applications.

3.1.2. Investigation of Reconfigurable Metasurface

Recently, there has been a growing interest in improving signal coverage by developing
hardware solutions. One such solution is a reconfigurable metasurface, which consists of
low—cost passive elements that can be programmed electronically to manipulate the phase
of incoming electromagnetic waves [33]. This technology offers a promising approach
to controlling and shaping the direction of radio waves. The PIN diodes can be used to
implement this scheme with the proposed structure. Instead of using a PIN diode within
the unit cell, the diode can be placed between two elements. Four PIN diodes can be added
to a2 x 2 metasurface to achieve phase reconfigurability. Using PIN diodes ensures that
the resonating frequency remains the same while the phase changes. With the help of the
four diodes, it is possible to achieve 2* combinations of phase shifting.

The PIN diode can be analyzed through its equivalent circuits in both forward- and
reverse-bias states, as shown in Figure 10. A reconfigurable metasurface analysis is per-
formed to investigate the phase changes in the metasurface. The diodes’ simple biasing
circuit is applied with a voltage of >2 V. It has been observed that when the PIN diodes are
in different bias states, there are two configurations of a single switch of the metasurface.
This can be explained as follows: when the diode is forward-biased (RON = 5.2 () and
LON = 0.01 nH), two meta-atoms of the 2 x 2 metasurface become interconnected due to
the slight resistance of the diode and undergo some phase changes. Conversely, when the
diode is reverse-biased (Copr = 0.03 pF and Lopr = 0.01 nH), the small capacitance lowers
the total capacitance of each element, the elements cannot be interconnected, and other
phases are changed.

Figure 11 shows that the frequency band remains constant during the reverse- and
forward-bias of all four diodes in the 2 x 2 metasurface, providing a reflection band
between 11 and 20 GHz. By biasing these four diodes, 16 different phase changes can be
achieved. This can be visualized in Figure 12, and the details of the phase changes can be
found in Table 2.
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Figure 12. Phase changing results for various switching states.

Table 2 reflects the different states of the reconfigurable metasurface. The state where
the diode is in reverse-bias (OFF state) is represented by ‘0’, whereas forward-bias (ON
state) is represented by ‘1’. Combining D1, D2, D3, and D4 allows you to achieve different
phase changes for the resonating frequency of 15 GHz. The maximum phase difference the
proposed metasurface can attain is 10°, and the minimum is 4°. You can also apply the
same switching to a 32 x 32 array of meta-elements to achieve phase reconfigurability. For
this, you can use four diodes for each 2 x 2 array of the 32 x 32 metasurface through the
conductive vias of each element. You can provide different biasing for all the diodes. For
instance, the activation of the first switch in every 2 x 2 array of the 32 x 32 metasurface
can be achieved by the forward biasing of D1. Depending on the incident angle of the
signal, the element is activated and reflects the pattern shown in Figure 13.
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Table 2. Phase reconfigurable metasurface results.
State
Frequency (GHz) Phase Change (In Degrees)
D1 D2 D3 D4
0 0 0 0 15.48 —102
0 0 0 1 15.53 —106
0 0 1 0 15.53 —111
0 0 1 1 15.48 —117
0 1 0 0 14.47 —123
0 1 0 1 15.48 —132
0 1 1 0 15.47 —136
0 1 1 1 15.48 —140
1 0 0 0 15.48 —145
1 0 0 1 15.53 —153
1 0 1 0 15.47 —157
1 0 1 1 15.48 —166
1 1 0 0 15.47 —170
1 1 0 1 15.48 —180
1 1 1 0 15.48 —189
1 1 1 1 15.53 —196

dBv
27.2
224
17.5
12.7
7.82
2.98
-1.87
—-6.72
-128

Figure 13. Pattern for 32 x 32 metasurface.

3.2. Second Layer

The second layer in the RIS is the copper plane. Its purpose is to block the transmitted
wave and effectively reflect the signal. When electromagnetic waves interact with the
ground plane, they can create standing waves, diffraction effects, and other interference
patterns that interfere with the metasurface’s intended behavior. However, if designed
properly, a copper plane can achieve specific effects in combination with the metasurface.
For example, it can be used for beam steering or reflecting waves in a desired direction. The
copper plane should be added at some distance from the reflecting surface to achieve this.
The distance between the reflecting surface and the conducting plane should be a fraction
of the wavelength of the operating frequency. The simulation setup Figure 14 shows an
analysis of the distance between the reflecting metasurface and the copper plane.

