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Abstract—This article presents a model through which the reflection 
coefficient amplitude as well as phase of reflective intelligent surfaces can 
be estimated accurately. The reconfigurability of the surface was achieved by 
incorporating the varactor diodes into the surface of the cell unit. The manip-
ulation of the phase of the reflection coefficient can be achieved by making 
adjustments to the biasing state of the varactors. The model, which makes use of 
a physics-based methodology and is based on a transmission-line circuit descrip-
tion of the Reconfigurable Intelligent surfaces (RIS) unit cells, considers every 
pertinent electrical and geometrical characteristics of the proposed surface. With 
the method proposed in this paper, fast and accurate RIS-based communication 
lines can be created. The recommended accuracy of the proposed method was 
confirmed through the use of a CST microwave studio full-wave simulations.
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1 Introduction

In recent times, researchers and practitioners have proposed Reconfigurable 
Intelligent surfaces (RISs) as a solution to 5G communication networks due to the fact 
that they are capable of reflecting and deviating electromagnetic waves that come in 
contact with them. They are able to achieve this by adjusting the biasing state of active 
components that come in contact with the reconfigurable intelligent. Unlike the MIMO 
arrays that receive, down-convert, and retransmit the signals that come in contact with 
their surface, the RIS is known for providing a solution that is energy-efficient for 
wireless systems that may emerge in the future [1–5]. This is attributed to the ability of 
the RISs to provide full reflection of the incident waves towards a particular direction 
which could be the location of a user. Given this ability of the RIS, the RIS-assisted 
links do not require amplifiers and related complex microwave components [5]. For the 
reflected field to be focused towards a particular direction, a biasing network with the 
ability to regulate the reflection phase as well as the amplitude of each single element 
found in the RIS is needed. In normal situations, obtaining the surface’s reconfigu-
rability requires incorporating the varactor diodes into the unit cell of the surface. 
The control of the phase of the reflection coefficient can be achieved by distinguishing 
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the biasing state of the varactors. Normally, the amplitude of the reflection coefficient 
should be equal to one but, practically, it is less than one as a result of losses and field 
dissipations that occur in the process.

Despite the benefits offered by RIS-assisted wireless communications, it is accom-
panied by a limitation, which is the absence of accurate models that provide descrip-
tion of reconfigurable metasurfaces as a function of their electromagnetic properties. 
A large number of studies conducted till date majorly hypothesizes that the perfect 
control of phase and amplitude reflection is achieved by metasurfaces. In very recent 
works, researchers make use of empirical model that allows the inclusion of reflection 
losses. Sadly, this model is characterized by the absence of a connection with the phys-
ical hardware, and does not regard the reliance of the reflection coefficient on the RIS 
from the incidence angle as a critical aspect [6, 7].

Thus, in this work, a model that takes into consideration the specific geometry of 
the element including every physical parameter that are needed for the provision of 
an accurate design of the RIS like the periodicity of the surface, incidence angle, and 
mutual coupling alongside neighboring elements, varactors diodes’ status, thickness 
and permittivity of the dielectric substrate. More so, the technique proposed in this 
paper takes into cognizance the interaction of the periodic surface alongside the RIS 
ground plane. The proposed model is completely analytical and as such, it has just little 
computational complexities. In order to verify the accuracy of the proposed approach, 
full-wave simulations were conducted using CST Microwave Studio.

2 Related work

Recently, significant research advancement has been recorded in the area of RIS 
[8–10]. RIS is a reflector that supports extant communication by reflecting impinging 
signal towards a particular direction. Through the use of RIS-supported communica-
tions, spectral and energy efficiency can be enhanced, significantly. Also, the use of 
RIS can lead to significant improvement in a channel’s secrecy rate. Other relevant 
applications of RIS include non-orthogonal multiple access and cogitative radio. RIS is 
made up of a huge amount of unit cells, and each of them has the capability of tuning 
the magnitude or phase of the reflected wave. The RISs which are also cost-effective 
and energy-efficient, can simply be fixed on the wall of a building. RIS can be used 
to significantly improve signal-to-noise ratio and to suppress co-channel interference. 
Thus, it is possible achieve significant improvement in communication performance 
through the use of RIS alone without extra antennas.

