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Abstract
In this paper, a novel unit cell-based array is designed and analyzed using aVO2-based intelligent
ground plane. The proposed array can be used as reflectarray or frequency selective surface (FSS), FSS
based cross-polarizedwave absorber, and reflective-transmittive surface. The intelligent ground plane
ismade up of a cross-shaped slot, and it isfilledwith a thin vanadiumdioxide (VO2) layer. The
conductivity of theVO2material is temperature-sensitive and it is changed due to the applied external
DCbiasing. The tunability of VO2 conductivity introduces the quad-function performance
characteristics in a single array at 1–2 THz band. Thefirst application of reflectarray is obtained by
highDC (V1Volt) biasing, while the other three applications are achieved by low voltage V2 (V2<V1).
A polarization rotating unit cell (PRUC) is designed to enhance the bandwidth and to obtain awide
180° phase shift. This novel compact array saves the cost and area for THz applications. The array
consists of 16× 16 elements which is illuminated by a normal incidence of pyramidal horn antenna.
The total volume of the array is 1600× 1600× 2100 μm3. The performance characteristics of the
individual unit cell and arraywith andwithout intelligent ground plane are simulated inCST
Microwave Studio.

1. Introduction

For future 6Gcommunication, various frequencybands are considered inmicrowave andTHzgap as shown in
figure 1. Inmicrowave, themid frequencyband is between7–24GHz formega city coverage,W-Band (75–110GHz),
D-Band (110–175GHz) and thehigher frequencyband is 275–300GHz.THzgap covers the frequency range from
0.3–10THz, and the correspondingwavelength is 1mmto30μm [1].

Long-distance 6G communication devices require antennaswith high gain, high data rates, directional or
bidirectional patterns, frequency, and pattern reconfigurability, wide bandwidth, and a low-profile design.
These properties can be achieved through the design of reflectarray, reflect-transmitarray, and transmitarray
antennas, which offer theflexibility and performance needed for advanced 6G systems. These antennas allow
efficient beamforming, high data throughput, and adaptability across different frequency bands,making them
ideal for long-range, high-frequency communication.

Reflectarray is the surface that reflects and collimates the beamof the incident electromagnetic wave. The
phase of the reflectedwave is the function of the patch size, whichwas characterized by infrared interferometer.
In literatures, various geometries of the unit cell and arraywere proposed for THzwave applications [2–23].
Ginn et al [2] presented thefirst reflectarray demonstrations at 28.3 THz. This was fabricated by using electron
beam lithography. Daniel et al [3], present the theoretical and experimental analysis of reflectarray and normal
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metasurface at 1 THz. It is highlights that the use of dielectric resonators in terahertz reflectarray antennas leads
to significant efficiency improvements compared tometallic resonators. TheGraphene-based reflectarray [4],
OAMvortexwave generation reflectarray [5–7], was designed at THz frequencies. In graphene-based
reflectarray [4–7], the surface impedance can be controlled by changing the chemical potential of the graphene
material by applying external DC voltage.Meng et al [8]was designed an electronically reconfigurable liquids
crystal based reflectarray for beam scanning, 6G beam forming, and beam splitting in theW-band. In [9], a high
aperture efficiency 2Dbeam-scanning liquid crystal-embedded reflectarray antennawas designed for 6GFR3
and radar applications. However, in conventional feed reflectarray antennas, radiation efficiency and gain are
often low due to feed blockage. As a result, designing a reflectarraywith high gain and high efficiency atGHz and
THz frequencies presents significant challenges. Various literatures have reported tomitigate the effect of feed
blockage by changing the normal feed to offset feed [10], and replacement of horn antennawith planar log
periodic antenna [11], spoof surface plasmon polaritons based low profile endfireMIMOantenna [12], high
gain antipodal Vivaldi antenna [13]. This inspired the researchers to design a transmitarray antenna aimed at
achieving high gain and high efficiency for futurewireless applications.