The setup depicted in Figure 14 includes two horn antennas: one for transmission
(antenna 1) and one for reception (antenna 2). By directing the incident signal onto the
reflecting surface with the copper plane, the signal is completely reflected, thus allowing
for control of the transmission. Analysis of the distance (S) between the metasurface and
copper plane shown in Figure 15 revealed that complete reflection was achieved at a
distance of 18 mm.
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Figure 15. Distance analysis between surface and copper plane.

3.3. Third Layer

The third layer of the RIS is equipped with an intelligent control module and commu-
nication interface. The control module regulates the phase shifts of the passive reflecting
elements. It employs software algorithms to determine the ideal configurations of the
reflecting elements based on real-time channel conditions and system requirements. This
intelligent control module enables a dynamic reconfiguration of the reflective elements, al-
lowing for the adaptive optimization of signal propagation in real time. The communication
interface acts as the link between the RIS and the rest of the wireless communication system.
It facilitates seamless integration and operation by enabling the exchange of control signals
and data between the RIS and other network components. The main focus is controlling
the phase shifting elements for the passive reflecting elements, which requires an Arduino,
keypad, and voltage controller.

The algorithm of the process involves receiving input from the keypad, selecting the
state according to the key pressed, and providing the appropriate biasing to the switching
circuit. With the switching state, the phase shift can be attained. Table 3 explains the
detailed switching relation with the keypad and PIN diodes, and the connection of the
circuit is shown in Figure 16.

The keypad buttons 0 to F can control 16 different biasing conditions in the table.
When the keypad is used, the PIN diodes adjust to their respective state and change phase.
The architecture of an RIS consists of passive reflecting elements, a copper plane, and a
control module, which work together to manipulate electromagnetic signals and optimize
communication performance in 6G systems.
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Table 3. Relation between keypad and PIN diodes.

States
Keypad Phase Change (In Degrees)
D1 D2 D3 D4
0 OFF OFF OFF OFF —102
1 OFF OFF OFF ON —106
2 OFF OFF ON OFF —111
3 OFF OFF ON ON -117
4 OFF ON OFF OFF —123
5 OFF ON OFF ON —132
6 OFF ON ON OFF —136
7 OFF ON ON ON —140
8 ON OFF OFF OFF —145
9 ON OFF OFF ON —153
A ON OFF ON OFF —157
B ON OFF ON ON —166
C ON ON OFF OFF -170
D ON ON OFF ON —180
E ON ON ON OFF —189
F ON ON ON ON —196
+5V +1.4V

Level shifter

3

L

Al Bl
A2 B2
A3 B3
A4 B4
o® . GND GND
ARDUINO*Y C
0 r2” GND
UNO 3 P13
- IOREF D12
4 RESET PWM D11
433v PWM D10 I
45V PWM D9 I
4GND D8
4GND I
=1 Vin P 8." I 4x4 Matrix Keypad
420 PWM D5 C1 R1
q Al D4 c2 R2
42 PWM D3 C3 R3
4 A3 2 C4 R4
424 TX Dif
445 RX DO

Figure 16. The architecture of microcontroller for controlling PIN diodes.

4. Experimental Validation and Evaluation

To validate the performance of the proposed work, a prototype of a 32 x 32 reflect-
ing metasurface has been fabricated for experimental evaluation, as shown in Figure 17a.
The metasurface was created using printed circuit board (PCB) technology on Rogers
RT/Duroid 5880 substrates, with the same parameters as the structure. In addition, the
reflecting metasurface was patterned on the top surface of the substrate. For the reconfig-
urable metasurface, PIN diode MADP-000907—4020P, shown in Figure 17b, was used, with
four diodes used for each 2 x 2 array element. Figure 17¢ shows the microcontroller used
to control the PIN diodes.

