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Abstract — Considering the rapid progress of theory, design, fabrication and applications, metasurfaces (MTSs) have become a new research frontier in
microwave, terahertz and optical bands. Reconfigurable metasurfaces (R-MTSs) can dynamically modulate electromagnetic (EM) waves with unparal-
leled flexibility, which has led to a great surge of research in recent years. Numerous R-MTSs with powerful capabilities and various functions are being
proposed explosively. Based on the five dimensions of EM waves, this review proposes a unified model to describe the interactions among R-MTSs, EM
waves and EM information and suggests an information bit allocation strategy to categorize different types of R-MTSs systematically. Recent advances
in R-MTSs and 1-bit and 2-bit elements manipulating different wave dimensions are reviewed in detail. Finally, this review discusses the future research
trends of R-MTSs. R-MTSs with diverse dimensions and functions may propel the next generation of communication, detection, sensing, imaging and
computing applications.
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I. Introduction

Electromagnetic (EM) waves are the cornerstone of mod-
ern society. For purpose of manipulating EM waves, meta-
surfaces (MTSs), as artificial arrays composed of ultrathin
subwavelength elements, have been invented and studied
over the decades. MTSs can manipulate multidimensional
EM waves with an unparalleled degree of freedom. More-
over, compared with conventional bulk devices used for
manipulating EM waves, MTSs have great advantages such
as low cost, low profile, light weight, high efficiency and
easy fabrication. Therefore, MTSs are currently attracting
tremendous interest from researchers, and the applications
around MTSs are experiencing explosive growth, such as
high-performance antennas [1], radar cross sections (RCSs)
reducing radomes [2], invisibility cloaks [3], holograms
[4], [5], and ultrathin lenses [6].

Evolving from conventional MTSs, reconfigurable
metasurfaces (R-MTSs) integrated with tunable materials
on each element show a dynamic capability to control EM
waves. The scattering patterns of EM waves after encoun-
tering an R-MTS can be tuned by applying input stimuli to
the R-MTS. Various types of R-MTSs have been proposed
with reconfigurable functions for tuning different dimen-

sions of EM waves. Moreover, state-of-the-art prototypes
are emerging with multiplexed functions on a single R-
MTS, indicating that the research on R-MTSs is evolving
toward multiple dimensions and multiple functions. Some
review articles on passive and active metasurfaces can be
found in [7]-[12].

Digital R-MTSs, which are reconfigurable forms of
the coding metasurfaces [13], have sparked significant re-
search interest. By incorporating lumped switches with dis-
crete control signals on MTSs, significant advantages are
obtained over conventional analog R-MTSs, such as low
cost, ease of manipulation, scalability, high reliability, and
compatibility with the information world. As a result, this
review primarily focuses on digital R-MTSs, which are
characterized by information bits.

A digital R-MTS not only shapes the physical EM
wave and guides the flow of EM energy but also modulates
the incident wave and generates information. Information is
encoded onto the EM wave and can take various forms
depending on the dimensions of the EM wave. As a result,
R-MTSs have additional functions and capabilities for ma-
nipulating multiple dimensions of EM waves, leading to a
significant surge in R-MTS research.
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With tremendous advantages and revolutionary appli-
cations, numerous R-MTSs with diverse functions are be-
ing developed. However, corresponding to these functions,
various terminologies have emerged, making the structure
of R-MTS research appear complex and confusing. Hence,
there is a need for systematic categorization of R-MTSs.
In this regard, we propose a unified mathematical model of
R-MTSs based on five dimensions of EM waves to de-
scribe the interactions among R-MTSs, EM waves, and EM
information. We then introduce the information allocation
strategy, which aims to reorganize these R-MTSs under a
unified terminology system. By employing this systematic
categorization, we review recent advances in R-MTSs with-
in the same terminology system. This strategy could signifi-
cantly contribute to the development of surface electromag-
netics theory [14]. We hope that this review provides a
comprehensive understanding of R-MTSs, EM waves, EM
information as well as their interactions while inspiring
researchers to further explore the fascinating functions of
R-MTSs.

This remainder of this review is organized as follows.
First, we focus on the interactions among EM waves, EM
information and R-MTSs, and propose an information allo-
cation strategy in Section II. Next, under the framework of
information allocation, we review different forms of 1-bit
allocation elements in Section III. Continuing from that per-
spective, Section IV primarily reviews 2-bit allocation ele-
ments. Then in Section V, we discuss the future trends of
R-MTSs and outline some challenges. Finally, we draw our
conclusions in Section VI.

I1. Information Allocation Strategy

1. Dimensions of the EM wave

First, it is necessary to review the dimensions of the plane
EM wave. A plane EM wave can be mathematically de-
scribed using the following formula:

E(t,7) = Eo@“"™"9|p) (1)

This formula involves five dimensions of plane EM
waves: phase (¢), amplitude (E,), polarization (|p)), direc-
tion (§) and frequency (w). Note that since the field is po-
larized, F is a vector and is also a function of space (7) and
time (1).

2. Interactions among the R-MTS, wave and informa-
tion

To understand the functions of the R-MTS, the physical
point of view is initially considered. When the EM wave
encounters an R-MTS, each element of the R-MTS scatters
the local EM wave. Then, the scattered EM waves propa-
gate in free space. Summing up the contributions of each
local scattered EM wave, the receiver obtains the final EM
response. The R-MTS possesses dynamic control over EM
waves in five dimensions, enabling the manipulation of
wave—metasurface interactions.

Considering the information viewpoint, we can gain an
alternative understanding of the functions of the R-MTS.
Our focus in this review is primarily on digital information,
which plays a fundamental role in the modern world and is
characterized by its binary nature. In comparison to analog
information, digital information offers robustness, speed,
cost-effectiveness, and ease of processing, making it in-
creasingly important.

To generate and transmit digital EM information in
free space, the physical information medium, the EM wave,
is indispensable. Since EM waves have five dimensions,
EM information has five dimensions. The R-MTS is designed
for the purpose of manipulating EM waves, which in turn
allows for the modulation of EM information with diverse
dimensions. Thus this type of R-MTS is multidimensional.
Figure 1 illustrates the interactions among the R-MTS, EM
wave and EM information, linked by EM dimensions.

Based on the information point of view, the R-MTS
provides dynamic control of the information—-metasurface
interactions. The R-MTS can not only manipulate physical
EM waves but also generate and modulate EM information.
Because it bridges the physical and information realms, the
R-MTS is called an information metasurface [15].

3. Mathematical model of the R-MTS

Here, we propose a mathematical model of the R-MTS to
describe the interactions among the R-MTS, EM wave and
EM information. Suppose an R-MTS is composed of M el-
ements. When an EM wave encounters the R-MTS, the
scattered wave is represented by the following formula:

M
By = ) B MER)-EX(7) ()
i=1

where inc represents the incident wave and sca represents
the scattered wave. The location of the receiver is denoted
by 7, and 7 represents the position of the ith element. Here,
E’;nc is the incident wave at the ith element. Note that the in-
cident wave is not necessarily a plane wave, but it is as-
sumed that at a small local region of each element, the inci-
dent wave can be approximated as a plane wave. Accord-
ing to formular (1), E’:‘,nc can be expressed as

B (1,7) = Ejpeel e | pivy 3)

with variable values of the incident dimensions at each ele-
ment in different positions.