In recent time, researchers have published on the hardware aspect of RIS beyond 
applications in 5G/6G, while many other articles have focused on techniques that can 
be used in measuring the performance of RIS. RISs unit cell elements can also be based 
on printed patches with modified shapes connected by the tuning components (varactor 
or PIN diodes) [11, 12], printed microstrip lines connected by the tuning components to 
the ground plane [13], or single printed patch element structure [14]. The authors in used 
two varactors to establish a connection between microstrip lines with the ground plane, 
and a phase shift of at least 180º at 5.8 GHz using 1-bit arrangement was recorded. Sim-
ilarly, [15], using the same unit cells, were able to develop half of the structure using 
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one varactor diode, thereby achieving a phase tuning range over 300º around 22 GHz. 
The authors in [16], used a unit cell based on microstrip lines connected by a varactor 
diode. The authors recorded a phase shift of 180º and 120º at 5.6 GHz. In [17], the 
authors focused on overcoming the limitation of phase states with PIN diodes as tuning 
elements by combining a slot structure characterized by five PIN diodes with a top 
patch element at 28.5 GHz. The arrangement of the PIN diodes was done in a way that 
only two control signals were needed for the production of a 2-bit unit cell with four 
quantized near 90º increment phase states. The use of two PIN diodes was employed by 
the researchers in [18]; they were connected to a grounded patch, and a 2-bit unit cell 
at 7.25 GHz was achieved. Lastly, in the work done by [19] a PIN controlled unit cell 
based on patch elements with parasitic resonators at 28.5 GHz was described. The aim 
of the proposed approach was to minimize the loss of reflection caused by dissipation 
that occurred in the patch resonators shunted to the ground. Unlike in other studies, 
the authors in [15, 20] combined varactor with PIN diode within the same unit cell. 
The PIN diode was responsible for generating two-phase states with a 180º difference 
and a varactor equipped to support the extension of its frequency range and to achieve 
varying reflection phases.

3 Lumped element tuning with voltage

 One of the most efficient ways to realize tunable metasurfaces, especially for micro-
wave implementations is through the use of tunable lumped electronic elements, for 
which the input impedance can be tuned by means of DC voltage signals (biasing). 
Some examples of such characteristics include, P-N varactor diodes, variable resistors, 
and PIN switch diodes. In order to realize tunable metasurfaces, lumped elements can be 
incorporated into the metal atom configuration while using the most appropriate biasing 
signals to address them. The collective control of all elements through the modulation 
of the global bias voltage results in the uniform modification of the surface impedance 
of the metasurface. This in turn, can result in the tuning of preselected functionality.

3.1 Switch diodes

A PIN switch diode has two states which are “ON” (conducting) and “OFF” (insu-
lating), and the two states can be realized through forward bias and zero- (or reverse-) 
bias, respectively. Through this, switchable metasurfaces with the ability to toggle 
between two different operating states can be enabled. For instance, the authors in study 
[21] proposed a metasurface that has switchable response between full reflection and 
total absorption by tuning the bias voltage. The diode’s state has an influence on the 
surface’s impedance of the metasurface to match (total absorption) or mismatch (total 
reflection) with the free-space impedance. Using a different design, the authors in [22] 
made modifications to both polarization and scattering properties. If the state of the 
diodes is “on”, wave that is characterized by linear polarization and is in contact with 
the metasurface is reflected while the same polarization is retained. Meanwhile, when 
the state of the diodes is “off” transmission of the incident wave occurs with perfect 
polarization conversion to the orthogonal state.
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3.2 Varactor diodes

The P-N varactor diodes which are also referred to as tunable capacitors are also a 
kind of lumped elements used on metasurfaces as shown in Figure 1. The reactance 
of his kind of lumped elements can be modified, thereby, continuously causing slight 
change in resistance by varying the reverse bias voltage [23]. This is unlike what is 
obtainable in the two different states in switch diodes. Frequency tenability can be 
achieved by collectively addressing the varactors using the same voltage [24, 25]. 
Tunable perfect absorption is one of the functionalities that is widely and actively 
researched on; the modification of the reverse biasing voltage of the varactors causes 
the resonance frequency to shift, thereby achieving the spectral position that permits 
perfect absorption [26, 27]. Typically, capacitances in the order of few pico Farads 
(0.5–5 pF) are needed for this purpose, and can be obtained together with commercially 
available diodes that make use of moderate reverse bias voltages of the order of 0–15 V. 
More so, off-the-shelf varactors can be incorporated into GHz meatsurfaces as they can 
be obtained in few cubic millimeters.