In [14], a graphene-based circularly polarized transmitarray antennawas proposed. In [15], ametallic
waveguide-based dual-band,multi-beam transmitarray was presented for THz applications. Both reflectarray
and transmitarray antennaswere single-direction antennas. To achieve transmission aswell as reflection, the
surfacewas replacedmanually according to the applications. To design a surface that hasmultifunction
transmission and reception at the same frequency, called a reflect-transmitarray antenna. Designing of a bi-
functionalmultibeam, low-cost reflect-transmitarray antenna for THz communications by using the tunability
of graphene conductivity was reported in [16]. Recently, it has been seen that apart from reflection,
transmission, and reflection-transmission, the absorption and FSS properties are also considered for various
applications [17–24]. In [17], a THzmetasurfacewas developed for absorber or reflectarray applications. The
absorber or a reflectarray were designed by two types of unit cells with low or high reflectivity. The absorption of
−10 dBwas achieved in the 0.102 THz band, while the reflectarray gain reaches to 22.5 dBi at 0.875 THz. In [18],
a broadband switchablemetamaterial absorber withmulti-laps graphene sheets was designed at a THz frequency
band. The absorber can be switched from absorption (>90%) to reflection (>93%) over a broadband range by
using the ion-gel top gatemethod. Further, the FSS at GHz andTHz band is also been subjected to numerous
scientific studies [19–22]. The FSS designed using Babinet’s principle, where the conducting layer was designed
on the top of the substrate, and a complement of different slot etched on either side of the substrate, acronym as
complementary frequency selective surfaces (CFSS), which produces two narrow transmission bands separated
with a stop band [19]. In [21], a self-complementary Jerusalem crossmetasurface-based FSS is designed at a
multibandTHz regime. In [22], a Jerusalem cross FSS element and equivalent circuitmodel with a transmission
linemodel were discussed for effective electromagnetics (EM) shielding applications. Recently, it is observed
that the dual band FSSwas used to designmicrowave absorber, since this type of design provide intelligent
shieldingwhich absorb only the desired frequency band and became transparent to other frequency
bands [23, 24].

Now a day, researchers are interested in artificialmetasurface, which providesmore than one application in a
single array structure. It is possible by the utilization of thin layer of graphene andVO2 film. From the last
decade, various literatures have been reported based on the graphene sheet andVO2film due to the nature of
tunability of the conductivity of bothmaterials. Recently, various VO2 basedmetasurfacewas designed for
absorbers, polarization converters, dual function switching [25–27] and [28], and graphene-based antenna
loadedwithmetasurface at THz regime [29–34]. In [35], VO2 based reconfigurable reflectarray antennawas
designed at 1.1 THz for beam scanning up to 100°.

The conductivity of the graphenematerial is tuned by changing the chemical potential, while theVO2film
conductivity is temperature-dependent. Note that the transition in properties of VO2 remains unclear. Itmay be
caused by joule heat [36, 37] or electric current [38, 39]. This temperature is changedwith an appliedDCbiasing.
Except the graphenematerial, VO2 is another kind of existingmaterial which is having two transition states

Figure 1. 6G spectrumband.
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(insulating andmetallic state).WhenVO2 is in an insulating state, the dielectric constant and conductivity are 9
and 200 Sm−1, respectively. The permittivity of VO2 is characterized by theDrudemodel [40] in themetallic
state using equation (1).
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Where, the permittivity at high frequency of thematerial e¥ is 12, collision frequency (γ) is ´5.75 1013 rad/s,
the plasma frequency (wp ) for gold is ´1.67 1015 rad and calculated by using [27]
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at conductivity (σ= 2×105 S/mat the above temperature (T> 341.15K) [41].
In this paper, we propose a novel unit cell-based array by using aVO2 based intelligent ground plane to

