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Abstract

The new requirements from the 5 and the 6™ generation of wireless commu-
nication are ultra-high data rate, energy efficiency, wide coverage and connec-
tivity, high reliability, and low latency. The current technologies cannot achieve
all the mentioned requirements. New technologies and new approaches for
deploying more active and passive nodes must be developed. Furthermore,
the use of MMW band and THz band (30 - 300 GHz), in order to utilize their
huge bandwidth, results in deploying more active node and more antennas
due to high propagation losses and “LOS” behavior at this band. Develop-
ment of innovative technologies is necessary to realize the above demand for
growth of future wireless communication. The main task is to suggest solutions
for the time varying characteristic of the wireless channel due to the user mo-
bility and shadowing or blocking of communication channel. The current
methods such as use of pilot channel to estimate the fading, various modula-
tion or coding and beamforming, have overhead and limitations over random
(large, unexpected changes) channels.

Keywords
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1. Introduction

In this study we propose Intelligent Reflection Surface (IRS) as part of modern

wireless networks. The IRS can enhance the performance of future wireless com-
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MICRO BASE STATION

munication deployment. The main advantageous of the IRS are very low-cost, no
need for RF chains, enables Full Duplex (FD) operation, very light weight and
very flexible. Thus, the IRS is suitable for deployment in future wireless commu-
nications. Figure 1 shows the deployment of Massive MIMO (M-MIMO) wire-
less network in open space. The discrimination and beamforming between the
users are done by the M-MIMO base station. In this case the M-MIMO Base Sta-
tion BS is very expensive and complicated.

In Urban region it cannot be implemented this way due to obstacles and bar-
riers in the Line Of Sight (LOS) between the M-MIMO base station and the user
especially for MMW and THz radiation which will be used in the future for their
huge bandwidth. However, it can be implemented using IRS. Furthermore, a
much simpler base station is required in this case as shown in Figure 2 for the
same users locations as shown in Figure 1. For example, user A (Figure 1 and
Figure 2) and user B (Figure 1 and Figure 2) are in the same position relative to
the base station. In urban (Figure 2) There is no LOS between those users and
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Figure 2. Urban region base station and IRS wireless communication.
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the BS, compared to open space shown in Figure 1. The IRS enables virtual LOS
and high-quality beamforming as demonstrated in Figure 2.

An innovative W band (75 GHz - 110 GHz) MetaSurface (MS) IRS for future
wireless communication is suggested in this study. Meta-Materials (MM) are ma-
terials having a unique electromagnetic properties not existing in nature. The dif-
ference between the MM and the new materials made up of synthetic molecules
is in the engineering-geometric structure. While many other synthetic molecules
are unique in their chemical structure the MM novelty is the spatial arrangement
of individual “molecules,” which are known as unit cells or meta-atoms. Meta
Surface (MS) is a 2D version of MM that has electromagnetic properties not ex-
isted in nature. In recent years, a large amount of research has been conducted
in the field of MS, enabling fascinating electromagnetic properties that cannot be
achieved with naturally occurring materials. In contrast to conventional materials,
metasurfaces allow for a new way to manipulate microwave and MMW radiation
based on reflection from sub-wavelength unit cells periodic array, having simul-
taneously negative permeability and permittivity [1] [2] [3]. Adding tunability
element to each unit cell of the MS enables steering the reflected beam direction
of an incident beam in a specific frequency band. Examples for such reconfigur-
able MS reflector for sub 6 GHz band are shown in [4] [5] for X-band studies [6]
[7] and for Ka-band shown in [8]. Previous studies have used tuning elements
such as Varactor Diodes which were very popular as a tuning element for the
low MMW range. However, the move to the high MMW (W-BAND) domains
places high demands on the tuning element and the use of Varactor Diodes as
the tuning element is no longer relevant because they cannot work in the range
exceeding 40 GHz. The new design presented in this study enables manufac-
turing of a MS IRS with a reconfigurable steering ability in W-band for wire-
less communication applications [9]. This IRS will be based on metasurface
principle and piezoelectric (PE) crystal as the tunable element. The possibility of
using a piezoelectric crystal for the purpose of adjusting the return beam for
high frequency is shown in [10]. Moreover, mention that the active elements
add an extra, and dynamically variable, degree of freedom in any of the meta-
surface parameters to produce a tunable reflected response. Various tunable
components have been previously proposed and more recently piezoelectric

actuators.