During the measurement setup, the proposed architecture of the RIS was positioned
with absorbers surrounding it. The Monostatic Radar Cross Section (RCS) arrangements,
which are affixed on a holder, consist of ridged horn antennas capable of functioning at
frequencies ranging from 12 to 18 GHz. The identical antennas utilized in measurement
setup 1 were employed in this experiment. The device under test was positioned in front of
the horn, as depicted in Figure 18. Experiments were conducted in the anechoic chamber
to assess the metasurface’s reflection properties and minimize external interference and
antenna reflections during the measurements. The physical dimensions of the prototype
are 14.4 cm, with an array size of 14.4 cm x 14.4 cm.



Sensors 2023, 23, 9166 15 of 20

(@) (b)

Figure 17. Prototype of the proposed structure. (a) Metasurface, (b) PIN diode, (c) switch controller.

Figure 19 compares the measured and simulated results of a movable handheld
microwave from Agilent Technologies (N9951A) and an EM simulation tool. The results
confirm the efficient functioning of the proposed structure in reflecting the signal. In
Figure 20a,b, the angular stability of the reflecting metasurface is shown for the angle
range of 0° to 85° for both TE and TM modes of polarization, respectively. The results
demonstrate a high level of agreement for the incident angles with an impressively low
AMD% of 0.48% and 1.08% for TE and TM modes. The maximum deviation between
simulation and measurement is about 3%, which may result from fabrication tolerance.
Despite some frequency deviations, the measurement results show a remarkable agreement
with the simulations, thus validating the results.



Sensors 2023, 23, 9166 16 of 20

/Bias Line

‘Switch Controller

Receiving Horn “ g N/ FEJ&
‘ 21

Reconfigurable

Metasurface
Copper Plane

Figure 18. Measurement setup.
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Figure 19. Measured and simulated results of reflecting surface.

The proposed structure is biased by the microcontroller through a level shifter (1.4 V)
using wires that are welded on top of the metallic layers. When the keypad is used, the
diodes in the metasurface become forward-biased and cause phase changes. Figure 21
illustrates the phase graph of the proposed structure in a few states. The measured results
were compared with the simulation results and showed a variation of only 1% from the
simulation. By studying the graph, it is possible to see that the RIS works efficiently with
phase reconfigurability of a maximum of 10° and a minimum of 4°.

The phase changes for each state were measured and are recorded in Table 4. The
three-layer RIS architecture was successfully designed and developed, with simulation
results matching those measured.
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Figure 20. Measured angular analysis: (a) TE mode; (b) TM mode.
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Figure 21. Comparison phase results of proposed work.

Table 5 compares existing works regarding the performance parameters with the
proposed work. To the author’s knowledge, a single-layer high angularly stable-phase
reconfigurable reflective metasurface is not available for RIS architecture. It was observed
that the proposed active design has numerous advantages over different reported works in
the literature in terms of angular stability, coding type, number of layers, and polarization
insensitivity. Another issue with the metasurface designs is the angular stability. The
proposed design has 85° angular stability compared to the other active designs.
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Table 4. Comparison of simulation results with experimental results.

Keypad Simulation Results Experimental Results
0 —102 —103
1 —106 —105
2 —111 —111
3 -117 —116
4 —123 —125
5 —132 —132
6 —136 —135
7 —140 —140
8 —145 —144
9 —153 —150
A —157 —156
B —166 —165
C —170 -172
D —180 —181
E —189 —189
F —196 —200

Table 5. Comparison of proposed work with recent related works.

. Control Angular Polarization .

Ref. Unit Cell Type Layer Mechanism Stal%ility Insensitivity Coding Type

[18] Patch Multi-layer PIN diode 60° N/A 2-bit

[19] Patch Single layer PIN diode N/A N/A 2-bit

[21] 2-bit Multi-layer Two PIN diode 60° N/A 2-bit

[22] Patch with parasitic patch Multi-layer PIN diode 60° N/A 1-bit

[23] 2-bit Multi-layer PIN diode 35° N/A 2-bit

[24] Patch Multi-layer PIN diode 50° N/A 1-bit

[25] Cross-dipole-shaped Multi-layer PIN diode N/A N/A 2-bit
This work ~ Combined loop with tripole Single Layer PIN Diode 85° Yes 4-bit

Moreover, many structures and multiple layers complicate the design, affecting the
system’s reliability and performance. The proposed work has an effective single-layer
structure. Even though [19] contains a single-layer metasurface, the switching characteris-
tics have only 2-bit coding. The achieved range of angular stability and re-configurability
evidence the suitability of the proposed work as a base IRS.