achieve quad-functions as reflectarray, frequency selective surface, FSS based cross polarizedwave absorber and
reflective-transmittive surface at THz regime. AVO2 film is used to transform the performance of reflectarray to
FSS, absorber and a dual-band reflection-transmission. A polarization rotating unit cell (PRUC) for wide band
mm-wave applicationwas defined in [42]. The proposed unit cell without an intelligent ground plane provides a
wide band reflective surfacewith a bandwidth of 0.69 THz. A cross slot is etched on the ground plane of the
proposed unit cell, functioning as a frequency selective surface (FSS)with two narrow transmission bands
separated by awide stop band. The transmission bands are TB1 (1.08–1.38 THz) andTB2 (1.87–2.2 THz), with
the stop band covering the range of 1.38–1.87 THz. AVO2 film is introduced on the ground cross shaped slot to
make it as an intelligent ground plane.When theVO2film is in its conducting state, the array act as a reflectarray.
The nature of the reflecting element and array can be transformed from reflectarray to FSS, cross polarizedwave
absorber and reflective-transmissive surfacewhenVO2film acts as an insulating state. The array is illuminated
by a pyramidal horn antenna of 13 dBi gain. The response has been simulated and studied for all the four
applications inCSTMicrowave Studio-2024.

2.Unit cell design andmethodology

The design of the proposedwide band reflectarray is a four-step process as shown in figure 2. In thefirst step,
targeted frequency bands of interest at 1.3 THz are chosen. To achieve a reflection band over the targeted
frequency range, the concept of ring resonator is utilized, whose fundamental frequency is given by

( )
e

=f
C

l
3

mean eff
0

where lmean= 2πRmean. lmean, Rmean aremean length andmean radius of the ring, respectively. εeff is the effective
permittivity of themetasurface within stratifiedmedia [43]. So, we have chosen the annular ring too achieve the
reflection at 1.3 THz.

( )( ) ( )e e e= + - a-e1 4eff r r

d
D

where a is the shape factor, d is the thickness off the substrate, D is the periodicity of the unit cell.
The design of the unit cell has three steps.
Step 1, the radius of the circular ring can be introduced by using equations (3) and (4). The radius of the

circular patch is 26 μm, resulting in a totalmean length of 188 μm.The substrate thickness is 20 μm, and the unit
cell periodicity is 100 μm.The calculated effective permittivity is 1.65, obtained using equation (3). The resonant
frequency is determined using equations (3) and (4). The obtained calculated first resonant frequency is
1.24 THz, while the simulated the first resonant frequency is 1.30THz and second harmonic is at 2.08 THz. the
simulated reflectionmagnitude of step 1 and 2 is depicted infigure 3(a). To enhance the bandwidth infinal step,
a rectangular slit is etched on the circular patchwhich is produced awide bandwhich is shown infigure 3(b)

Figure 2.Design evaluation of the unit cell.
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The schematic view of the proposed unit cell for various stages, such as reflective surface, FSS, FSS based
cross polarizedwave absorber and reflective-transmittive surface with andwithout an intelligent ground plane is
depicted infigure 4. The unit cell is designed by sandwiching the substrate (SiO2, e r= 3.9, tan d = 0.001)with
topmetallic split ring (Gold) and bottom ground plane (Gold). The periodicity (P) of the unit cell is 100 μm, the
thickness of the substrate is 20 μm, and the thinmetallic ring and the ground plane is 1 μm.The radius of the
inner ring is 15 μm, and thewidth of the split ring is 1μm.The polarization is converted by etching the slot
diagonally. Thewidth of this slot is 5 μm.This slot is cut alongXY-axis by±45°. The unit cell has 2 states: 0-state

Figure 3. (a)Reflectionmagnitude of stages 1 and 2. (b) themagnitude of the co and cross-polarized reflection coefficient of the
proposed stages.

Figure 4.Top and bottomview of the proposed unit cell in various stages.
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andπ-state. The reflection phase difference of 180° is obtained between both states. The unit cell with the slot in
45° alongX-axis is considered as 0-state, while the slot in−45° alongX-axis is considered asπ-state.

