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ABSTRACT Recently reconfigurable intelligent surface (RIS) has attracted great attention because it can
create a smart wireless environment. Hence it can enhance the capacity and coverage of the wireless network
significantly. A thorough review of RISs has been presented in this paper focusing on the hardware aspect
of the RIS. Beyond-5G/6G communication will have a smart propagation environment, where RIS can be
used for such communications. RIS consists of various small unit cells. The unit cells should have some
tunning mechanism to reflect or transmit the incoming waves in the desired direction. It is possible to tune
the impedance of the unit cells using PIN diodes, varactor didoes, microelectromechanical (MEMS), thermal,
and other ways. In this paper, the background of RIS has been discussed where RISwill play a significant role
in beyond-5G/6G communications.We have also added the theoretical background of RIS andmotivations to
writing this paper. After that several published papers in the literature have been presented so that the readers
can get an overall idea about the RIS and its hardware. Hence, this paper will be very useful for practitioner
engineers and researchers. RISs have been presented in various tables and various parameters have been
presented. We have discussed challenges and solutions for the hardware of the RIS design. We have also
discussed potential research and research gap that can be explored in the future. Lastly, we have added a
conclusion for this review paper. In our manuscript, we have added 154 references. There are various kinds
of RIS available in the literature. We have added different types of RISs in this manuscript. The magnitude
and phase of the reflection and transmission coefficients are the main parameters of any kind of RIS.

INDEX TERMS Reconfigurable intelligent surface (RIS), beyond-5G/6G communication, reflectarray, PIN
diode, varactor diode.

I. INTRODUCTION
With the introduction of the ‘‘Intelligent Wall’’ concept for
the smart indoor environment, researchers and engineers
worldwide are being focused on creating smart wireless envi-
ronments for signal propagation [1].While the 5G technology
is being deployed worldwide and various hardware for 5G
technology is being developed, researchers across the globe
are looking forward to the technology for beyond-5G/6G
[2], [3], [4], [5], [6], [7], [8], [9], [10]. To meet the users’
demands, first-generation to fifth-generation wireless tech-
nologies were conceived and designed. The design guidelines
for the 5G communications were based on the initial three
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properties (a) enhanced mobile broadband (eMBB), (b) ultra-
reliable and low latency communications (URLLC), (c) and
massive machine type communications (mMTC) [11], [12],
[13]. Beyond-5G/6G networks shall integrate ground, space,
air, and underwater and perform better than the 5G networks.
Beyond-5G/6G network will support several applications and
services like brain-machine interface [14], [15], augmented
reality [16], [17], virtual reality [18], [19], mixed reality,
connected autonomous vehicles [20], [21], [22], connected
robotics, connected unmanned aerial vehicles [23], [24], [25],
[26], connected health [27], [28] smart cities [29], [30],
indoor localization [31], [32]. Beyond-5G/6G network will
have the following features:(a) Very low latency (approxi-
mately 10 µs) [33], (b) Tb/s peak data rate and end-to-end
reliability requirement is 99.99999 percent [34], (c) Higher
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FIGURE 1. Reflective type reconfigurable intelligent surface.

energy and spectral efficiency compared to the 5G network,
(d) Wide frequency range (like sub-6 GHz, mmWave, THz
band, optical frequency, VLF, etc.), (e) Use of artificial intel-
ligence and machine learning algorithms in the networks
[35], (f) Intelligent transmitter and intelligent receiver with
RISs. It is predicted that beyond-5G/6G communication will
have a paradigm shift in communication systems like pre-
vious communication systems [36]. In [37], [38], [39], and
[40] review of the RISs was presented describing its distinct
feature, benefits of the RIS, and potential future use case
of the RIS. Theoretical studies of RIS like beam-forming
optimization were presented by various authors over the years
[41], [42], [43], [44], [45], [46], [47]. In [48], the authors
studied electromagnetic wave control using RIS as a near-
field and far-field problem. Machine learning and artificial
intelligence are being used in various applications. In [49] and
[50], the authors used deep reinforcement learning or deep
learning to optimize the RIS. The secrecy performance of
an intelligent reflecting surface (IRS)-aided indoor wireless
communication was investigated in [51]. In [52], the authors
presented two computationally energy efficiency maximiza-
tion algorithms for wireless communications. It is envisioned
that the RIS will have a profound effect on beyond-5G/6G
communications [53], [54], [55], [56], [57], [58], [59], [60],
[61], [62], [63]. The literature has different names for RIS
like intelligent reflecting surface [64], [65], [66], [67], [68],
[69], [70], [71], [72], and large intelligent surface [73]. RIS
allows the incoming waves to reflect in the desired directions.
This property is very important because it can create a smart
radio environment, increase the signal-to-noise ratio, increase
energy efficiency, etc. Generally, phased array antennas are
used to send the beam in the desired direction [74], [75], [76],
[77], [78]. However, the phased array antenna is expensive
and it needs lots of power to operate. A large number of
phased array antennas can be used in beyond-5G/6G com-
munications. However, it is not an efficient way to improve
the performance of the network. RIS is an almost passive type
structure allowing incoming waves to reflect/transmit in the

desired direction. Hence, RIS can be very useful for beyond-
5G/6G communications instead of a large number of phased
array antennas. Also, RIS can be used as a transmitter or
receiver instead of conventional base station antennas. RISs
can not only be used in the beamforming scenario but also
it can be used rich scattering environments [79], [80], [81].
It is expected that RIS can provide wideband connectivity in
highly congested areas and indoor settings. Reconfigurable
reflect arrays have been known and studied for a very long
time. RIS and a reconfigurable reflect array are the same
thing that can reflect the beam in the desired direction [82],
[83], [84], [85], [86], [87]. The RIS also can be used as a
transmissive mode. Normally the source antenna of the RIS
is placed very far from the surface. However, the source can
be placed near-field regions [88]. Fig. 1 shows the RIS in
the reflective mode. As shown in Fig. 1, the beam can be
reflected in different directions. A general controller can be
used to change the impedance of the different unit cells. The
controller can be a field programmable gate array (FPGA) or
microcontroller or any other type of controller [89]. Trans-
missive type RIS will be also very useful for beyond-5G/6G
communications. However, there is no significant research
on the transmissive type RIS. The present authors envisioned
that transmissive-type RIS will have a major impact on dif-
ferent types of communications in the future.