M;(¢,7,R;) represents the ith element modulation ma-
trix of the incident wave, and the notation

R; = (E™, Switch;) 4)

is used to describe the response of the elements. R; con-
tains the incident dimensions of the EM wave and the ele-
ment configurations determined by the switch. We call the
former excitation and the latter control. It is also noted that
R; is a function of time ¢ because Switch; can be modulated
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Figure 1 An illustration of the information allocation strategy and the interactions among EM information, EM waves and R-MTSs, which are linked by
EM dimensions. Since EM waves have five dimensions, EM information bits can be allocated to these dimensions. When a five-dimensional incident EM
wave encounters an R-MTS, it is modulated by a modulation matrix M for each element. This modulation matrix manipulates the five EM dimensions and
loads EM information onto the EM wave. After propagating through free space, the total scattered wave in the far field is the sum of all scattered waves
from each element. In summary, the information to be transmitted is allocated to the dimensions of the scattered EM wave and dynamically modulated by

the R-MTS.

temporally, which is the underlying mechanism of reconfig-
uration.
M;(#,7,R;) is expressed as

M(#,7,R;) = A(R)F (7, Ri)ei(Aw'(Ri)t+Awi(R'))Ji(Ri) Q)

In this equation, the amplitude response (A) describes the
states of energy amplification, attenuation, or maintenance.
The element radiation pattern (F) depends on the receiving
location (7) and can shape the beam and determine its direc-
tion. The additional frequency (Aw) can shift the incident
frequency, which is a nonlinear effect. The additional phase
shift (A¢) accounts for the phase shifting effect when the
incident wave encounters the EM element. The Jones polar-
ization matrix (J) is an 2 X2 anisotropic matrix that modu-
lates the incident polarization (|p™)), and accordingly, M is
also an 2x2 matrix. These five dimensions of element
modulation precisely cover and modulate the five dimen-
sions of the EM wave.

The term P;(#) describes the path from the R-MTS to
the information receiver. Suppose the path is linear, time-
invariant, isotropic, homogeneous and singular; then, the
mathematical model can be expressed as

PA(7) = L(Pe 1 (6)

where L; denotes the path loss from the ith element to the
receiver and I is the polarization identity matrix. The path
model is determined by the location of the information re-
ceiver (7) and the position of each element (7).

Each element can exhibit different responses to differ-
ent dimensions of the incident wave. Furthermore, as the el-
ements can be reconfigured in multiple dimensions, these
dimensions of the EM wave can be dynamically modulated.
By summing the individual element responses, the EM
wave scattered by the R-MTS is obtained according to (2).

4. Information allocation strategy: Element level

As shown in (2), the characteristics of the R-MTS are deter-
mined by EM elements. Suppose N-bit information (2~
states) needs to be generated by an EM element. Since EM
information resides in the EM wave, the N-bit information
can be allocated to different dimensions of the EM wave.
Correspondingly, these dimensions of the EM wave need to
be independently modulated by the element, and each ele-
ment has to respond to the desired dimensions of the EM
wave. The key to transmitting multidimensional EM infor-
mation is designing multidimensional reconfigurable ele-
ments. This is why this strategy is named information bit al-
location, signifying the allocation of multidimensional EM
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information bits to multidimensional reconfigurable EM el-
ements. By employing this strategy, researchers can deter-
mine the categories of various reconfigurable elements and
gain a better understanding of the functionalities associated
with each type of reconfigurable element.

5. Information allocation strategy: Array level

In addition to element-level reconfiguration, there is also an
array-level information allocation strategy to be considered.
Strictly speaking, the overall electromagnetic response is
the sum of each element’s contribution to the different di-
mensions. Since there are M independent elements in an
R-MTS and each element manipulates N independent bits,
the total number of modulated bits within the entire R-MTS
is given by M XN =K, hence it can greatly multiply the
amount of information.

Considering the effect of the array, the arrangement
and state of each element at the array level also require
careful design, which is referred to as array-level bit alloca-
tion. By manipulating the states of each element within the
array, a diverse range of waveform patterns can be generat-
ed, such as pencil beams, monopulse patterns, multiple
beams, orbit angular momentum (OAM) beams, and RCS
reduction [16]-[19]. Additionally, the polarization states,
beam amplitude, beam direction, and frequency compo-
nents can be quasicontinuously controlled by adjusting the
states of the multidimensional elements at the array level.
The realization of such functions requires specific strategies
to allocate the K bits to different dimensions, thus leading
to research on of array-level bit allocation strategies.

In this review, our primary focus is on element-level
reconfigurable element design due to its importance and
fundamentality. The array-level bit allocation strategy is
more complex and flexible, and it is beyond the scope of
this review.

6. Element control methods

The composition of the R-MTS relies on EM elements, and
their reconfiguration is facilitated by the use of tunable
devices/materials. These EM elements can be controlled
using different stimuli, including electrical control [20],
mechanical control [21], [22], temperature control [23],
light control [24], [25] and magnetic control [26]. Among
these methods, electrical methods stand out as cost-effective,
easily integrable, and controllable approaches. In the micro-
wave band, commonly used electrical diodes include PIN
diodes and varactors.

Considering that EM information is discrete and digi-
tal, the corresponding tuning mechanism is specifically re-
ferred to as a digital switch. These digital switches produce
discrete states of the elements, which can be characterized
as bits in the physical world. In contrast to general tunable
materials, digital switches are inherently compatible with
digital information. Consequently, R-MTSs utilizing digital
switches, particularly PIN diodes, have garnered signifi-
cant research attention in recent years. Accordingly, this re-
view focuses on 1-bit and 2-bit R-MTS elements, which are

mainly controlled by PIN diodes.
III. 1-Bit Elements

In this section, 1-bit reconfigurable elements that have a
single independent switch are reviewed. Due to their 1-bit
nature, each element is limited to two states. Consequently,
a 1-bit element can manipulate either one dimension of the
EM wave or a combination of associated dimensions with
only 1-bit information.

Considering that there are five dimensions of EM
waves, there are five distinct types of information bit allo-
cation, namely, phase-only, amplitude-only, polarization-
only, direction-only and frequency-only elements shown in
Figure 2. Over the past decades, researchers have dedicated
significant efforts to designing each type of reconfigurable
element, leading to notable advances in the field. Some typ-
ical achievements of these works are reviewed below.

(b) State |

(2)

Phase

Amplitude t Direction

Polarization Frequency

Figure 2 An illustration of 1-bit allocation. (a) One bit of information can
be allocated to one of five dimensions at a time, resulting in five types of 1-
bit elements. (b) The function of 1-bit reconfigurable elements is shown,
where an element can manipulate one incident wave with two different
scattering states.

1. Phase-only elements

Phase-only elements are extensively studied among the five
types of 1-bit R-MTSs. For phase-only elements, formula (2)
is simplified as

M
B (7 1) = Z C () FT-rdeRyser)  gion 7
b 1
i=1

where the time-invariant coefficient term is given by
Ci(P) = LAOAE Fi(PTp) ®)

Phase-only elements only manipulate the ith addition-
al phase Ag;, and the other dimensions are usually invari-
ant with switch configurations and time. Formula (7) indi-
cates that the radiation pattern of the R-MTS is determined
by the Ag of each element, implying that the near-field
phase influences the far-field beam patterns. Phase-only R-
MTSs have various applications, such as dynamic beam-
forming and beam scanning [16], reconfigurable OAM
beam generation [19], and reconfigurable holograms [27].

The concept of a 1-bit phase refers to the quantization
of a continuous phase into only two phase states. In the de-
sign of 1-bit phase elements, researchers typically choose
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phase differences between two configurations that are close
to 180°. This choice minimizes the phase quantization loss
to approximately 3-3.9 dB [28], [29].

Various configurations of 1-bit phase elements have
been developed, by employing different configurations,
switches, frequency bands and functions. According to
the reflectarray theory, additional phases of elements can be
tuned by time-delay lines, variable sizes or variable rotat-
ing angles [1], [20], [30]. By using the ON and OFF states
of RF switches on the elements, one can emulate size
changes or angle rotations, thereby altering the additional
phase of the elements.