Figure 4 consists of 4 various stageswith 8 combinations. Each stage has two combinations, which is depicted
by 10, π, 20, π, 30, π, 40, π. Infigure 4, the arrowhead represents the top view of the unit cell and the tail of the arrow
shows the bottom view of the proposed unit cell. Stages 10, π, 20, π are designedwithout an intelligent ground
plane, while 30, π, 40, π is designedwith intelligent ground plane. Stage 10 and stage 1π, both have fullymetallic
(Gold) ground planes.While in stage 20 and stage 2π, a cross-shaped slot is etched on the ground plane. The
length of the cross-shaped slot Ls is 60 μm, and thewidthWs is 10 μm. In stages 30, π and 40, π, the cross-shaped
slot in the ground plane isfilledwith temperature-dependent vanadiumoxide (VO2)material film.Due to the
temperature-dependent characteristics, the conductivity (σ) of thematerial is changed and the ground plane
works as an intelligent ground surface.When the temperature is below 341.15K, the conductivity of VO2

is< 200 Sm−1, and it works as an insulator.While, if the temperature is above 341.15K, thefilm conductivity is
very high about 2× 105 Sm−1, whichmeans it is working as a highly conductivemetal. The temperature-
dependent conductivity of thismaterial is defined by theDrudemodel [36]. The intelligent ground plane is used
to obtain the various properties such as reflection or FSS, cross polarizedwave absorber, and reflective-
transmittive surface in a single unit cell. Infigure 4, stage 30, π, shows theVO2filmworks as a high conductivity
metal at a temperature above 341.15K, while in Stage 40, π, it shows theVO2filmworks as an insulator at a
temperature below 341.15K. The proposed stages are simulatedwithEt= 0 andHt= 0 boundaries inX- and
Y-direction, and open (add space) is assigned along±Z-axis with twowaveguide ports applied along±Z
direction from the deemed distance of the surface is 50 μm.This simulated setup is the same for all stages. In
stages 1 and 3, the ground planeworks as a highly conductivemetal, so that the transmission is zero, while for
stages 2 and 4, the ground planeworks as an open/insulator, so some transmissions exist. The previously
reported literature [19–22] presented a dual-band transmissionwhich is separated by a stop band by designing a
complementary frequency selective surface (CFSS). Similar to the stages 2 and 4, due to the cross slot on the
ground plane andVO2 film act as an insulator and the unit cell works as a dual-band frequency selective surface
withwide band rejection.

In section II(A), stages 1 and 3 reflectarray unit cell performance characteristics is elaborated. In section
II(B), the FSS performance characteristics explained for stage 2 and 4 as well as the effect of the cross slot is also
compared for stages 1,2,3,4. In section II(C), the reflection-transmission characteristics performance is
described for stage 2 and 4. The perspective view of the final proposed unit cell with intelligent ground plane is
shown infigure 5.

2.1. Polarization rotating unit cell (PRUC) for RA
This section describes the performance characteristics of awideband polarization rotating unit cell with a fully
backed ground plane. Figure 6 depicts themagnitude and reflection phase characteristics of the reflective EM
wave for PRUC stage10, π. The PRUCprovides themagnitude of the co-polarization reflection coefficient Rxx

<−10 dB, and the cross-polarization reflection coefficient Ryx>−0.8 dB for both stages 10 and 1π. The
operating band covers the frequency range from1.29 THz to 1.98 THz. Stages 10 and 1π produces a 180° phase
difference for cross-polarization reflection coefficients over the frequency range from1 to 2THz, which is
responsible for PRUC to act as awideband phase shifter.While, for the co-polarization reflection coefficient,
there is a 0° phase difference, whichmeans the co-polarization coefficient parameters is not contributing for the
reflection of thewave. The vector surface current distribution for stage 10 and 1π at 1.4 THz is depicted in
figures 7(a) and (b). As shown infigures 7(a) and (b), the surface current

 ( )s sand1 2 flows in the same direction
along both arms of the split ring resonator, whichworks as a cut wire resonator [38, 39] at 1.4 THz and 1.89 THz
with resultant current on top surface arms (JT0 and JTπ) along theXYplane. In addition to that, the induced
surface current (JG0 and JGπ) along the ground plane is antiparallel to the resultant current (JT0 and JTπ) of the
arms. This antiparallel surface currents produces two resonances at 1.4 THz and 1.89 THz.Due to thismultiple
magnetic resonance awide bandwidth is obtained from1.29 THz to 1.98 THz.