FIGURE 2. Transmissive type reconfigurable intelligent surface.

Fig. 2 shows the transmissive type of RIS. The incoming
signal can be steered in different directions as shown in Fig. 2.
The conventional base station for beyond-5G/6G can also
be a RIS-enabled base station. Massive multi-input multi-
output (MIMO) is being considered for 5G communications
[90], [91]. Instead of a conventional massive MIMO antenna,
reflective or transmissive type RIS can be very promis-
ing for beyond-5G/6G applications. The reflected wave or
transmitted type waves can go depending upon the material
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properties and configuration of the unit cells. Normally,
microstrip patches, metamaterial structures, or frequency
selective surfaces are used to design the unit cell. The RIS can
be fabricated using Printed Circuit Board (PCB) technology.
PCB technology is very cost-effective to fabricate the unit
cell and whole structures. Transmissive RIS is similar to
reconfigurable transmitarray [92], [93], [94], [95], [96], [97],
[98], [99], [100], [101], [102] while reflective RIS is similar
to reconfigurable reflectarray [103], [104], [105]. Both RIS
and reconfigurable reflectarray/reconfigurable transmitarray
use spatial feeding techniques. A horn antenna, an antenna
array, or other types of sources are being used to feed such
type structures. In the literature, there are several review
papers on RIS and related review papers. In [37], the authors
presented an introduction to IRS and its reconfigurability.
Then the authors discussed applications of the IRS in wireless
communications. Different performance metrics and analyt-
ical approaches of the IRS were presented in that paper.
In [38], the authors presented a review of RIS, its current
limitations, and the future development of RIS. An emerg-
ing area of RIS-empowered smart radio was discussed in
[40]. The authors discussed applications of the RISs in wire-
less communications and presented an electromagnetic-based
communication-theoretic. In [56], the authors discussed the
working principle of the RIS and presented channel mod-
eling for such environments. In [59], the authors presented
the theoretical performance limits of the RIS-assisted com-
munications system. In [64], an overview of the RIS was
discussed including its applications in the wireless channel,
the benefit of the RIS over other technology, the hardware
of the RIS, and the signal model. The authors discussed the
theoretical basis of the metasurface and its various applica-
tions [106]. The uniqueness of the metasurface was compared
to the frequency-selective surface. In [107] an overview of
the smart radio environment was presented. The paper also
discussed the long-term and open research issues to be solved
for mass deployment. An overview of RIS was presented in
[108]. The authors discussed the reflection properties of the
RIS, its channel model, hardware architecture, and practical
limitations of the RIS. The authors also gave future research
directions for RIS. An overview of the large intelligent sur-
face/antenna (LISA) was presented in [109]. The authors
also discussed the limitations, challenges, and open issues
of the LISA. In [110], a detailed review of the RIS was
presented. Also, there are other several review papers on RIS
available in the literature. However, none of those papers
gives details of the hardware aspect of the RIS. In this paper,
we have reviewed many RIS that will be useful for scientists
or researchers whose main aim is to design IRS hardware.
Table 1 shows a comparison of various review papers on RIS
[37], [38], [40], [56], [59], [64], [106], [107], [108], [109],
[110]. In this manuscript, we have reviewed extensively the
hardware of RISs. The following are the contributions of this
review paper: 1) Various review papers on the RIS available
in the literature are presented and tabulated. The uniqueness
of our review paper is presented. Our paper focuses on the

hardware aspect of the RIS. Thus, this paper will be useful
to get an idea about the hardware of the RIS and it can be
useful to design future hardware of RIS. 2) Some theories
and formulas based on the surface impedance of the RIS
are discussed which will be useful for the hardware of RIS
designers. Also, we tabulate various other papers discussing
the operating principles of RIS. So, readers of this paper get
the theoretical background of RIS. 3) A large number of RIS
available in the literature is discussed. From this literature
review, engineers and scientists can get an overall idea of the
hardware of RIS and they can design RIS according to their
needs for various scenarios. 4) Challenges and solutions for
the hardware of the RIS are discussed. The most important
thing in the hardware design is cost-effective hardware with
good performance. 5) Potential research and research gaps
that can be explored in the hardware of the RIS design are
presented. In this manuscript, different types of RIS available
in the literature have been discussed. Initially, the operating
principle of RIS has been presented in Section II. After that,
different types of RIS available in the literature have been
discussed in Section III. Various comparison tables have
been presented highlighting features of different types of
RIS in Section III. We have presented switching elements
and materials in Section IV. In Section V, challenges and
solutions to design RIS have been presented. We have dis-
cussed potential research gaps and research that could be
explored in Section VI. In Section VII, conclusions have been
presented.

TABLE 1. Review papers on RIS.
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FIGURE 3. Perfect electric conductor with the same surface impedance.

FIGURE 4. Reconfigurable intelligent surface with different surface
impedances.

II. OPERATING PRINCIPLE OF RIS
RIS can be designed using metamaterial-based unit cells or
patch types of unit cells or other types of techniques. The
reflected waves or transmitted waves from the RIS can be
reconfigured. The incident wave on the RIS can also be
refractive. The imping wave on the RIS surfaces can be stud-
ied using Love’s field equivalence principle [39], [111]. Also,
the reflected waves can be represented using an equivalent
electric current or magnetic current [112]. Huygens-Fresnel
principle is also useful to calculate the field strength at any
arbitrary point. Huygens-Fresnel principle states that every
point on a wavefront is itself the source of spherical wavelets,
and the secondary wavelets emanating from different points
mutually interfere. In [113] physics-based end-to-end model
of RIS-parametrized wireless channels with adjustable fading
is presented. That was conceived from the first principles of
coupled-dipole formalism. An end-to-end mutual coupling
aware RIS model was presented in [114]. RISs are composed
of a very large number of unit cells. Each unit cell can be
tuned to have a different impedance. Fig. 3 shows a perfect
electric conductor which has the same impedance on the
surface namely ηs. So, the angle of reflected waves and the
angle of incoming angle is the same for the perfect electric
conductor.