1) Basic phase-only element

In the microwave band, a single PIN diode switch is
commonly used to achieve 1-bit phase reconfiguration for
single-polarization EM waves [13], [16], [17], [31]-[35]. In
[16], [31], [32], independently addressable reconfigurable
reflectarray antennas (RRAs) with high efficiency are real-
ized by carefully designing the elements, switches and bias
lines (Figure 3(a)). Furthermore, researchers have explored
various RRAs operating in different frequency bands. In the
millimeter-wave band, a 60-GHz RRA prototype using
commercial PIN diodes has been fabricated [33]. Wide-
band RRAs have also been a focus of research, with a re-
ported bandwidth of up to 38.4% in recent works [35]. In
the THz and optical bands, similar modulation principles
apply. However, the development in this research field is
limited by the immaturity of tunable devices. In recent
years, there have been efforts to introduce various tunable
materials for phase tuning in these high-frequency bands,
which are discussed in Section V.2.

A single control signal with two states used to manipu-
late multiple switches synchronously is also classified as a
1-bit element. This approach allows for the integration of
additional functions into a single element by employing a
greater number of associated switches.

2) Phase-only element related with polarization dimen-
sion

Stable 180° phase modulation in an entire frequency
range and polarization conversion can be achieved by incor-
porating multiple associated switches. By appropriately de-
signing the elements and switches, a Jones matrix with po-
larization conversion capabilities can be derived as

0 1
JI:[1 0] ©)

This Jones matrix can swap the incident polarization;
in other words, the reflected polarization is rotated by 90°.
By employing a control signal to alternate between the ON
and OFF states of the switches, precise 180° phase differ-
ences can be achieved. Extensive research has been con-
ducted on the application of polarization conversion princi-
ples in the design of RRAs [36]-[40]. For instance, refer-
ence [36] demonstrates that alternately switching two PIN
diodes controlled by one signal line can achieve a stable 180°
reflection phase difference based on the principle of polar-

ization conversion (Figure 3(b)), which can manipulate cir-
cular polarization (CP) waves with low design complexity
and low insertion loss.

Dual-switch elements can respond to dual-LP and
dual-CP waves. In a related study [41], it was reported that
a patch with two associated switches positioned on orthogo-
nal sides enables phase tuning with responses to dual-linear
and dual-circular polarizations from 13.5 to 15 GHz (see
Figure 3(c)).

3) Phase-only element related with direction dimen-
sion

In addition to reflective metasurfaces, extensive re-
search has been conducted on transmissive metasurfaces,
known as reconfigurable transmitarray antennas (RTAs). It
has been proven that a minimum of two switches is needed
to construct high-performance 1-bit RTA elements [42].
When designing RTAs, the current reversal method using
two switches has proven to be a valuable approach for 1-bit
phase control [43]-[49]. For example, a receive—transmit
structure in the X band employing two PIN diodes that al-
ter the element configuration is proposed in [43]. By mutu-
ally reversing the current by 180°, the transmitted phases
are correspondingly reversed by 180° (Figure 3(d)). In con-
trast to single-layer RTAs with all switches on a single lay-
er, multilayer RTAs with switches distributed across differ-
ent layers have been proposed in recent years [48], [50],
[51]. For instance, reference [51] presented a dual-layer
Huygens’ element with two associated switches loaded on
each layer, enabling 1-bit transmission phase control at 13
GHz (Figure 3(e)).

Furthermore, single-layer R-MTS can facilitate bidi-
rectional beam scanning functions combined with polariza-
tion conversion [52]. This configuration, operating in the C
band, splits the energy, reflecting half and transmitting the
other half (Figure 3(f)).

2. Amplitude-only elements

According to formula (5), the amplitude modulation of an
element can be represented by a parameter A. When an EM
wave interacts with an MTS, the energy can be amplified
(A>1), attenuated (A < 1) or maintained (A = 1). Accord-
ingly, the amplitude-only element can be active, lossy or
nearly transparent. Amplitude modulation elements have
applications in channel modulation [53], relay amplifying
[54] and so on. Several prototypes of microwave band 1-bit
amplitude R-MTSs have been demonstrated [54]-[64].

Amplifying transmitarrays based on receive—transmit
structures, utilizing active transistors as energy amplifiers,
were proposed in the 1990s [55]-[57]. As Figure 3(g) illus-
trates, a pair of vertical gate leads receives the energy from
free space, and two transistors form a differential amplifier
with their sources connected [57]. The gate energy is ampli-
fied and radiated horizontally by a pair of drain leads. The
amplifying/maintaining states can be switched by control-
ling the ON/OFF states of the power source of the transis-
tors.

An amplifying reflectarray based on FET transistors
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() Active microstrip patch

(b) Y
Diode 1

Grounded-yias

R044?3 film 1% , |l Bias line

t
Ground plane

Diode 2

PIN
diodes ) L

Metal layer

Bias line layer
Phase-only elements

(® (k)

Gate leads
.

PIN diode  ~_ p

Drain leads

Capacitance
PIN diode 2

PIN diode 1 i
h

PIN diode 4 ; PIN diode 3

Capacitance Polarization-only
elements

Amplitude-only elements

(m) ®)

Grounding
vias

®
Time

modulation
signal input

RF through

|

Frequency-only elements

Direction-only elements

Figure 3 1-Bit reconfigurable elements manipulating one of five dimensions. (a)-(f) Phase-only elements. (a) 1-Bit phase reconfiguration with a single
switch on each element [31]. (b) 1-Bit phase reconfigurable reflective element with two switches enabling polarization conversion [36]. (c) 1-Bit element
with two switches controlled by one bias signal responding to dual LPs and CPs [41]. (d) Reconfigurable transmitarray element based on the
receive—transmit structure. Two PIN diodes are turned ON and OFF alternately, leading to a 180° current reversal on the transmitting structure [43].
(e) Dual-layer reconfigurable transmitarray element with one switch on one layer to tune the phase simultaneously [51]. (f) Single-layer bidirectional re-
configurable element [52]. (g)—(j) Amplitude-only elements. (g) Amplifying grid array based on a differential amplifier [57]. (h) Amplifying reflectarray
based on FET transistors [58]. (i) Amplifying element using the principle of parametric amplification [59]. (j) Switchable absorbers with four PIN diodes
in different directions that have the ability to respond to full polarization [64]. (k)—(m) Polarization-only elements. (k) LP-LP switching element [16].
(1) LP-CP switching element [65]. (m) CP-CP switching element [66]. (n)—(0) Direction-only elements. (n) Cylindrical active dipole elements on an FSS [67].
(o) Complementary #-shaped 1-bit reconfigurable planar FSS for full polarization [68]. (p) Frequency-conversion element based on time modulation [69].
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GHz incident signal was amplified and reflected using the
nonlinear effect of a varactor on the circuit, with energy
provided by a 4.72 GHz pump (Figure 3(i)). The amplify-
ing gain could be tuned by adjusting the pump energy, en-
abling amplitude reconfiguration.

Switchable absorber—reflectors or absorber—transmit-
ters based on active-frequency selective surfaces (AFSSs)
have been developed in recent years [60]-[64], [70]. Imper-
fect PIN diodes with a large insertion loss in the ON state
can absorb energy at the resonance frequency, while in the
OFF state, the wave is scattered by the R-MTS without at-
tenuation. Modulating the ON/OFF states allows for ampli-
tude modulation. Elements can respond to multiple polar-
izations by incorporating several PIN diodes, ranging from
LP [61], [62] and dual-LP [63] to full polarizations (Figure
3())) [641, [701.

3. Polarization-only elements

Polarization |p) is one of the intrinsic dimensions of spatial
EM waves. A 1-bit polarization reconfigurable element
switches between two polarization states, which can be
mathematically represented by a Jones matrix J that transi-
tions between the two forms. Furthermore, polarization bits
can be utilized for transmitting information [71].