2. Unit Cell Design

The unit cells structure scheme, which interacts with the field components of the
incidence plane wave, and the basic equivalent circuit model of the unit cells
structure, are given in Figure 3.

Figure 3(a) shows the basic unit cells structure, which is consisted of a dielec-
tric substrate with a geometric metal shape such as patches, slots, rings, or more
complex geometries printed on its top, such as K-shape [12], connected by via to

a metal surface at the bottom of the dielectric substrate used as ground plane
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PCB

Figure 3. Basic unit cell model (a) side description of the unit cell layer structure in interaction with

plane wave (b) unit cell equivalent circuit model [11].

(see Figure 3(a)). Figure 3(b) presents a unit cell analysis as an equivalent pa-
rallel resonant circuit of lumped elements [12]. Z0 is the typical impedance in a
vacuum, and it constitutes the resistance which the wave sees in its entry into the
circle. An example of designing a patch shape geometry meta cell is presented in
[13]. In this study [13] an MMW flat parabolic mirror was design, constructed
and tested. This FLAPS design is based on an array of variable-dimension metal
cells (a metasurface), which are connected to the ground plane through a dielec-
tric substrate. The dielectric constants of the substrate and size of each metal cell
determine its electrical characteristics, such as capacitance and inductance, as well
as its electromagnetic properties [14]. MMW radiation incident to the FLAPS
mirror surface causes currents to flow from the top surface of the dipoles to the
ground plane through a passive array of capacitors and inductors, which cause a
phase shift in the reflected electromagnetic wave (Figure 4). By varying the size
of a dipole, we basically vary its phase shift, depending on its location on the
FLAPS mirror surface (see Figure 4). In this study, the metasurface mirror
structure was composed of an FR4 dielectric substrate with a ground plane in the
back and printed metal patterns on the front. Each metal cell on the front is
connected to the back ground plane by a via, which is coated by a micron layer
of copper to enable electrical conductivity from the metal cell to the ground
plane (see Figure 4). Unlike a unified ground plane, the dimensions of the met-
al cells on the front are variable. The metal cells in the center are the largest, and
they gradually decrease in size as they approach the edges of the FLAPS mirror.
The FLAPS mirror cells can be described as an array of parallel LC resonance
circuits (illustrated in Figure 4) [13]. The capacitance C is created due to the di-
electric gap between two adjacent metal pads, and the inductance L is created
due to the current path through the metal pads and the via.

Piezoelectric materials enable continuously change the unit cell thickness de-
pending on the DC voltage [10]. Thus, the properties of the MS continuously
change as well. Using the piezoelectric method is limited because it involves a

physical change in the unit cell size and in the structure as can be seen in Figure 5.
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Figure 4. Proposed reflector structure composed of an FR4 dielectric substrate with a
ground plane and printed metal patterns on the front. Each metal cell on the front is
connected to the back ground plane by a via. The metal cells in the center are the largest,
and they gradually decrease in size as they approach the edges of the FLAPS mirror.
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Figure 5. Basic unit cell model—side description of the unit cell.

In addition, a high voltage of up to 200 V is needed for control [10]. As can be
seen in Figure 5 the unit cell structure measuring 0.8 mm x 0.8 mm. The cell
consists at the bottom of a layer of copper with a thickness # above it a vacuum
layer of thickness G that allows the movement of the adjusting element and a di-
electric substrate Rogers RO4350B with a thickness s. The dimensions of the
layers mentioned are W x W. Finally, on top is another layer of copper in thick-
ness twith Wp x Wp dimensions smaller than that of the cell. Table 1 shows the
sizes of the parameters that make up the unit cell.

The “IRS” is supposed to have a free ground surface to allow the dynamic
change between the ground and the reflected surface, so the use of “via” is not
possible as the two surfaces will be connected and will not be able to make a

change. In Figure 5, the soil substrate is made of copper, as is the patch the air
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is marked in light blue and is made of vacuum, while the dielectric substrate is
marked in white. To illustrate the future use of the directional element, simula-
tions were performed for several vacuum thicknesses (G= 1.6 mm, G = 1.8 mm,
G=2mm, G= 2.2 mm). The change in parameter G changes the distance from
the upper copper to the ground surface, the change in distance affects the capa-
citance and inductance and determines the resonant frequency [11]. Figure 6
and Figure 7 shows how the resonant frequency and phase change depending on
the vacuum thickness.

Figure 6 and Figure 7 shows that the use with the piezoelectric crystal as a
tunable element can be used for deal with high frequencies beamforming, while

causing small losses and very wide angular coverage.