However, for the RIS, the impedance of the surface can
be varied from one point to another point on the surface as

shown in Fig. 4. ηs1, ηs2, ηs3, ηs4, ηs5, ηs6, and ηs7 are the
different impedances of the surfaces in Fig. 4. The variation
of the impedances on the surfaces causes phase changes of
the reflected waves. The phase can be varied dynamically
by varying the impedance of the surface continuously at a
given area of the RIS. Hence, by varying the impedance
of the surface of the RIS, constructive interference occurs
in the desired direction. Again, by changing the impedance
of the surface of the RIS, constructive interference occurs in
different directions. Hence, a RIS can be obtained by varying
the impedance of the surface. The surface impedance of the
surface is related to the reflection coefficient of the surface
and the reflection coefficient is expressed as [115]

0 = (ηs − η0)/(ηs + η0) (1)

where 0 is the reflection coefficient, ηs is the surface
impedance, and η0 is the free space wave impedance. The
transmission coefficient can be expressed as

1 + 0 = (2ηs)/(ηs + η0) (2)

Equation (1) and Equation (2) are valid in an area where the
surface impedance is the same. The reflection coefficients of
the RIS for different areas can be expressed as

0n = (ηsn − η0)/(ηsn + η0) (3)

where n=1,2,3,4,5,6, and 7. η0 is the free space wave
impedance. ηsnis the impedance of the surface for different
regions of the surface. So, the reflection coefficients are
different for different areas of the RIS. Table 2 summarizes
the operating principles of the RIS available in the literature
with our explanations of the operating principle of the RIS
[39], [111], [112], [113], [114].

TABLE 2. Summarization of operating principles.

III. STATE-OF-THE-ART ON RECONFIGURABLE
INTELLIGENT SURFACES
RIS is a very new area of study. It is expected that RIS will
contribute significantly to beyond-5G/6G communications
which will be deployed around 2030. In the literature, most
papers are focusing on the theoretical aspect of RIS. How-
ever, designing a RIS and fabricating the hardware for RISs
are very limited till now. In the literature, maximum papers
are focusing on reflective type RIS, there are very limited
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transmissive type RIS. The present authors envisioned that
both transmissive type and reflective types RIS shall play a
significant role in beyond-5G/6G communication. There are
different types of mechanisms through which the RIS can be
fabricated like 1-bit with a PIN diode, 2-bit with a PIN diode,
varactor diode based, etc. Some of the published papers are
discussed in this section. This section is subdivided into sev-
eral subsections. We have added earlier RIS in subsection A.
B subsection discusses varactor didoes-based RISs available
in the literature. PIN diode-based RISs are presented in sub-
section C. In the future, transmissive type RIS is going to play
a crucial role. In subsection D, a transmissive type of RIS
is presented. RIS-based wireless power transfer is discussed
in subsection E. In subsection F, 3D graphene meta-atom-
based RIS is discussed. 2.75-bit, 3-bit, and multi-bit RISs are
presented in subsection G. In subsection H, multi-functional
RIS is discussed. We have discussed RF-switch-based RIS
in subsection I. Amplifying RIS is a very promising RIS.
In subsection J, amplifying type of RIS is presented. Vana-
dium dioxide can be used as a tunable material to design
RIS and VO2-based RIS is presented in subsection K. Not
only beam-forming of the RIS but also rich scattering from
the RIS will be useful for indoor environments. We have
added some literature reviews on RIS with a rich scattering in
subsection L. RIS with on-chip is discussed in subsection M.
In the N subsection, we have discussed passive types of RIS
working at 3.5 GHz. Liquid crystal-based RISs are discussed
in subsection O.

A. EARLY RECONFIGURABLE INTELLIGENT SURFACES
In [116], the authors derived generalized sheet transition
conditions for the average electromagnetic fields across
a metafilm. They calculated the reflection and transmis-
sion coefficients of the metafilms. By controlling the
polarization densities of the scatters in the metafilm a
‘‘smart’’ and/or ‘‘controllable’’ surface was realized. Spheri-
cal magneto-dielectric particles were used to achieve a con-
trollable surface and Fig. 5 shows such magneto-dielectric
spherical particles. The structure had a radius of 0.41 cm
and the space between center to center was 1.1 cm. In [117],
the authors proposed a large electronically reconfigurable
reflectarray which consists of a 160× 160 reflecting surface.
Microstrip patches and PIN diodes were used to construct
such electronically reconfigurable reflectarray.

Fig. 6 shows the fabricated reflectarray working at
the 60 GHz frequency band. In [118], ‘‘digital metamate-
rial’’ was proposed. Initially, the authors proposed ‘‘cod-
ing metamaterial’’ consists of two-unit cells with 0 and π

phase response. Different functionalities can be achieved
by a controlled sequence of 0 and π phases. Finally, the
authors realized ‘‘programable metamaterial’’. Fig. 7 shows
the flow diagram for realizing a programmable metasurface.
In [119], the authors proposed a binary state tunable phase
reflector based on the hybridized resonator. This concept can
be applied at any other frequency and also this method is

FIGURE 5. Magneto-dielectric spherical particles-based metafilms
(images extracted from the work presented in [116]).

FIGURE 6. Fabricated reflectarray antenna (images extracted from the
work presented in [117]).

FIGURE 7. A flow diagram for realizing a programable metasurface
(images extracted from the work presented in [118]).

robust fluctuations induced by a tunable mechanism. Fig. 8
shows the experimental cell where the PIN diode was added.

In [1], the author introduced an intelligent wall based on an
active frequency selective surface for the cognitive wireless
network. The authors used an artificial neural network to
learn the configurable environment. The concept of the intel-
ligent wall was illustrated and the performance was evaluated
based on the simple implementation of the arrangement of
two intelligent walls in a conference center scenario.