Here, we provide a review of the principle of 1-bit
polarization reconfiguration. Suppose the incident polari-
zation is along the x axis. A switch is loaded along the x’
axis, where the x'-y" coordinate system is rotated by 45° from
the x-y coordinate system, as shown in Figure 4. We con-
sider the scattering responses along the x” and y" axes to be
isolated. If the additional phase along the y" axis is ¢, and
the phase along the x’ axis is ¢, , the element modulation
matrix, under the x’-y’ coordinate system, can be simply
expressed as

M':[ejW 0] (10)

0 e

and the incident wave is

1 {1
N 11
P \/5(1) (n

Hence, the scattered wave is

Fowrpy= (" 12

=M'p’) = % e (12)

Under the x-y coordinate system, the scattered wave is
S 1 el yeler

Since the phase along )’ is fixed, suppose ¢, is fixed
at 180°, and the phase along x’ is reconfigurable. Let us
consider three special cases. (1) ¢~ = 180° and 9™ = 0°.
According to (13), the scattered wave switches between
LP(x) and LP(y). (2) ¢~ =90° and ¢S = 0°. FoN yields

Figure 4 Illustration of coordinate system definitions considering polar-
ization.

circular polarization, and FOFF yields linear polarization.
Hence, polarization modulation between LP and CP waves
is obtained. (3) 9N =90° and ¢ = —90°. The scattered
waves correspond to two spins of CP. Hence, a dual-CP
transition can also be generated and switched. This discus-
sion is summarized in Table 1.

Table 1 A summary of 1-bit polarization manipulation types

@y =180° Incident polarization Scattered polarization
(,OO,N =180° LP(X) LP(x)—LP(y)

X

O =00 cP RHCP-LHCP

ON _ 900 LP(x)

oy =90 LP-CP

oy =0 CP

¢ON = 90° LP(x) RHCP-LHCP
@O = —90° cP LP(x)-LP(y)

Various prototypes have been developed to verify the
transitions of LP(x)-LP(y), LP-CP and LHCP-RHCP, as
described in [16], [65], [66], [72]-[75]. LP-LP switching
based on a transmitarray was investigated in [16], [74],
[75], where the ON/OFF states of PIN diodes were tuned to
convert or maintain the linear polarization of the reflected
wave (Figure 3(k)). The conversion between LP and CP is
studied in [65] using LP incidence (Figure 3(1)). When the
switch is ON, a phase difference of 180° is achieved along
the x' and )" axes, resulting in polarization conversion.
When the switch is OFF, a phase difference of 90° is ob-
tained, leading to the generation and reflection of CP. Addi-
tionally, polarization-only R-MTSs can dynamically convert
LP incident waves to RHCP or LHCP [66] by modulating
the phase difference between the x” and y’ axes to 90° or —90°
(Figure 3(m)). Other states of polarizations can also be
switched, as summarized in Table 1.

4. Direction-only elements

In formula (5), F denotes the element radiation pattern,
which determines the direction of the main beam scattered
by a single element. It is worth mentioning that the element
radiation pattern is not equivalent to the array radiation pat-
tern. The array radiation pattern takes into account not only
the element radiation pattern but also other element proper-
ties, such as phase and amplitude, as derived in (7) and (8).
Here, we only investigate radiation pattern reconfiguration
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at the element level.

Reflection—transmission pattern reconfigurable AFSSs
have been comprehensively studied in recent years [67],
[68], [75]-[77]. For example, a dipole FSS with tunable
PIN diodes at the center was reported in [67], which en-
ables the switching of the reflection/transmission states of
the EM wave from 2.3 GHz to 3 GHz (Figure 3(n)). When
the PIN diode is in the ON state, the dipole is resonant,
which can block the EM wave and cause reflection. Con-
versely, when the PIN diode is in the OFF state, the dipole
is not excited, allowing the EM wave to pass through the
FSS. Furthermore, elements with complementary reflection
and transmission responses in full polarization were report-
ed in [68], as shown in Figure 3(0). The #-shaped AFSS el-
ement can create complementary stop/pass bands and is ca-
pable of responding to full polarizations.

It is worth noting that f{ represents a vector in the
entire space, indicating propagation in various directions,
not only forward or backward. Direction-only vector types
include propagation at different angles based on pattern
reconfiguration. While reflection- and transmission-type di-
rection reconfigurable elements have been well studied, to
the best of our knowledge, direction-only elements specifi-
cally dedicated to pattern reconfiguration on one side (an-
gle reconfiguration) have not been reported in the published
literature. More research in this area can be anticipated in
the future.

5. Frequency-only elements

Converting frequency is crucial in communication applica-
tions. The inherent operating mechanism of generating new
frequencies is the nonlinear effect. Therefore, the EM ele-
ments used in frequency conversion should possess nonlin-
ear characteristics. The concept of frequency-only R-MTSs
has been explored since the 1980s [78]. However, due to
the complexity of the elements and the limited practical ap-
plications, this area of research has received relatively little
attention in the past few decades. Recently, with the rapid
development of digital control circuits such as field pro-
grammable gate arrays (FPGAs), utilizing the time dimen-
sion to generate new frequencies based on R-MTS has
become feasible [69], [79]-[82]. Figure 3(p) illustrates a
frequency-conversion element capable of mixing the fre-
quencies of spatial EM waves and guided waves and subse-
quently reradiating the mixed wave into free space, which
can introduce more than a 1-GHz frequency shift [69].

Here, we briefly introduce the principle of frequency
generation based on the time modulation technique. In (4),
the notation R indicates the reconfiguration of the element
as a function of time ¢. Let us consider a phase-only ele-
ment that is subjected to a periodic control signal with a pe-
riod T. As a result, the additional phase of the element can
be modulated periodically. According to (5), and consider-
ing that the only variable is the phase (Ag), the main term
of the element modulation function is

M(t) = 20 (14)

M() is also a periodic function of time . Applying the
Fourier expansion, M(¢) is expressed as

o

M(t) = Z a, &% (15)

h=—c0
where {a,} is a Fourier series and

1 IE B ; 2nh
ay=— | VeI Ty (16)
TJ-%
Harmonic frequency components are generated when
Ag(?) is not a constant value. According to (2), when the in-
cident frequency is f;, the core term of the scattered wave is

[

E(t) = Z a5 (17)

h=—c0

As formula (17) illustrates, new frequencies are added
to the incident frequency, and the harmonic frequency com-
ponents of the spatial wave are reconfigurable if the control
signal or the switching period is adjustable.

In essence, the EM element acts as a frequency mixer
by combining the frequency in free space with the switch-
ing frequency of the FPGA on board. The reason why
rapidly switching elements can act as a mixer is that the
lumped switch is a nonlinear component. By modulating
the ON/OFF states of the switch over time, a square-wave
phase is generated, which serves as the inherent source of
new frequency generation. We note that the maximum fre-
quency shift is determined by the switching speed of the
switches and the FPGA, which is currently much lower than
the frequency of the spatial EM wave (1/T < f.). There-
fore, there is still room for improvement in terms of achiev-
ing significant frequency shifts through the rapid switching
of states in elements.

IV. 2-Bit Elements

This section reviews the advances in 2-bit elements with
two independent switches. By incorporating more informa-
tion bits into a single element, the R-MTS becomes multidi-
mensional, enabling the realization of various functions.

Note that the response notation R in (4) is determined
by two components: control and excitation. Following the
information allocation strategy, there are two types of allo-
cation for 2 bits: both bits go to control, or one bit is allo-
cated to control and the other bit is allocated to excitation.