(b)

(a)

Fig. 1. It shows that (a) Varactor Diode, and (b) the equivalent circuit of Varactor Diodes

4 Proposed work

This section presents evaluation results of the unit cell designed in this study. Sim-
ulations were performed using CST studio suite software which was commercially 
obtained. Specifically, in CST the considered configuration is the boundary condition as 
unit cell in – and x̂ ŷ-directions with open-add space in ẑ-direction. The use of frequency 
domain solver was employed in simulating the reflection and reflectivity phases.

Figure 2 shows the design of the unit cell of the RIS proposed in this work. The size 
of the unit cell is 5 mm × 5 mm. For the design of the unit cell, a Rogger 5880 substrate 
characterized by loss tangent of 0.0009, thickness of 0.8 mm, and dielectric constant 
of 2.2 was used. The base element for the RIS design was the single-element unit cell. 
The construction of this kind unit cell is simple, and hence, the decision to use it for 
the RIS design proposed in this work. In addition, the parameters values which used 
in the proposed work of Figure 1 (R = 1.06 Ω, LS = 0.05 nH, and vay C to adjust the 
reflection phase.
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Fig. 2. The proposed unit cell

5 Result and discussion

The results for reflection phase and reflection loss parameters of the unit cells are 
presented in this section. The simulated reflection loss and reflection phase of the pro-
posed unit cell are shown in Figures 3 and 4, respectively. From the reflection loss and 
reflection phase, it can be seen clearly that the reflection of power by the unit cells occur 
at a frequency band of between (18–30) GHz. Figure 3 clearly shows that change in the 
capacitor value occurs as a result of change in reflection. More so, a satisfactory result 
was achieved.

Fig. 3. Amplitude versus the frequency of the impinging signal for a unit cell  
that induces arg (Γc) phase shift at 23 GHz
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Fig. 4. Phase shift versus the frequency of the impinging signal for a unit cell that induces arg (Γc)

Also, the reaction of the RIS to wideband signal shown in Figures 3 and 4 was 
investigated by plotting the phase and amplitude of the unit cell’s reflection coefficient 
against the signal frequency, respectively, where the variable capacitance is adjusted 
to achieve a phase shift denoted by arg (Γc). It can be clearly seen that the reaction 
of the RIS in terms of amplitude and phase caused by the unit cell in the direction of 
an impinging wave differs according to the frequency. Therefore, the RIS results in 
dispersion to the wideband signal given that the various frequencies produce varying 
reflection coefficients.

6 Conclusion

In recent times, there has been rapid advancement of the RIS technology due to 
the increasing demand for cost-effective and energy efficient beam forming systems. 
Consequently, researchers have explored a wide variety of RIS applications includ-
ing, wireless coverage extension, wireless power delivery, and efficient channel esti-
mation. The cost of producing the proposed RIS is quiet low because of its nature, 
which is planar and simple. With this, the deployment of large RIS can be carried out 
at a relatively low cost with better performance as compared to other competing tech-
nologies. The use of varactor diodes which were integrated into the surface of the unit 
cell was employed in the production of the reconfigurable unit cell proposed in this 
study. The aim of incorporating them is to achieve reconfigurability of the surface. In 
order to manipulate the phase of the reflection coefficient, the varactors’ biasing state 
can be adjusted, where adjustment is made to the variable capacitance so that a phase 
shift which allows the derivation of a (–160 to 160) phase difference can be achieved. 
Future research will focus on combining unit cells to enable the conceptualization of 
the digital coding metasurface characterized by reconfigurable properties that enable 
the RIS design.
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