B. VARACTOR DIODE-BASED RIS
Varactor didoes are some special diodes that can provide
variable capacitance with changing voltage. The capacitance
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FIGURE 8. Fabricated cell (images extracted from the work presented
in [119]).

FIGURE 9. Photograph of the electronically steerable reflector (images
extracted from the work presented in [121]).

of the varactor diode can be expressed as [120]

C(V) = K/(ϕ + V)n (4)

where C=dQ/dV and it is incremental diode capacitance, ϕ is
the built-in potential, K is a constant, V is the total voltage,
and n is the power law exponent. If the capacitance of the
unit cell can be changed, the impedance will change and
consequently, the reflected waves can be manipulated using
a varactor diode. In [121], the authors used a metal ground
plane with a periodic surface texture to alter its electromag-
netic properties. By adding varactor diodes into the texture,
a tunable impedance surface was conceived where the bias
voltage controls the resonant frequency and the reflection
phase. The surface could be tuned to get a phase gradient
that was able to give a +/- 40◦ steered reflected beam. Fig. 9
shows the proposed electronically steerable reflector where
1125 varactors were added.

In [122], the authors proposed a varactor diode-based RIS
operating in the sub-6 GHz frequency band. The frequency
of operation of the proposed design was 3.5 GHz. The
structure was composed of 2430-unit cells. A varactor diode
was used to reconfigure the reflected beam. An equivalent
circuit model was presented to verify the unit cell perfor-
mance. Six PCB boards were fabricated. After that those
six borders were merged to get a big PCB with dimensions
of 120 mm×120 mm. A control unit with a custom-built

FIGURE 10. (a) RIS prototype with a control unit (b) the proposed unit
cell (c) the portable controller (images extracted from the work presented
in [122]).

system was also presented in the paper. Fig. 10(a) shows the
fabricated prototype RISwhile Fig. 10(b) and Fig. 10(c) show
the unit cell and control board of the RIS, respectively. The
functionality of the RIS in an indoor real-world environment
was tested. Fig. 11 shows the unit cell response for 0.5-2 pF
capacitance values of the capacitor at 3.5 GHz. It can be
observed from Fig. 11 that by varying the capacitance of the
capacitor, the required phase variation was obtained with low
reflection loss.

FIGURE 11. Response of the unit cell versus different capacitance values
of the varactor diode at 3.5 GHz (images extracted from the work
presented in [122]).

In [123], another varactor diode-based RIS was proposed.
The authors used 1100 controllable elements working at
5.8 GHz. An efficient algorithm was proposed in that paper
for configuring the RIS over the air. In the short-distancemea-
surement environment, a power gain of 27dB was observed.
The authors also measured the performance of the RIS in
the outdoor long-distance scenario over 500 m. Very satis-
factory performance of the RIS was observed in the outdoor
measurement scenario also. Fig. 12 (a), Fig. 12 (b), and
Fig. 12 (c) show the perspective view, top view, and side view
of the proposed unit cell. The authors fabricated the design
and measured its performance. Fig. 13 shows the fabricated
55 × 20 RIS. The authors varied the biasing voltage of the
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varactor diode from 0 V to 19 V to get at least 180◦ phase
variation. Fig. 14 shows the magnitude and phase variation
of the proposed design under different biasing voltages.

FIGURE 12. (a) Perspective view (b) top view (c) side view of the
proposed unit cell (images extracted from the work presented in [123]).

FIGURE 13. The front view of the fabricated 55 × 20 RIS (images
extracted from the work presented in [123]).

In [124], the authors proposed a varactor diode-based unit
cell of the RIS as shown in Fig. 15. Varactor diodewith a split-
ring was considered to design the proposed unit cell. A phase
shift of 277◦ as shown in Fig. 16 at 24.5 GHzwith a minimum
reflection amplitude of 0.5 was achieved with the proposed
unit cell. In [125], a varactor diode-based RIS was proposed
as shown in Fig. 17. The proposed RIS improved the system
performance significantly and the model was optimized for
the RIS-assisted AmBC system.

Table 3 compares the latest development of the Varactor
diode-based RIS [121], [122], [123], [124], [125]. It has been
noticed from the table that nowadays maximum authors are
focusing to design in the sub-6 GHz frequency band.

C. PIN DIODE-BASED RIS
A 2-bit low-cost high-gain RIS was proposed in [126]. The
proposed structure with modular hardware and fixable soft-
ware had 256 elements. At 2.3 GHz, the proposed structure
showed a gain of 21.7 dBi and at 28.5 GHz the gain was
19.1 dBi.

FIGURE 14. The simulated reflection amplitude and phase response of
the RIS element under different voltages from 0 to 19 V (images extracted
from the work presented in [123]).

FIGURE 15. Unit cell and a bias circuit (images extracted from the work
presented in [124]).

FIGURE 16. Reflection phase (images extracted from the work presented
in [124]).

Fig. 18(a) and Fig. 18(b) show the exploded view and
detailed view of the proposed 2-bit unit cell containing a
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FIGURE 17. The fabricated RIS (images extracted from the work
presented in [125]).

TABLE 3. Comparison of varactor diode-based RIS.

FIGURE 18. Proposed 2-bit unit cell: (a) exploded view; (b) detailed view
of the slot-loaded plane (images extracted from the work presented
in [126]).

total of 5 PIN diodes. For four element configurations, the
authors presented the phase and magnitude response of the
RIS. Fig. 19(a) and Fig. 19(b) show the magnitude and phase
responses of the proposed 2-bit RIS. Fig. 20 shows fabricated
16× 16 RIS. In [127], the authors presented a mmWave PIN
diode-based RIS. Fig. 21 shows the unit cell configurations
of the proposed RIS. The authors rigorously studied the PIN-
based metasurface and obtained a wide bandwidth around
the 28 GHz frequency band. Then the authors fabricated the

FIGURE 19. (a) Simulated magnitude (b) phase of the unit cell (images
extracted from the work presented in [126]).