In the first type, each element can actively manipulate
2 bits of information simultaneously, which is referred to as
the 2-bit manipulation type. Since there are five dimen-
sions of the EM wave, the 2 bits can be allocated to these
five dimensions individually, as shown in Figure 5(a).
There are C2 ways to allocate the 2 bits to two different di-
mensions and 5 ways to allocate both bits to a single dimen-
sion. Thus, there are a total of CZ+5 =15 ways to allocate
the 2 bits for the 2-bit-manipulation type elements.



Reconfigurable Metasurface: A Systematic Categorization and Recent Advances

0040021-9

(@) (b)

State 1 Incidence 2

State 2 1: State 1

State 3

Figure 5 Illustrations of two types of 2-bit allocation. (a) 2-Bit-manipulat-
ing type: This type allows for the active manipulation of one or two dimen-
sions under one incident wave. The figure shows two bits allocated to five
dimensions. This results in a total of C§+5 =15 combinations for this
type of bit allocation. (b) Multiplexed—manipulating type: This type en-
ables the manipulation of one dimension (represented by the pink arrow)
while responding to two incident waves that differ in one dimension (rep-
resented by the green arrow). The figure illustrates that there are theoreti-
cally 5x5 =25 ways of performing bit allocation for this type.

In the second type, the element can be designed to ac-
tively control 1 bit of information in one dimension while
independently responding to the excitations of two incident
waves in one dimension using the other bit. By multiplexing
one element, two incident waves can be manipulated inde-
pendently, so we call these elements multiplexed-manipu-
lating type elements. Theoretically, there are 5Xx5 =25
combinations of this type, as illustrated in Figure 5(b).

Here, some existing combinations are reviewed, and
the others need to be further studied.

1. 2-Bit-manipulating type element in one dimension

1) 2-Bit-phase reconfigurable element

The 2-bit-phase element, where both bits are allocated
to the phase dimension, has been widely studied [83]—[88].
Such elements offer four relative phase states, 0°, 90°, 180°,
and 270°, thereby improving phase resolution and reducing
quantization loss compared to the 1-bit phase by approxi-
mately 2.4-3 dB [28], [29].

For 2-bit phase modulation, a minimum of two switch-
es is needed. Both reflective and transmissive 2-bit-phase
R-MTSs are realized. In reference [83], a reflective asym-
metric pentagon-shaped element based on the resonance
method was proposed (Figure 6(a)), capable of generating
four reflection phase states at approximately 7 GHz. For 2-
bit-phase transmitarrays, additional switches are employed
in receive—transmit structure-based transmitarrays [85]. The
receiving patch achieves a 0°/180° phase shift, while the
transmitting structure achieves a 0°/90° phase shift, en-
abling the generation of four phase states (Figure 6(b)).

2) 2-Bit-amplitude reconfigurable element

A 2-bit-amplitude R-MTS, capable of amplifying,

maintaining, and attenuating amplitude, is realized by con-
trolling the supply voltages of two amplifiers on each side
of a receive—transmit structure-based transmitarray [89], as
shown in Figure 6(c). It can realize four distinct amplifica-
tion levels (—10 dB, 0 dB, 10 dB, 20 dB). Notably, continu-
ous amplitude reconfiguration can also be achieved by con-
tinuously tuning the supply voltages.

3) 2-Bit-polarization reconfigurable element

2-Bit-polarization reconfigurable elements have also
been reported in recent literature. These elements actively
generate and modulate three polarization states using two
independent switches [90]. PIN diodes are soldered along
the x and y axes (Figure 6(d)), with a 90° ON/OFF phase
difference along the two axes. As a result, 90°, —=90°, and 0°
phase differences between the x and y axes can be achieved
by independently tuning the two switches. When the inci-
dent LP polarization is along the x" axis, RHCP, LHCP, and
LP reflection waves are obtained. It is worth noting that the
unused state among the four states is the 90° phase of LP.

Furthermore, we propose two approaches to achieving
a four-state polarization reconfiguration: RHCP, LHCP,
LP(x"), and LP(y’). First, if the incident polarization is
along the x’ axis, the desired polarization states can be ob-
tained by setting the additional phase to 0°/180° along the x
axis and 0°/90° along the y axis. The second approach in-
volves fixing the reflection phase along the y axis, such as
180°. In this case, a 2-bit-phase reconfigurable element with
a tunable phase along the x axis can also function as a 2-
bit-polarization reconfigurable element when the incident
polarization is along the x’ axis.

4) 2-Bit-frequency reconfigurable element

Frequency reconfigurable elements are typically con-
structed through time modulation, which is discussed in
Section IV.3.

2. 2-Bit-manipulating type elements in two different di-
mensions

1) Phase-amplitude reconfigurable element

A phase-amplitude reconfigurable element allocates
one bit to phase and the other bit to amplitude control. This
type has found applications in generating modulation sig-
nals and reducing the sidelobe levels of beam patterns. In [91],
a dual-layer structure was presented where the top layer,
made of graphene, manipulates the reflection amplitude,
while the bottom layer, consisting of PIN diodes, tunes the
reflection phase. In [92], single-layer elements integrated
with two types of PIN diodes were proposed (Figure 6(¢)).
Here, one PIN diode is designed to have minimal insertion
loss in the ON state and high isolation in the OFF state,
allowing for phase tuning while maintaining the reflection
amplitude. The other PIN diode exhibits minimal insertion
loss in the ON state and absorbs a large portion of energy in
the OFF state without significantly affecting the phase.
These carefully designed configurations enable the realiza-
tion of a 2-bit phase-amplitude reconfigurable element.

An energy-amplifying reflectarray that modulates the
reflection phase was proposed in reference [93], as shown
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Figure 6 2-Bit reconfigurable elements actively manipulating one or two of five dimensions. (a) 2-Bit-phase reconfigurable reflectarray based on four
switchable resonant states [83]. (b) 2-Bit-phase reconfigurable transmitarray based on a receive—transmit structure with two sets of switches on each side
[85]. (c) 2-Bit-amplitude reconfigurable element realizing amplitude amplification, maintenance and attenuation functions [89]. (d) 2-Bit-polarization R-
MTS with the ability to switch among RHCP, LHCP and LP states [90]. (e) Phase-amplitude R-MTS with one PIN diode modulating the phase and the
other controlling whether the amplitude is attenuated [92]. (f) Phase-amplitude reconfigurable reflective element with a varactor tuning the phase and a
transistor controlling the amplitude [93]. (g) Phase-polarization reconfigurable element with two independent switches operating synchronously [95]. (h)
Phase-direction reconfigurable element with two PIN diodes modulating the phase and two PIN diodes manipulating the direction [99]. (i) Direction-am-
plitude reconfigurable prototype [101]. (j) Direction-polarization reconfigurable element using two SPDT switches [102]. (k) Illustration of frequency or
frequency-phase reconfiguration [103]. (1) Frequency-amplitude R-MTS, where the amplification level is tunable at harmonic frequencies based on space-
time modulation [104]. (m) Frequency-polarization reconfiguration based on a time modulation strategy. [105]. (n) Frequency-direction reconfigurable
Huygens element based on dynamic space-time modulation [106].
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in Figure 6(f). A patch and an I-shaped slot convert the
y-polarized spatial wave into a guided wave. Varactors are
incorporated along the transmission line for phase modula-
tion, while a lumped amplifier amplifies the energy on the
transmission line. Finally, the energy is reradiated as an x-
polarized wave through the slot and patch.