Figure 5.Perspective view of the proposed unit cell with intelligent ground plane.
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2.2. Frequency selective surface (FSS)
In [19–22], the FSSworks as a spatial filter, which is used for selective transmission of specific frequency bands,
while rejecting others in themicrowave,millimeter wave, andTHz-gap. This section describes the performance
characteristics of awideband polarization rotating unit cell with a cross-shaped slot-backed ground plane.
Figure 8 depicts themagnitude and reflection phase characteristics of the incident EMwave for (FSS) stage 20, π.
The FSS provides themagnitude of the co-polarization reflection coefficient in reflection bandRB1 andRB2with
Rxx<−10 dB, while stop bandwithRxx>−1dB, for both stages 20 and 2π. Fromfigure 8, it is observed that the
FSS produces 0° phase difference for the co-polarization reflection coefficient in the overall frequency band
from1 to 2.2 THz, which is not responsible for the reflective nature of the unit cell (FSS). The FSS provides the
magnitude of the cross-polarization coefficient in reflective bands RB1 andRB2 is Ryx>−1 dB, while in stop
band a prominent dip can be observed at 1.71 THzwith Ryx<−10 dB for both stages 20 and 2π. The FSS
produces 180° phase difference andRyx>−1 dB in both bands RB1 andRB2, which is responsible for reflective
nature.Whereas in stop band the Ryx<−10 dB, which is responsible for the absorption of the cross
polarizedwave.

Figure 9 depicts themagnitude and phase characteristics of the transmitted EMwave for FSS in transmission
mode of stage 20, π. The FSS provides themagnitude of themaximum co-and cross-polarization transmission
coefficient in transmitted frequency TF1= 1.31 THz is (0.38 ,0.26) and at TF2= 2.06 THz is (0.36 and 0.38)
respectively.While in stop frequency SF1= 1.71THz is (0.44 and 0.035) for both stages 20 and 2π. Infigure 9, it is
observed that the FSS produces 0° phase difference for the co-polarization transmission coefficient in the overall
frequency band from1 to 2.2 THz, which is not responsible for the transmission. However, The FSS produces
180° phase difference for both transmission frequencies, which is responsible for transmission of cross polarized
wave, while itfluctuates in the stop band so there is no transmission in cross polarizedwavewhile it is absorbed
in this band. The absorption characteristics of the cross polarizedwave is described in next subsectionC.
Figure 10, shows the comparison performance of the polarization reflective unit cell and polarization rotating
FSS of stage 10, π and stage 20, π, respectively.

Figure 6. Simulated co- and cross-polarization reflection coefficientsmagnitude and phase characteristics for stage 10, π.

Figure 7.Vector surface current distribution at (a) 1.4 THz (10,1π), and 1.89 THz (10,1π ).
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In stage 2, there are twonarrow transmission bands exists, which are separated by awide stop band. The
transmission frequencies TF1 andTF2 are 1.31 THz and 2.06 THz, and the stop band is 1.4 THz to 1.97 THz.
Fromfigure 10, it is observed that the reflective response (10, π) of the unit cell can be converted into the band
rejection and the transmittive response in (20, π) is obtained by etching a cross-shaped slot on the ground plane.

2.3. Cross polarizedwave absorption in FSS
The absorptivity of ametal backed absorber can be calculated by equation (5), .44.

( ) ∣ ( )∣ ( )w w= - RA 1 52

while, the absorptivity of the frequency selective surface unit cell is calculated by equation (6) [24]

( ) ∣ ( )∣ ∣ ( )∣ ( )w w w= - -A R T1 62 2

where ∣ ( )∣ ∣ ( )∣ ∣ ( )∣w w w= +R R Rxx yx
2 2 2 characterized the reflected power from the unit cell, and

∣ ( )∣ ∣ ( )∣ ∣ ( )∣w w w= +T T Txx yx
2 2 2 is the transmitted power from the unit cell. Rxx, Ryx, Txx, Tyx is the co and

cross polarized reflection and transmission coefficient of the reflected and transmitted EMwave from the unit
cell. In this proposedwork the x (or TE)- polarizedwave is incident on the surface of unit cell, which is reflected

Figure 8. Simulatedmagnitude and phase characteristics co- and cross-polarization reflection coefficients for stage 20, π.