FIGURE 20. The fabricated RIS having 16 × 16.2-bit elements (images
extracted from the work presented in [126]).

unit cell and verified its characteristics. Lastly, the authors
fabricated 10 cm × 10 cm whole RIS and verified its perfor-
mance. A rectangularWR-34waveguide was used tomeasure
the S-parameters of the proposed unit cell.

In [128], 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 get visual
information about the surrounding environment of the RIS
and the information captured by the camera was used to
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FIGURE 21. The proposed unit cell (images extracted from the work
presented in [127]).

FIGURE 22. Structure diagram and modulation phase response diagram
of the unit cell (images extracted from the work presented in [128]).

FIGURE 23. Test scenario layout (images extracted from the work
presented in [128]).

FIGURE 24. (a) Proposed top view of the 2-bit unit cell (b) side view of
the unit cell (images extracted from the work presented in [129]).

reflect the beam in the desired direction. Fig. 22 shows the
proposed unit cell and phase of the reflection of the proposed
RIS.

FIGURE 25. The layout of the proposed unit cell (images extracted from
the work presented in [130]).

FIGURE 26. (a) Top view (b) back view of the fabricated RIS (images
extracted from the work presented in [130]).

A20×20RISwas fabricated andmeasured its performance
using an FPGA board at 5.8 GHz to ensure a high-speed
refresh of the reflection coefficient as shown in Fig. 23.
Two scenarios were tested for the proposed antenna a) near
field conditions where the RIS acted like a passive antenna
array of the base station and b) far file conditions where
the RIS assisted the exciting communication by improving
the performance of the communications. Fig. 23 shows the
measurement setup with the proposed RIS. A new type of
2-bit unit cell as shown in Fig. 24 was proposed in [129]. The
design was very simple to realize a RIS. Another new type
of RIS working at 5.8 GHz was proposed in [130]. The unit
cell consists of a simple patch and a PIN diode, then a 16 ×

10 element array was considered to get the RIS. As shown in
Fig. 25, the unit cell had a 1-bit operating mechanism that had
a parasite patch. Fig. 26(a) and Fig. 26(b) show the fabricated
top view and bottom view of the 16×10 elements of the RIS.
The authors numerically analyzed the performance of the unit
cell. The magnitude of the reflection was small between the
two states and the phase difference between the two states
was 180◦ as shown in Fig. 27(a) and Fig. 27(b), respectively.

A 64-element, 2-bit high-accuracy RIS was proposed in
[131], where each element could be controlled individually
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FIGURE 27. Numerical analysis (periodic boundary conditions) of the unit
cell response under boresight illumination (images extracted from the
work presented in [130]).

by using FPGA. Fig. 28 shows the measurement setup of the
proposed RIS. Each unit cell had two PIN diodes and each
PIN diode could be controlled by an FPGA. The proposed
RIS could be deflected up to 30◦.

FIGURE 28. Fabricated RIS (images extracted from the work presented
in [131]).

In [132], a 1-bit RIS was proposed to aid wireless com-
munications to overcome path loss and shadowing. The fab-
ricated RIS prototype is shown in Fig. 29 while Fig. 30 shows
the layout of the prototype. Compress sensing-based adaptive
beamforming was used. By using the proposed RIS, bit error
rate (BER), and signal-to-noise ratio (SNR), were found to
improve significantly.

The authors numerically analyzed the performance of the
unit cell. In [133], the authors proposed an improved path-loss
model suitable for RIS-aided wireless communications. The
authors also fabricated RIS and the RIS consisted of 576-unit

FIGURE 29. RIS testbed (images extracted from the work presented
in [132]).

FIGURE 30. RIS layout (images extracted from the work presented
in [132]).

cells operating at 29 GHz. Each unit cell had two PIN diodes
as shown in Fig. 31. Table 4 shows the latest development of
PIN diode-based RIS [126], [127], [128], [129], [130], [131],
[132], [133].

FIGURE 31. The unit cell of the proposed RIS (images extracted from the
work presented in [133]).

D. TRANSMISSIVE RIS
Transmissive type RIS is expected to be pivotal in beyond-
5G/6G communications. Reconfigurable transmitarrays are
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TABLE 4. Comparison of PIN -diode-based RIS.

FIGURE 32. Proposed 2.5-D structure of the transmissive RIS for mmWave
communications (images extracted from the work presented in [134]).

FIGURE 33. Photography of (a) the fabricated transmissive RIS prototype,
(b) the measurement setup in the microwave anechoic chamber.2.5-D
structure of the transmissive RIS for mmWave communications (images
extracted from the work presented in [134]).

the same as transmissive type RIS. For the reconfig-
urable transmitarray, the feeding antenna (horn or microstrip
antenna array) is generally placed very close to the
transmitarray.

However, it is expected that transmissive type RIS will
have a feeding antenna very close as well as very large

FIGURE 34. Measured radiation patterns of scanned beams at 27.0 GHz in
(a) E-plane, (b) H-plane (images extracted from the work presented
in [134]).

distance from the RIS. In [134], a transmissive type RIS
for 6G communications was proposed. The proposed struc-
ture used a 1-bit reversible dipole and quadrature hybrid
coupler-based digital phase shifter. The proposed design had
2-bit phase modulation capabilities. At 27 GHz, a maximum
gain of 22 dBi was observed while the antenna was fed with
a horn antenna. Fig. 32 shows the proposed unit cell of the
transmissive type RIS. A prototype with 16×16 elements was
fabricated and measured as shown in Fig. 33(a) and 33(b),
respectively. The E-plane and H-plane radiation patterns of
the proposed mmWave RIS working at 27 GHz are shown in
Fig. 34. The proposed transmissive type RIS was able to scan
the incoming beam in a wide range.

E. RECONFIGURABLE INTELLIGENT SURFACE-BASED
WIRELESS POWER TRANSFER
A new type of self-powered RIS was proposed in [135].
Fig. 35 shows the proposed self-powered RIS. The authors
named such surface ‘‘I-Surface’’. The proposed surface can
reconfigure the propagation environment and transfer power
wirelessly to nearby devices.

FIGURE 35. Component block diagram for self-powered RIS with
reconfigurable RF and power layers (images extracted from the work
presented in [135]).