2) Phase-polarization reconfigurable element

Phase-polarization reconfigurable elements can enable
beam alignment and polarization synchronization applica-
tions. In 2010, reference [94] introduced the concept of si-
multaneously achieving phase modulation and polarization
control in reflectarrays. This was accomplished using a
dual-polarized reconfigurable element (we classify it as a
polarization-multiplexed phase-manipulating type in Sec-
tion IV.4.2)). When the incident polarization is along the x’
axis, the lossless modulation matrix of the dual-polarized
reconfigurable element in the x-y coordinate system is ex-
pressed as

w5 2]

0 o (18
Following a similar derivation to that of (11)—(13), the
reflection wave in the x'-y’ coordinate system is

L1 &% e
E/
(&)

= ej% _ ej«p,\ (19)
with a 1-bit reconfigurable phase along the x and y axes in-
dependently. Suppose the phases switch between 0°/180° in
the OFF and ON states; then, the four states of the reflec-
tion wave are obtained as follows:

=, e/180° o &l
Eon-on = ( 0 )> Eorr_orr = ( 0 )
=, 0 =,

Etpr_on = e | Eon_orr = ail80”

As this demonstrates, polarization switches dynamical-
ly between the x' and )" axes, with independent modula-
tion of the reflection phase.

As shown in Figure 6(g), a simplified reflective ele-
ment with 2-bit phase-polarization reconfiguration was fur-
ther designed and simulated in [95]. Additionally, in recent
years, RTAs based on receive—transmit structures have
demonstrated the capability of 2-bit phase-polarization
modulation for transitioning between LP(x) and LP(y) [96].
Furthermore, by designing the phase difference along the x’
and )’ axes as 90°/-90°, it is possible to generate and mod-
ulate RHCP/LHCP, as demonstrated in [97].

3) Phase-direction reconfigurable element

The phase-direction reconfigurable element is a recent-
ly emerging type [98]-[100]. An example of such an ele-
ment is illustrated in Figure 6(h), consisting of two layers
where the top layer controls the phase and the bottom layer
controls the direction. Each element can be independently
controlled using 1 bit for phase reconfiguration and 1 bit for
direction reconfiguration. This type can be used to achieve

(20)

signal coverage of the full space.

4) Direction-amplitude reconfigurable element

The direction-amplitude manipulation type is another
configuration of 2-bit elements used for reflection, trans-
mission, or absorption switching applications [101], [107].
In [101], a structure with two layers of substrate soldered
with PIN diodes was proposed (Figure 6(i)). PIN diodes on
the top layer determine whether the EM wave passes
through the first layer or is absorbed, while the PIN diodes
on the bottom layer control the reflection or transmission
states. Note that this configuration has only three states for
a 2-bit element. This is because when the EM energy is ab-
sorbed on the top layer, the propagation directions of the
EM wave become irrelevant.

5) Direction-polarization reconfigurable element

The direction-polarization reconfigurable element was
reported in a recent study [102]. It involves a reflecting—
transmitting R-MTS controlled by incident polarization.
The design includes two identical structures on the top and
bottom layers, each equipped with a single-pole double-
throw (SPDT) switch (Figure 6(j)). The top SPDT switch
determines which polarization state can be transmitted to
the bottom layer, while the bottom SPDT switch controls
the polarization state of the transmitting wave. Consequent-
ly, when the incident polarization is along the x axis, three
states can be obtained: an x-polarized reflection wave, x-
polarized transmission wave, and y-polarized transmission
wave, allowing independent manipulation of polarization
and direction.

3. 2-Bit-manipulating type elements related to frequen-
cy reconfiguration

Frequency reconfiguration was discussed in Section IIL.S.
Here, the manipulation of frequency, along with other di-
mensions of the EM wave, is achieved by leveraging the
properties of control signals. According to (16), the com-
plex number a,, represents the amplitude and phase respons-
es of the hth harmonic frequency, which are determined by
the time series of the control signal. Each g, can be tailored
with considerable flexibility. Consequently, diverse wave
dimensions at harmonic frequencies can be independently
modulated by employing distinct switchable control signal
series. In particular, the time-modulation strategy can be
used to design 2-bit-manipulating type elements related to
frequency reconfiguration.

1) 2-Bit-frequency and frequency-phase reconfigurable
element

References [103]—-[111] demonstrated that it is possi-
ble to independently modulate phases at different harmonic
frequencies using 1-bit or 2-bit phase reconfigurable elem-
ents by deliberately designing the time series of the elem-
ents. In Figure 6(k), different phase states at different har-
monic frequencies can be generated simultaneously (e.g.,
¢, and ¢, at fi, ¢; and ¢, at f), so this is a phase-frequency
reconfigurable type. Furthermore, by adjusting the time
modulation period 7', the harmonic frequency can be modu-
lated (f. £ kfp), thereby achieving frequency reconfigurabil-
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ity. Specifically, 2-bit frequency reconfiguration can be re-
alized using this type of element.

2) Frequency-ampitude reconfigurable element

The frequency-amplitude reconfiguration type has also
been reported recently [104]. As shown in Figure 6(1), this
approach involves the integration of an amplifier and a FET
onto a passive structure. Through dynamic control of the
FET, the R-MTS can produce tunable amplified EM waves
at various harmonic frequencies.

3) Frequency-polarization reconfigurable element

In recent years, significant progress has been made in
the field of arbitrary polarization reconfiguration using the
time modulation strategy [112], [105]. For example, orthog-
onal dipoles with two sets of PIN diodes are modulated
dynamically, which enables the control of the transmitted
amplitude and phase of orthogonal LP waves at harmonic
frequencies (Figure 6(m)). By combining these modulated
LP waves, it becomes possible to generate arbitrary trans-
mitted polarizations.

4) Frequency-direction reconfigurable element

In reference [106], a frequency-direction reconfigura-
tion element is presented, as illustrated in Figure 6(n). This
approach involves the design of a time-varying Huygens’
metasurface that enables the control of the energy ratio be-
tween reflection and transmission at harmonic frequencies.
By employing a space-time modulation strategy, it be-
comes possible to manipulate the beam scanning angles as
well.

5) Discussion

According to the information allocation strategy, a sin-
gle reconfigurable element with at least N-bit physical de-
vices can modulate N-bit information. Here, the rapid
switching of element states enables the incorporation of ex-
tra tunable bits through time-domain modulation. There-
fore, this type of R-MTS is referred to as a time-modulated
metasurface. However, when time-invariant elements form
a periodic array with distinct states at different element lo-
cations, the amount of information is multiplexed through
space-domain modulation. This type is the space-modulated
R-MTS, which corresponds to array-level reconfiguration,
as discussed previously. Moreover, the combination of
space modulation and time modulation gives rise to space-
time-modulated R-MTSs, which exploit additional dimen-
sions in both the space and time domains. The integration
of space and time modulation enables the realization of
novel functions, making this a promising area for the future
research.

4. Multiplexed-manipulating type elements

In addition to those that actively manipulate two dimen-
sions, another significant category of 2-bit elements in-
volves manipulating one dimension while independently re-
sponding to two different incident waves. The multiplexed-
manipulating type theoretically offers 25 combinations,
although some are impractical. Here, we review the exist-
ing combinations and propose some ideas for unrealized
combinations.

1) Frequency-multiplexed phase-manipulating element

Frequency-multiplexed phase control is a natural ap-
proach for full duplex communication using a single R-
MTS. To independently modulate the phase in response to
two frequency bands with the same polarization, one can
design a supercell consisting of two independent elements
working at two bands in the Ku band [113]-[115], an exam-
ple of which is shown in Figure 7(a).

2) Polarization-multiplexed phase-manipulating ele-
ment

Polarization-multiplexed phase manipulation is a well-
studied type [116]-[120]. By leveraging the isolation be-
tween two orthogonal directions, elements can independent-
ly manipulate two polarizations, allowing a single element
to operate on two incident waves with orthogonal polariza-
tions simultaneously. As shown in Figure 7(b), a cross-
shaped element with two sets of independent MEMSs can
modulate the reflection phase of dual-LP waves in the X
band [116].

Additionally, a dual-LP-multiplexed transmitarray is
demonstrated in [120]. By orthogonally arranging two 1-bit
phase-reconfigurable dipoles, the transmitarray achieves
polarization multiplexing in the Ku band (Figure 7(c)).