3. IRS Design

When the unit cells are arranged in a 2-D periodic configuration, the MS are
characterized by an effective surface impedance, which was characterized by Dan
Sievenpiper work [4] with the surface impedance parameter Z, which is de-

scribed in Equation (1).

Table 1. Parameters of the unit cell.

Parameters Description Value (mm)
w Unit cell size 0.8
Wp Patch size 0.5
t Copper thickness 0.035
G Vacuum thickness 1.8
s dielectric substrate thickness 0.254

S-Parameters [Magnitude in dB]

10,05 - S -

e S 7 max(2),Zmax(2)(G=1.6)
=0.06 [ e §Zmax(2), Zmax(2)(G=1.8)
— S7max(2),Zmax(2)(G=2)

0.07 —SZmaxl(Z),Zmax(Z)(Gl—Z.Z)
60 65 70

75 80 85 90 95 100 105 110
Frequency/GHz

Figure 6. S-Parameters (Magnitude) simulation results for IRS unit cell.
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S-Parameters [Phase in Degrees]
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g
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=200 w— S7Zmax(2),Zmax(2)(G=2)

w— S7Zmax(2),Zmax(2)(G=2.2)
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Figure 7. S-Parameters (Phase) simulation results for IRS unit cell.
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where around the angular frequency values of @ = 1/ VLC the imaginary part

of the Z;becomes dominant and is shown in Equation (2).
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The unit cell values of Cand L are determined by the unit cell dimensions, geo-
metry, materials, and PCB properties. The parallel resonance frequency of the cir-
cuit model around which the radiation is manipulated is shown in Equation (3).

1

Jres = ndie

The bandwidth of the resonance frequency [15] is shown in Equation (4) and

3)

the Q-factor is shown in Equation (5) when the total unit cell losses are given by
Rx Q4].
1 Lw, L

a— (4)
Rc-w, R C

Bw=

1

~Bw

0 (5)

The IRS cells can be described as an array of parallel LC resonance circuits
(illustrated in Figure 3(b)) [13]. The capacitance C'is created due to the dielec-
tric gap between two adjacent metal patches, and the inductance L is created due
to the current path through the metal patches and the via. The value of the capa-
citance is determined by the dimensions of the copper patch, / the substrate
thickness (4), the gap between adjacent patches (W), the vacuum permittivity (&,
= 8.8541878 pF/m), and the permittivity of substrate (&, at W-band). The induc-
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tance value, Z, however, is determined by the permeability constant (x4, = 1.2566
ph/m, g, = 1), and the substrate thickness. The relations for the capacitance and

inductance for metal Patch shape unit cell are given by Equations (6) and (7).
L = /uOlurh (6)

ley (1+
co & ( 5r)cosh_l[21+w)
n w

™)

The proposed IRS in this study is compose of 2-D Patch shape unit cell, a ro-
tated ground plan and two bend piezoelectric elements. Figure 8 shows a scheme
of the proposed metasurface ISR. As can be seen in Figure 8, the ground plain
can be rotated according to the PE benders position creating a different distance
between the patch according to its position.

The reflected phase and magnitude of each unit cell for different thickness ()

can be seen in Figure 9 [10]. This difference in ¢ cause to reflected phase gradient

Reflected
beam

'y
/| Incident
i beam

4 ¥ 4 ¥

Figure 8. A scheme of the proposed metasurface IRS based of PE bender element.
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Figure 9. Different ¢ (thickness) values, (a) the phase of the reflection coefficient of the spatial phase as a function of frequency
and. (b) The reflection magnitude [dB] as a function of frequency [10].
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and to reflected beam angle of & relative to the normal incident beam which
range 6> 360° phase shift is achieved (see Figure 9(a)). Very low losses demon-
strate an average loss of 0.5 dB across the operating bandwidth between 57 and
62 GHz are shown in Figure 9(b).

The IRS proposed in this study requires only two voltage sources, one for each
piezoelectric crystal. A small number of sources means a significant reduction in
the production costs of the IRS surface. Also, the response time of the IRS is
faster because of the use of two sources that create the change in inductance and

capacitance for all the cells on the surface.

4. Future Plans

For the design of the proposed metasurface IRS we examine different geometric
shapes for the final decision that the use of the Patch form is the ideal shape.
Then we will work on designing an array that includes about 10,000 cells (100 x
100 mm). In the final part, we will move on to the IRS production and connect it
on top of the mechanical device that will include the use of the piezoelectric
crystal for the purpose of deflecting the radiation.
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