RIS will be very useful to design wireless power trans-
fer. In [136], the authors reviewed the foundations of wire-
less power transfer and discussed wireless power transfer
in the context of RIS. In [137], the authors proposed three
multi-focus techniques namely pattern addition, random unit
cell interleaving, and RIS tile division for wireless power
transfer using RIS.
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F. 3D GRAPHENE META-ATOMS BASED
RECONFIGURABLE INTELLIGENT SURFACE
A new type of 3D graphene meta-atom-based RIS was pro-
posed in [138]. The 3D structure gave an extra degree of
freedomwhich could improve the RIS significantly compared
to its 2D counterpart. It could give extra functionalities. This
new type of proposed 3D RIS will be a very promising area of
research. Fig. 36 shows the proposed 3D RIS configurations.
The radiation properties of the RIS could be configured by
changing the state of the graphene (ON/OFF). Table 5 shows
the features of transmissive type RIS, self-powered RIS, and
meta-atom-based RIS [134], [135], [136], [137], [138].

FIGURE 36. Proposed 3D IRS (images extracted from the work presented
in [138]).

TABLE 5. Transmissive, self-powered, meta-atoms-based RIS.

G. 2.75-BIT, 3-BIT CODING, MULTI-BIT RECONFIGURABLE
INTELLIGENT SURFACES
In [139], the authors proposed a new type of 2.75-bit RIS
working at the 5G-mid-band and there was a total of 8 discrete
states of the proposed design. The proposed design had 3 PIN
diodes with enhanced phase resolution and a minimum num-
ber of active components. Fig. 37 (a), Fig. 37 (b) Fig. 37 (c),
and Fig. 37(d) show the above view, middle layer view,
cut view, and equivalent DC circuit of the proposed unit
cell, respectively. To maximize the phase state separation,

FIGURE 37. (a) Above view, (b) middle layer view (c) cut view (d)
equivalent DC circuit (images extracted from the work presented in [139]).

a particle swarm optimization algorithm was employed. In
[140], the authors proposed a new kind of 3-bit digital coding-
based RIS. The fabricated prototype is shown in Fig. 38. The
proposed structure had metal patches and varactor diodes to
control the phase and amplitude of the reflected waves.

FIGURE 38. Proposed 6 × 6 RIS with varactor diodes (images extracted
from the work presented in [140]).

FIGURE 39. (a) Front view (b) perspective view and (c) cut view of the
proposed unit cell (images extracted from the work presented in [141]).

A multi-bit PIN diode-based RIS capable of beam steer-
ing at the sub-6 GHz was proposed in [141]. An indoor
field trial was carried out for different scenarios. Fig. 39(a)
Fig. 39(b) and Fig. 39(c) show the front view, perspective
view, and cut view of the proposed unit cell, respectively.
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The authors fabricated the proposed RIS as shown in
Fig. 40. Table 6 compares 2.75-bit, 3-bit, and multi-bit RISs
[139], [140], [141].

FIGURE 40. Fabricated RIS (images extracted from the work presented
in [141]).

TABLE 6. 2.75 bit, 3 bit and multi-bit RIS.

H. MULTI-FUNCTIONAL RECONFIGURABLE INTELLIGENT
SURFACE
In the literature, there is a very limited number of hardware of
multi-functional RIS available. A new type of RIS with sens-
ing capabilities was proposed in [142]. Fig. 41 shows the pro-
posed RIS hardware. A small portion of the impinging signal
was allowed to pass through the waveguide and the collected
signal was sampled by receiving circuitry. The authors were
able to estimate the direction of arrival of the incoming signal
in addition to the normal functions of the RIS. The proposed
design is a promising design in the area of RIS. In [143] the
authors proposed a sensor-integrated RIS unit cell working
at the mm-Wave frequency band as shown in Fig. 42. The
proposed concept is promising for the indoor environment’s
blind spot. Amulti-functional reflective surfacewas proposed
which can reflect the incoming signal as well as sense the
surrounding environment [144]. Fig. 43 shows the proposed
RIS configuration. Table 7 compares different types of multi-
functional RIS [142], [143], [144].

I. RF SWITCHED-BASED RECONFIGURABLE INTELLIGENT
SURFACE
In [145], the authors proposed an RF-switched-based RIS.
The proposed design was based on a microstrip patch
antenna, delay line, and programmable radio frequency

FIGURE 41. Proposed RIS with sensing capabilities (images extracted
from the work presented in [142]).

FIGURE 42. Proposed RIS with sensing capabilities (images extracted
from the work presented in [143]).

FIGURE 43. Proposed RIS with sensing capabilities (images extracted
from the work presented in [144]).

TABLE 7. Multi-functional reconfigurable intelligent surface.

switches without any active components. The RIS was fab-
ricated with printed circuit board technology and low-cost
components. The fabricated prototype of the proposed RIS
is shown in Fig. 44.
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FIGURE 44. Fabricated RIS (images extracted from the work presented
in [145]).

FIGURE 45. (a) Side view (b) top view (c) bottom view of the fabricated
amplifying RIS (images extracted from the work presented in [146]).

FIGURE 46. 3D view of the proposed unit cell (images extracted from the
work presented in [146]).

J. AMPLIFYINGING RECONFIGURABLE INTELLIGENT
SURFACE
In [146], a new type of amplifying-based RIS at the C-band
was proposed, which could amplify the reflected signal by
using a power amplifier. To enhance the bandwidth of the
proposed structure, two orthogonal hourglass-shaped slots
were conceived. Fig. 45(a), Fig. 45(b), and Fig. 45(c) show
the side view, top view, and bottom view of the proposed RIS,
respectively. The 3D view of the proposed unit cells is shown
in Fig. 46. The unit cell had four parts (a) an upper patch
layer (b) a slot plane layer (c) a microstrip line with a power
amplifier (d) a ground plane.