The abovementioned studies focused on LP incidence.
We note that there have been studies on fixed metasurfaces
for independent dual-CP multiplexing [120]-[124], but in-
dependent phase reconfiguration for dual-CP incident
waves has not been reported in the literature, making it a
potential future research topic.

3) Polarization-multiplexed direction-manipulating el-
ement

Polarization-multiplexed direction manipulation is an
extension of 1-bit direction reconfiguration, as discussed in
Section II1.4. In [125], [126], orthogonal switches were in-
tegrated on two layers to independently manipulate the
propagating directions of two incident polarizations. Figure
7(d) provides an example of such a configuration. More-
over, a polarization conversion layer is introduced on top of
these layers to enable polarization conversion functionali-
ties [127]. Additionally, fixed-phase layers are incorporat-
ed at the top and bottom, allowing the generation of differ-
ent holographic images in response to different incident po-
larizations with controllable directions [128].

4) Direction-multiplexed direction-manipulating ele-
ment

A 2-bit R-MTS capable of modulating the direction of
a wave while responding to two incident wave directions
was presented in [129]. This design exploits the inherent
nonreciprocity of an amplifier to achieve independent direc-
tion modulation on both sides. The supercell consists of two
opposing amplifying elements that can respond indepen-
dently to forward and backward waves (Figure 7(e)). When
the forward element operates in the ON state, the forward
EM energy is amplified and transmitted; otherwise, the for-
ward energy is blocked and reflected backward. The back-
ward element operates in a similar manner to modulate the
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Figure 7 Two-bit reconfigurable elements with one multiplexed dimension and one manipulating dimension. (a) Frequency-multiplexed phase-manipulat-
ing element with two reconfigurable elements in one supercell operating at the two frequency bands [114]. (b) Polarization-multiplexed phase-manipulat-
ing reflective element [116]. (c) Polarization-multiplexed phase-manipulating transmitarray [120]. (d) Polarization-multiplexed direction-manipulating
prototype [126]. (e) Direction-multiplexed direction-reconfigurable design [129]. The supercell determines whether EM waves from the two sides can pass

through the MTS.

direction of the backward-incident EM wave. Consequent-
ly, the incident waves from the two directions can be modu-
lated independently.

5) Unrealized multiplexed-manipulating types to be
explored

As demonstrated previously, there is growing interest
in multifunctional R-MTSs of multiplexed-manipulating
types. In the following paragraphs, we discuss some ideas
for other types of multiplexed-manipulating reconfigurable
elements that have not been realized.

One promising topic is direction-multiplexed phase
modulation. There are two types of direction multiplexing
to consider. The first type, referred to as the Janus metasur-
face [130], [131], involves a metasurface that responds to
bidirectional incident waves independently, resulting in two
distinct transmitting holographic images from both sides of
the MTS [131].

Furthermore, the term direction in this context not

only refers to opposite directions but also includes incident
angles. Based on this, another type to consider is angle-
multiplexed phase modulation, where independent beam
patterns are designed to generate different incident angles
on the MTS. Angle-sensitive elements were proposed in
references [132]-[137] to respond to different incident an-
gles independently.

Direction-multiplexed MTSs are a current research
trend, but existing works primarily focus on fixed MTSs.
The exploration of reconfigurable direction-multiplexed
phase tuning holds great potential for the future.

In addition to direction-multiplexed reconfiguration,
polarization-multiplexed reconfiguration is an intriguing
topic. While the review above primarily covered phase and
direction reconfiguration based on polarization multiplex-
ing, polarization-multiplexed amplitude and frequency re-
configuration remain largely unexplored. Future research
could delve into these areas.
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V. Emerging Topics and Future Trends

1. N-bit elements

This paper mainly reviews 1-bit and 2-bit reconfigurable el-
ements. However, it is worth noting that there is ongoing
research on elements with more than 2-bit reconfiguration,
which is an area of interest [138], [139]. Following the con-
cepts of 1-bit and 2-bit allocation, Figure 8 provides an
illustration of N-bit allocation.

Direction

Polarization Frequency

Figure 8 Illustration of N-bit allocation. N bits can be independently allo-
cated to five dimensions using different combinations of multiplexed and
manipulating bits. By linking more dimensions through a single element
with higher resolution, the functionality of the R-MTS can be significantly
enhanced compared to a 1-bit or 2-bit R-MTS.

Allocating N bits to a single dimension can enhance
the resolution and improve performance in that dimension.
Furthermore, exploring full-dimensional elements capable
of modulating all five dimensions of EM waves presents an
opportunity to significantly expand the functionalities of R-
MTSs, making this a promising area of research. It is worth
noting that the quantization loss for 2-bit phase reconfigura-
tion, ranging from 0.6 to 0.9 dB [28], [29], is acceptable in
most applications, and similar conditions apply to other
dimensions. Therefore, the allocation of N bits to diverse
dimensions generally offers greater rewards than solely in-
creasing the resolution of a single dimension. In addition,
N-bit multiplexed-manipulating type R-MTSs are capable
of manipulating multidimensional EM waves with a single
element.

However, designing elements with reconfigurable di-
mensions exceeding 2 bits is significantly complex. As dis-
cussed in Section III, a 1-bit reconfigurable element can
effectively manipulate one of five dimensions independent-
ly. Nevertheless, as demonstrated in Section IV, attaining
simultaneous and independent control over two dimensions
using 2-bit elements presents challenges. In fact, certain 2-
bit types remain unrealized. The task of achieving simulta-
neous and independent control over more than 2 bits intro-
duces even greater difficulties. Various potential approach-
es exist for the realization of N-bit elements. One approach
is to integrate additional lumped switches onto a single ele-
ment. However, due to the bulky size of switches and the
complexity of bias lines, the number of switches on a single
element is limited. Alternatively, the use of continuously

tunable switches such as varactors can enable multibit re-
configuration. However, this approach requires precise volt-
age control, which is not robust and introduces complexity
from the control circuit. As discussed in Section IV.3, time-
modulated MTS holds potential for N-bit modulation and
multidimensional elements. Nevertheless, challenges such
as limited radiation efficiency, complex voltage control re-
quirements, narrow bandwidth, and low modulation speed
need to be addressed. Accordingly, the development of
multidimensional N-bit elements remains a challenging topic
for future research.

2. Terahertz and optical R-MTSs

In recent decades, microwave band R-MTSs have achieved
significant breakthroughs due to the availability of high-
performance lumped switches such as PIN diodes and var-
actors, as well as the maturity and low cost of fabrication
processes such as printed circuit board (PCB) technology.
There is a growing demand for R-MTSs in the THz and op-
tical bands. However, in these frequency ranges, commer-
cial lumped switches are too large to be effectively utilized,
and the ON/OFF ratio is reduced. Therefore, scientists are
actively exploring new switches and architectures that can
offer higher frequency operation and better performance.
With revolutionary advances in micro- and nanofabrication
technologies in recent years, R-MTSs in the THz and opti-
cal bands are experiencing rapid development.

In the THz band, numerous switches have been intro-
duced, such as Schottky diodes [140], [141] (Figure 9(a)),
high-electron-mobility transistors (HEMTs) [142]-[146]
(Figure 9(b) and (c)), graphene [147], [148], complementary
metal oxide semiconductors (CMOSs) [139], [149], [150]
(Figure 9(d)), and vanadium dioxide (VO,) [151]-[153].
For instance, HEMT switches offer a high ON/OFF ratio
and low control complexity, making them suitable for 1-bit
phase control in the THz band [142], [143]. Additionally,
spatial THz amplitude modulators based on HEMT switch-
es have been reported in [144], [145], demonstrating a 93%
amplitude modulation depth and a modulation rate of 1
GHz.