5. Conclusions

The proposed work showcases the successful development and testing of a three-
layer architecture for a reconfigurable reflecting metasurface at a frequency of 15 GHz.
This innovative design utilizes a square loop, octagonal loop, and tripole metasurface to
achieve high customization, reduced coupling, and precise phase steering. Furthermore,
integrating diodes and a digital phase controller demonstrates its effectiveness in attaining
precise phase control and polarization adjustment, resulting in improved signal quality
and reduced degradation. This simple single-layered breakthrough design is a significant
milestone in electrical engineering and has immense potential to contribute to future
technological advancements in IRS physical layer design.

Author Contributions: Conceptualization, R.V.; methodology, R.V.; software, M.S.; validation, M.S.;
formal analysis, M.S.; investigation, M.S.; resources R.V. and M.S.; data curation, M.S.; writing—M.S.
draft preparation, M.S.; writing—review and editing, R.V. and R.A.; visualization, A.R.; supervision,
R.V,; project administration, R.V,, R.A. and A.R; funding acquisition, R.A. and A.R. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable



Sensors 2023, 23, 9166 19 of 20

Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mathur, H.; Deepa, T. A survey on advanced multiple access techniques for 5G and beyond wireless communications. Wirel. Pers.
Commun. 2021, 118, 1775-1792. [CrossRef]

2. Ji, B; Han, Y; Liu, S.; Tao, E; Zhang, G.; Fu, Z,; Li, C. Several key technologies for 6G: Challenges and opportunities. IEEE
Commun. Stand. Mag. 2021, 5, 44-51. [CrossRef]

3. Zahra, E.; Mishra, K.V,; Soltanalian, M. IRS-aided radar: Enhanced target parameter estimation via intelligent reflecting surfaces.
In Proceedings of the 2022 IEEE 12th Sensor Array and Multichannel Signal Processing Workshop (SAM), Trondheim, Norway,
20-23 June 2022; pp. 286-290.

4. Weidong, M.; Zheng, B.; You, C.; Zhang, R. Intelligent reflecting surface-aided wireless networks: From single-reflection to
multireflection design and optimization. Proc. IEEE 2022, 110, 1380-1400.

5. Zhi, L;Niu, H.; An, K,; Hu, Y;; Li, D.; Wang, J.; Al-Dhahir, N. Pain Without Gain: Destructive Beamforming from a Malicious RIS
Perspective in IoT Networks. IEEE Internet Things J. 2023. [CrossRef]

6. Yong, W.; Lin, Z,; Niu, H,; An, K,; Hu, Y,; Li, D.; Zheng, G.; Al-Dhahir, N. Secure satellite transmission with active reconfigurable
intelligent surface. [IEEE Commun. Lett 2022, 26, 3029-3033.

7. Lin, Z;Niu, H,; An, K,; Wang, Y.; Zheng, G.; Chatzinotas, S.; Hu, Y. Refracting RIS-aided hybrid satellite-terrestrial relay networks:
Joint beamforming design and optimization. IEEE Trans. Aerosp. Electron. Syst. 2022, 58, 3717-3724. [CrossRef]

8. Hehao, N,; Lin, Z.; An, K.; Wang, J.; Zheng, G.; Al-Dhahir, N.; Wong, K.-K. Active RIS assisted rate-splitting multiple access
network: Spectral and energy efficiency tradeoff. IEEE ]. Sel. Areas Commun. 2023, 41, 1452-1467.

9. Holloway, C.L.; Mohamed, M.A.; Kuester, E.F.; Dienstfrey, A. Reflection and transmission properties of a metafilm: With an
application to a controllable surface composed of resonant particles. IEEE Trans. Electromagn. Compat. 2005, 47, 853-865.
[CrossRef]

10.  Jun, C.T,; Qi, M.Q.; Wan, X.; Zhao, J.; Cheng, Q. Coding metamaterials, digital metamaterials and programmable metamaterials.
Light Sci. Appl. 2014, 3, €218.

11.  Nadege, K.; Dupré, M.; Fink, M.; Lerosey, G. Hybridized resonances to design tunable binary phase metasurface unit cells. Opt.
Express 2014, 22, 18881-18888.