K. VO2-BASED RECONFIGURABLE INTELLIGENT SURFACE
There are different types of the tunning mechanism of the
RIS like PIN diode, varactor diode, liquid crystal, graphene,
etc. However, the authors used themetal-to-insulator property
of the VO2 to tune the RIS [147]. Fig. 47(a) and Fig. 47(b)
show the diagram of differential spatial phase delay and
the exploded view of the proposed unit cell, respectively.
Table 8 shows features of RIS with extra sensing capabilities,
RF-switch-based RIS, amplifying RIS, and VO2 based-RIS
[145], [146], [147].

FIGURE 47. (a) Diagram of differential spatial phase delay (b) Unit cell of
the RIS (images extracted from the work presented in [147]).

TABLE 8. RF switch, amplifying, and VO2-based RIS.

L. RECONFIGURABLE INTELLIGENT SURFACE WITH RICH
SCATTERING CAPABILITIES
Scattering using RIS is very important for future wideband
indoor environment communications. In [79], the authors
demonstrate the physical shaping of the propagation medium
to get optimal channel diversity. The authors tuned the dis-
order and perfect orthogonality of the wireless channel was
achieved using a reconfigurable metasurface placed inside a
random environment. Fig. 48 shows the experimental setup
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for perfect channel orthogonality where a phase-binary meta-
surface reflect array partially covers the cavity wall.

FIGURE 48. Experimental setup for perfect channel orthogonality (images
extracted from the work presented in [79]).

FIGURE 49. Experimental setup for one case study (images extracted
from the work presented in [80]).

In [80], the authors shaped multipath channel impulse
response using RIS to enable higher achievable communica-
tions rates. Also, it uses to localize non-cooperative objects
using wave fingerprints. Fig. 49 shows an experimental setup
that consists of an irregular metallic enclosure. The environ-
ment was very reverberant at 2.5 GHz upon excitation with
a 66 MHz pulse. In [81], the authors illustrate the require-
ment for self-adaptive RIS under rich scattering. The authors
proved that self-adaptive RISs outperform context-ignorant
RISs only below particular noise levels.

M. RECONFIGURABLE INTELLIGENT SURFACE FOR
INTEGRATION IN THE ON-CHIP ENVIRONMENT
In [148], initially, the authors designed and characterized
a programmable metasurface for integration in the on-chip
environment. Then the authors optimized the configuration
to equalize selected wireless on-chip channels. Lastly, the
authors noticed significantly higher modulation speeds with
the shaped channel impulse response. Fig. 50 shows a meta-
surface programmable wireless on-chip environment.

N. PASSIVE TYPE OF RECONFIGURABLE INTELLIGENT
SURFACE
In [149], the authors discussed parameters and measurement
techniques for RIS. A low-cost FR4 substrate with a permit-
tivity of 4.4 and height of 1.6 mm was taken to design the

FIGURE 50. Metasurface programmable wireless on-chip environment
(images extracted from the work presented in [148]).

RIS architecture. The proposed design was very simple and
cost-effective. Fig. 51 shows the proposed design working at
the 3.5 GHz frequency band.

FIGURE 51. Fabricated 10 × 10 RIS (images extracted from the work
presented in [149]).

O. LIQUID CRYSTAL-BASED RECONFIGURABLE
INTELLIGENT SURFACE
A liquid crystal-based planar multi-resonant cell was pro-
posed in [150]. Fig. 52 shows the reflectarray for the perfor-
mance evaluations. Liquid crystal is very promising to design
RIS [151], [152].

FIGURE 52. The figure of reflectarray for measurement setup (images
extracted from the work presented in [150]).

It has been noticed that generally PIN didoes or varactor
diodes are being used to design RIS. New types of RISs are
also being considered to have sensing capabilities or new
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types of capabilities like the estimation of the direction of
arrival of the signal.

IV. SWITCHING ELEMENTS AND MATERIALS FOR
RECONFIGURABLE INTELLIGENT SURFACE
Switching of the RIS can be realized by various means
like a voltage source, electric field, magnetic field, thermal
variations, light, external pressure, electro-optical, etc. PIN
diode and varactor diode can be tuned using an external
voltage source. The RIS can have a light-sensitive material
for its reconfigurability. Graphene, silicon, gallium arsenide,
indium tin oxide, aluminum-doped zinc oxide, etc., are some
light-sensitive materials that can be used to design RIS.
Vanadium dioxide is a material that has the property of
changing metal to an insulator under thermal variations.
Vanadium dioxide is a very promising material to design a
RIS. Transparent conducting oxides are being considered to
design RIS in the near-infrared (NIR) andmid-infrared (MIR)
regimes.Microfluidic can also be used as a switching element
to design RIS. PIN diodes, varactor diodes, liquid crystal,
MEMS switches, etc. are being considered for the potential
applications of the RIS. PIN diodes and varactor diodes are
inexpensive and very small in size. These can be easily inte-
grated with the RIS surfaces. PIN and varactor diodes can
work up to 30GHz efficiently. However, at higher frequencies
(above 30 GHz), PIN and varactor diodes show high insertion
losses. MEMS and other mechanical-type switches are prone
to failure over time due to moving parts within the switches.
MEMS are expensive compared to PIN or varactor diodes.
Liquid crystal is another type of potential candidate that can
be used to design RIS. There may be other types of switches
useful to design RIS. However, for low-cost RIS design, PIN
or varactor diodes are the best to design RIS.