In the optical frequency band, no lumped switches are
available. Instead, elements serve as both nanoantennas and
switches [154]. These switches are made of materials such
as indium tin oxide (ITO) [155] (Figure 9(e)), graphene [156],
the chalcogenide compound germanium-antimony-tellurium
(GST) [157]-[162] (Figure 9(f)), liquid crystals [163], and
the polymer poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS) [164] (Figure 9(g)). For example,
phase-change materials such as GST exhibit significant
switching performance in the optical band. By inducing the
amorphous-crystalline transition of GST using femtosec-
ond pulses, the resonance states of the element can be al-
tered, enabling the modulation of amplitude [157].

However, THz and optical R-MTSs still face several
challenges that need to be addressed, such as improving ef-
ficiency, increasing switching speed, eliminating grating
lobes and achieving independent addressing. Furthermore,
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totype [139]. (e) ITO-based optical phase-reconfigurable prototype [155]. (f) GST-based optical amplitude-reconfigurable design [157]. (g) PEDOT: PSS-

based optical phase-reconfigurable design [164].

the development of multidimensional and multifunctional
R-MTSs in the THz and optical bands is an important fu-
ture direction in this field.

3. Surface-wave R-MTSs

Most of the abovementioned MTSs primarily focus on ma-
nipulating spatial waves, where the EM wave propagates in
free space. However, MTSs also demonstrate the ability to
manipulate surface waves, where the EM wave propagates
along the tangential direction of the MTS.

In the optical frequency band, 2-D photonic crystals
have been proposed as a means of manipulating surface
light since the 1990s [165]-[168], and this remains a signif-
icant research area. To guide the surface wave with greater
flexibility, photonic topological insulators [169]-[171] have
also been artificially created, which can control the light
propagation directions on the surface.

In the microwave band, periodic structures such as
high-impedance surfaces (HISs) can manipulate surface
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waves by forming electromagnetic band gaps (EBGs) that
prohibit wave propagation along the MTS [172]-[175].

Furthermore, there have been studies on MTSs that fa-
cilitate the transition between surface waves and spatial
waves. Phase-gradient metasurfaces can convert spatial EM
waves to surface waves [176], while artificial impedance
surfaces (AISs) can transform surface waves into direction-
al spatial beams [177].

Despite significant advances in surface wave manipu-
lation, research on R-MTSs for surface wave modulation is
relatively limited compared to that of fixed surface-wave
MTSs. A few reconfigurable MTSs have been proposed for
dynamic surface wave manipulation. Early works intro-
duced tunable EBG structures based on varactors [178], and
more recently, a reprogrammable topological insulator op-
erating in the microwave band was proposed [179]. As il-
lustrated in Figure 10, the configuration of elements in the
proposed system can be adjusted using two states of PIN
diodes, enabling dynamic modulation of the propagation
direction of surface waves.

N e e N e S I
N R R S
peian s A T S e

Figure 10 Reprogrammable topological insulator in the microwave band
[179]. The propagation directions on the surface are programmed by inde-
pendently addressing the configurations of the elements.

The high degree of flexibility offered by reconfigurable
MTSs in manipulating surface waves highlights the high
potential for future investigations in this area.

4. Nonlinear R-MTSs

Linear MTSs have been extensively researched, but to
achieve greater functionality, nonlinear effects need to be
considered in the design of MTS. Strictly speaking, recon-
figuration is a form of nonlinearity that occurs at the state-
transition moment. However, when an R-MTS is in a stable
working state, its response to incident EM waves remains
linear. Therefore, the R-MTS is essentially quasilinear.

Nonlinear MTSs, on the other hand, exhibit a consis-
tently nonlinear response. Some forms of nonlinear effects
include energy amplification, new frequency generation,
and certain magnet-free nonreciprocity effects. Based on
these nonlinear effects, various nonlinear MTS designs
have been developed over the years.

Energy amplification relies on the nonlinearity of ma-
terials. Early implementations of MTS amplifiers utilized

transistors [55]-[58], [93], while more recent designs have
employed parametric amplification MTS elements based on
varactors [59].

Frequency generation MTSs have been investigated
since the 1980s [59], [78]. Quasioptical grid arrays with
lumped nonlinear components have been introduced to en-
able spatial wave processing functions in the microwave
band, such as oscillation [180], [181], frequency doubling
[182] and frequency mixing [183]. In the optical frequency
band, nonlinear materials have been used to create nonlin-
ear MTSs [184]-[187], which exhibit second harmonic gen-
eration (SHG) or third harmonic generation (THG), as
shown in Figure 11. In recent years, with the development
of time-modulated MTSs, frequency reconfiguration using
the time dimension has become a new research trend
[80]-[69], [103]-[106].

Figure 11 Optical nonlinear MTS for second harmonic generation [184].

Magnet-free nonreciprocal MTSs have gained atten-
tion. To realize nonreciprocity without relying on magnetic
effects, nonlinear effects are taken into consideration. By
utilizing the nonreciprocity of amplifiers, nonreciprocal
MTSs can amplify the forward wave while blocking the
backward wave [129], [188], [189]. Additionally, time-
modulated R-MTSs can modulate frequency and beam di-
rection without reciprocity, further enabling nonreciprocal
wave manipulation [190]-[192].

In addition to these applications, nonlinear MTSs can
perform other functions, such as all-optical logic gates [193],
energy-selective surfaces [194], and waveform-dependent
absorbers [195]. These areas represent interesting topics for
future research. Moreover, the combination of reconfig-
urable and nonlinear MTSs can provide dynamic function-
alities and nonlinear effects, potentially leading to a broad-
er research wave in the future.

VI. Conclusion

The R-MTS, as an advanced form of MTS, has been pro-
posed to dynamically manipulate scattered waves. In recent
years, numerous R-MTSs with different dimensions and
functions have emerged. In this review, we begin by explor-
ing the interactions among R-MTSs, EM waves and EM in-
formation in five dimensions and propose a mathematical
model of R-MTSs in response to the five dimensions of in-
cident EM waves. We then suggest a concept called the in-
formation allocation strategy, which provides a systematic
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categorization of the different types of R-MTSs. Based on
this strategy, 1-bit reconfigurable elements manipulating
one of the five dimensions are first reviewed and catego-
rized. Then, we proceed to review the advances in multidi-
mensional and multifunctional 2-bit elements. The various
2-bit elements are divided into two large categories: 2-bit-
manipulating types (15 kinds) and multiplexed-manipulating
types (25 kinds). We provide a detailed review of the exist-
ing 2-bit elements within each category.

Given the rapid evolution of R-MTSs, diverse termi-
nologies have arisen, making the overall research architec-
ture confusing. Hopefully, R-MTSs that are reorganized
and united under the presented information allocation strat-
egy can provide a helpful perspective for researchers to
identify development paths and future research trends. In
this paper, we also highlight some types of multibit recon-
figurable elements that have not yet been realized, such as
some 2-bit-manipulating elements and many multiplexed-
manipulating elements. In addition, we discuss some poten-
tial evolution directions of R-MTSs, including multibit R-
MTSs, THz/optical R-MTSs, surface-wave R-MTSs, non-
linear R-MTSs, and others.

As a recent highlight in both science and engineering
fields, the exploration of R-MTSs is still unfolding. The R-
MTS presents significant opportunities for critical applica-
tions in communication, detection, sensing, imaging and
computing. For example, reconfigurable intelligent surfaces
(RISs), possessing the remarkable ability to dynamically
manipulate wireless channels and enhance wireless signals,
have emerged as promising candidates for the forthcoming
generation of wireless communications [196]-[199]. In ad-
dition, R-MTSs serve as programmable diffractive deep
neural networks [200], which can propel optical computing
technology. In summary, it is widely believed that R-MTSs
will lead to a technological revolution in the near future.
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