12.  Meyer, R.G,; Stephens, M.L. Distortion in variable-capacitance diodes. IEEE ]. Solid-State Circuits 1975, 10, 47-54. [CrossRef]

13.  Sievenpiper, D.E; Schaffner, ].H.; Song, H.J.; Loo, R.Y.; Tangonan, G. Two-dimensional beam steering using an electrically tunable
impedance surface. IEEE Trans. Antennas Propag. 2003, 51, 2713-2722. [CrossRef]

14. Ali, A,; Khalily, M; Safaei, M.; Bagheri, A ; Singh, V.; Wang, F.; Tafazolli, R. Reconfigurable intelligent surface (RIS) in the sub-6
GHz band: Design, implementation, and real-world demonstration. IEEE Access 2022, 10, 2646-2655.

15. Pei, X.; Yin, H.; Tan, L.; Cao, L.; Li, Z.; Wang, K.; Zhang, K.; Bjornson, E. RIS-aided wireless communications: Prototyping,
adaptive beamforming, and indoor/outdoor field trials. IEEE Trans. Commun. 2021, 69, 8627-8640. [CrossRef]

16. DaSilva, L.G.; Xiao, P; Cerqueira, A. A 2-bit tunable unit cell for 6G reconfigurable intelligent surface application. In Proceedings
of the 2022 16th European Conference on Antennas and Propagation (EuCAP), Madrid, Spain, 27 March-1 April 2022; pp. 1-5.

17.  Roman, E; Ratajczak, P.; Phan-Huy, D.-T.; Ourir, A.; Di Renzo, M.; De Rosny, J. A prototype of reconfigurable intelligent surface
with continuous control of the reflection phase. IEEE Wirel. Commun. 2022, 29, 70-77.

18. Dai, L.; Wang, B.; Wang, M.; Yang, X; Tan, J.; Bi, S.; Xu, S.; Yang, F.; Chen, Z.; Di Renzo, M.; et al. Reconfigurable intelligent
surface-based wireless communications: Antenna design, prototyping, and experimental results. IEEE Access 2020, 8, 45913-45923.
[CrossRef]

19.  Gros, ].-B.; Popov, V.; Odit, M.A.; Lenets, V.; Lerosey, G. A reconfigurable intelligent surface at mmWave based on a binary phase
tunable metasurface. IEEE Open . Commun. Soc. 2021, 2, 1055-1064. [CrossRef]

20. Ming, O,; Gao, F; Wang, Y,; Zhang, S.; Li, P; Ren, J]. Computer vision-aided reconfigurable intelligent surface-based beam tracking:
Prototyping and experimental results. IEEE Trans. Wirel. Commun. 2023. [CrossRef]

21. Puchu, L; Ren, J.; Chen, Y;; Ren, X,; Xu, K.-D.; Yin, Y.-Z.; Shen, M. Design of Low-Cost Single-Layer 2-Bit Reflective Programmable
Metasurface Based on Folded Ground. IEEE Trans. Microw. Theory Tech. 2023, 71, 3455-3465.

22.  Trichopoulos, G.C.; Theofanopoulos, P; Kashyap, B.; Shekhawat, A.; Modi, A.; Osman, T.; Kumar, S.; Sengar, A.; Chang, A.;
Alkhateeb, A. Design and evaluation of reconfigurable intelligent surfaces in real-world environment. IEEE Open ]. Commun. Soc.
2022, 3, 462-474. [CrossRef]

23. Xintu, Z.; Hu, Q.; Mao, C.; Yang, H.; Wu, Q.; Tang, J.; Zhao, X.L.; Zhang, X.Y. High-accuracy reconfigurable intelligent surface
using independently controllable methods. In Proceedings of the 2021 IEEE International Workshop on Electromagnetics:
Applications and Student Innovation Competition (iWEM), Guangzhou, China, 7-9 November 2021; pp. 1-3.