V. CHALLENGES AND SOLUTIONS IN HARDWARE OF RIS
DESIGN
RIS is going to have a key role in beyond-5G/6G com-
munications [153]. For such communications, the operating
frequency will be not only sub-6 GHz or mmWave, but it can
be THz and optical frequency band. For such deployment
of RIS, the RIS should be cost-effective and simple. The
cost-effective design of RIS is the fundamental challenge. It is
evident from the literature reviews that nowadays maximum
researchers are focusing on designing sub-6 GHz or 28 GHz
frequency bands. In these frequency ranges, it is relatively
easy to fabricate RIS. However, when the frequency goes
beyond this, the cost to fabricate such RIS will be relatively
high. Cost-effective RIS design at a higher frequency is an
important issue that needs to be solved. Another important
issue to design RIS is power consumption by the RIS. The
RIS should consume as low as possible power for its opera-
tions. Simple configuration of the RIS is another important
issue. It will be better if the reflected beam goes in the
desired direction and the desired directions can vary when
one user goes from one place to another place. However,
it is relatively difficult to steer the beam in the desired

direction when the source antenna is far from the RIS. Also,
the user can come very close to RIS. So RIS should have
better steering capabilities for such applications. There may
be more than one user at particular locations. RIS should
handle such cases. It will be better if the RIS can accept
all incoming waves irrespective of their polarizations and
angle of incidence. HowevermaximumproposedRISs are not
polarization-independent and those are sensitive to the angle
of incidence. It is relatively difficult to design such types of
RIS. These are other very important issues that need to be
solved. Maintaining the perfect phase difference between the
unit cells for RIS design is a very important factor. However,
small manufacturing defects or other defects can change the
phase difference significantly and hence the communication
performance of the RIS. It is expected that RIS will have
multifunctional capabilities in the future. However, the design
of such multifunctional RIS is a relatively challenging task.
To solve such issues, it is necessary to find new types of
tuning mechanism for the unit cells which consumes less
power and are cost-effective. Also, it is necessary to find new
materials that can give nearly perfect reflections or nearly
perfect transmission without any significant losses of power.

VI. POTENTIAL RESEARCH OR RESEARCH GAPS THAT
CAN BE EXPLORED
As industry bodies are seeking cost-effective and simple RIS
for the actual deployment. It is expected that different cost-
effective and easy-to-fabricate RISs are going to propose
in the future. Multi-functional RIS is going to play a very
significant role in next-generation communications. RIS can
not only reflect the beam in the desired direction but can
also do other functions like sensing the incoming signal, and
transmitting the signal in the desired direction, etc. Multi-
functional RIS sill in the initial phase of research. Hardware
for multi-functional RIS still is very limited. It is expected
there will be extensive research on multi-functional RIS and
different multi-functional RISs shall be proposed in near
future. To improve the performance of the RIS, a new type
of material needs to be proposed which can provide better
tuning performance, and have a low response time, provide
very low loss of the incoming signal compared to the existing
materials. In [101] and [102], the authors proposed a new
area of a study named ‘‘Digital Electromagnetics’’ where
the electromagnetic waves were digitized for more than one
function namely beam steering and polarization conversion
for reconfigurable transmitarray. For that study, the feeding
horn antenna was placed for a particular F/D ratio. ‘‘Digital
Electromagnetics’’ is valid for both reflective types of RIS
and transmissive types of RIS where the incoming waves can
be digitized for more than one function such as beam steering,
polarization conversion, beam shaping, etc. The advantage
of this type of digitization of electromagnetic waves is that
the latency for any communications can be reduced very
significantly which is very important for beyond-5G/6G com-
munications. Also, the data rate for beyond-5G/6G com-
munications can be improved very significantly using this
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technique. A recent study suggests that that active types of
RIS particularly sub-connected types of RIS are more useful
compared to the passive types of RIS [154]. However, active-
type amplifying RIS is limited in the literature. The hardware
of RIS above 28 GHz is also limited. There are also some
application-related areas that need to be investigated for the
hardware design of the particular applications. To enhance
the security of any network, RIS can enhance the secrecy rate
of the wireless network. There are lots of theoretical studies
in this area. However, the actual RIS design for such appli-
cations is still very limited. Wireless power transfer is going
to mature in the near future. Hardware for RIS-enable wire-
less power transfer is still very limited. RIS-enabled wire-
less power transfer is expected to contribute significantly to
future networks as it can wirelessly power different devices.
As unmanned aerial vehicles are going to be integrated with
beyond-5G/6G communications, the hardware of RIS for
such applications needs to be investigated for enabling such
applications. Various applications like mm-Wave communi-
cations and mobile edge computing shall also include RIS for
its performance enhancement. The researchers and engineers
need to design the hardware of the RIS for such applications.
A new kind of RIS that can have both reflection and transmis-
sion capabilities in the desired directions is very promising.
There are some theoretical works on this aspect. However, the
hardware of this type of RIS still very limited.

VII. CONCLUSION
In this paper, we have reviewed extensively different types
of RIS. It is evident from the current state of the art of the
RIS that RIS will have a profound effect on beyond-5G/6G
communications. A low-cost, self-powered RIS with multi-
functional capabilities (like reflecting the beam in the desired
direction, finding the direction of the arrival of the incoming
signal, etc.) will be needed for future communications. RIS
will be very much useful for higher frequencies communica-
tions like THz communications where it is essential to have
a line of sight between transmitter and receiver. It is evident
from the current state of the art of RIS, PIN diodes, and varac-
tor diodes are being mainly used to design the RIS. However
different techniques like graphene, VO2, and liquid crystal are
also very promising in designing the RIS. 1-bit RIS is being
developed using PIN didoes. However, 2-bit or multi-bit RISs
are also being investigated to enhance the resolution of the
reflected scan beam. Nowadays maximum authors are focus-
ing on the sub-6 GHz frequency range to design the RIS.
However higher frequency ranges like 27-29 GHz range and
higher are also expected to be considered for future designs.
In this paper, initially, the working principles of RIS were dis-
cussed. Different type of RIS and their performance were pre-
sented. Different tables have been presented to compare the
various types of RIS published in the literature. The incoming
signal can be reflected by the RIS intelligently. Hence it
can improve the channel capacity and increase the data rate
significantly. The RIS is a promising area of research for
beyond-5G/6G applications. The review paper demonstrates

that instead of using a conventional massive MIMO antenna,
the use of RIS is very promising for base stations. The RIS
can not only be placed between the transmitter and receiver to
improve the signal strength but also the RIS can be used as a
transmitter or receiver itself for beyond-5G/6G applications.
‘‘Digital Electromagnetics’’ is a new area of study that needs
to be considered while designing the RIS for beyond-5G/6G
communications. The present authors also envision that cost-
effective hardware with stable phase tuning techniques is
useful for RIS design. Different types of digitally space-
time coding-based metamaterial RIS are also expected to be
proposed for beyond-5G/6G communications.
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