24. Miftahul, A.M.; Tran, N.M.; Choi, K.W. Reconfigurable intelligent surface-aided wireless communications: Adaptive beamforming

and experimental validations. IEEE Access 2021, 9, 147442-147457.


https://doi.org/10.1007/s11277-021-08115-w
https://doi.org/10.1109/MCOMSTD.001.2000038
https://doi.org/10.1109/JIOT.2023.3316830
https://doi.org/10.1109/TAES.2022.3155711
https://doi.org/10.1109/TEMC.2005.853719
https://doi.org/10.1109/JSSC.1975.1050553
https://doi.org/10.1109/TAP.2003.817558
https://doi.org/10.1109/TCOMM.2021.3116151
https://doi.org/10.1109/ACCESS.2020.2977772
https://doi.org/10.1109/OJCOMS.2021.3076271
https://doi.org/10.1109/TWC.2023.3264752
https://doi.org/10.1109/OJCOMS.2022.3158310

Sensors 2023, 23, 9166 20 of 20

25.

26.

27.

28.

29.

30.

31.

32.

33.

Jungi, J.; Oh, ].H.; Lee, S.Y; Park, Y.; Wi, S.-H. An improved path-loss model for reconfigurable-intelligent-surface-aided wireless
communications and experimental validation. IEEE Access 2022, 10, 98065-98078.

Lin, H; Yu, W;; Tang, R;; Jin, J.; Wang, Y.; Xiong, J.; Wu, Y.; Zhao, J. A dual-band reconfigurable intelligent metasurface with beam
steering. J. Phys. D Appl. Phys. 2022, 24, 245002.

Kumar, G.M,; Saini, J. Multi-band and multi-parameter reconfigurable slotted patch antenna with embedded biasing network.
Int. J. Adv. Comput. Sci. Appl. 2019, 10, 154-158.

Kumar, G.M.; Saini, ]. Dual Frequency Electronically Controlled Radiation Beam Reconfigurable slotted Antenna for Detection of
a Stationary or Nonstationary Target. Def. Sci. |. 2020, 70, 486—492.

Rathod, P. Webinar on 6G Usage Scenarios, Key Capabilities and Potential Technologies. National Telecommunication Institute
for Policy Research, Innovation & Training. 2023. Available online: https://www.telecomhall.net/t/webinar-on-6g-usage-
scenarios-key-capabilities-and-potential-technologies /25668 (accessed on 14 October 2023).

Unlocking Spectrum Innovations for 5G Advanced and 6G to Support Future Wireless Growth. Available online:
https:/ /www.qualcomm.com/news/onq/2023/05/unlocking-spectrum-innovations-for-5g-advanced-and-6g-to-support-

future-wireless-growth (accessed on 14 October 2023).

Faruque, M.R.I; Hasan, M.M.; Islam, M.T. Tree-shaped fractal meta-surface with left-handed characteristics for absorption
application. Appl. Phys. A Mater. Sci. Process. 2018, 124, 127. [CrossRef]

Jian, D.; Ma, Y;; Li, Z.; Mo, ]. A miniaturized quad-stopband frequency selective surface with convoluted and interdigitated stripe
based on equivalent circuit model analysis. Micromachines 2021, 12, 1027.

Karvounis, A.; Gholipour, B.; MacDonald, K.E; Zheludev, N.I. All-dielectric phase-change reconfigurable metasurface. Appl. Phys.
Lett. 2016, 109, 051103. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.telecomhall.net/t/webinar-on-6g-usage-scenarios-key-capabilities-and-potential-technologies/25668
https://www.telecomhall.net/t/webinar-on-6g-usage-scenarios-key-capabilities-and-potential-technologies/25668
https://www.qualcomm.com/news/onq/2023/05/unlocking-spectrum-innovations-for-5g-advanced-and-6g-to-support-future-wireless-growth
https://www.qualcomm.com/news/onq/2023/05/unlocking-spectrum-innovations-for-5g-advanced-and-6g-to-support-future-wireless-growth
https://doi.org/10.1007/s00339-017-1498-9
https://doi.org/10.1063/1.4959272

	Introduction 
	Design Flow of the Proposed Structure 
	Fundamental Architecture of Proposed Unit Cell 
	Reconfigurable Metasurface 
	Switch Controller 

	Performance Simulation 
	First Layer 
	Investigation of Unit Cell 
	Investigation of Reconfigurable Metasurface 

	Second Layer 
	Third Layer 

	Experimental Validation and Evaluation 
	Conclusions 
	References