Figure 9. Simulatedmagnitude and phase characteristics of co- and cross-polarization transmission coefficients for stage 20, π.
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and transmitted due to the slot ring on the top patch and ground slot. The reflected and transmittedwaves are
represented in term of electric field.
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The previously reported literature [44–48]used equation (5) to calculate the actual absorption power of a
polarized rotating unit cell with backed ground plane. In [24], the absorption powerwas calculated for FSS unit
cell by using co- and cross polarized coefficient of reflected and transmittedwave using equation (6). Based on
the previous reported literature, we have calculated the absorptivity by using co- and cross-polarized reflection
and transmission coefficient of the unit cell, which is depicted infigure 11. The absorption of the reflected and
transmitted co-polarizedwave ismore than 87%at 1.2 THz and 80%at 2.05THz, while the absorption of the
co-polarizedwave in stop band is 10%at 1.7 THz. The absorption of the cross-polarizedwave is above 20%at
1.2 THz and 30%at 2.05THz, while the absorption of the cross polarizedwave in stop band is about 100%at
1.7 THz. In this work, we have also calculated the absorption by using both co- and cross-polarized reflected and
transmittedwave. The absorption is below 10%when considering both transmission as well as reflection of co-
cross polarizedwave. So, it is evident from figure 30, if the array is designed by using the cross polarized phase
characteristics and the array is illuminated by space feed, then the incident cross polarizedwave power can be
absorbed in stop band.While, it transmit-reflect at 1.2 THz and 2.05 THz. The above discussion of absorption is
validated in section IV. The array design is described by using the phase characteristics of the cross polarized EM
wave. In the results section,figure 30, it is confirmed that the cross-polarizedwave power is absorbed in the stop
bandwhile the reflection and transmission is obtained at 1.2 and 2.05THz.

In stop band, the unit cell characteristics of the cross-polarized reflection coefficient provides the
absorption, and the unit cell is working as a polarizer-based absorber47. The cross-shaped slot provides good
band rejection between the transmission band at 1.2 THz and 2.05 THz and provides transmittive aswell as
reflective nature at respective frequency.

The performance response of the reflective-transmittive surface for stage 20 and 2π is described in section
II (C). The top and bottom view of the vector surface current distribution for stage 20 and 2π at 1.2 THz and
2.05 THz is depicted infigures 12(a) and (b).

Figure 10. Simulated co- and cross-polarization reflection coefficientsmagnitude characteristics for stage 10, π and stage 20, π.
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It is observed that, in each unit cell, there are two surface currents
 ( )s sand1 2 are flowing along the direction

of arrow inArm1 andArm2 due to normal incidence of EMwave. In addition to that, there are two surface
currents

 ( )s sandG G1 2 induced in the defective ground plane opposite to the current flow in the arms. This anti-
parallel surface currentsmakesmagnetic dipole resonancewhich produces reflection as well as transmission at
1.2 THz and 2.05THz.

2.4. Reflective-transmittive surface
In this section, the nature of the reflection-transmission characteristics of stage 2 is described. Infigure 13, the
cross-polarization reflection-transmissionmagnitude and phase characteristics of the proposed unit cell are
depicted. The reflection and transmissionmagnitude of the cross-polarizedwave at 1.2 THz is 0.87 and 0.23with
180° phase difference, while at 2.05 THz is 0.73 and 0.37with 180° phase difference. In stop band, at 1.7 THz the
magnitude is 0.01 and 0.03withfluctuation in the phase.

In stage 2, the unit cell element is illuminated by a x (TE)-polarized EMwave. The cross-polarized field
component of the reflectedwave and transmittedwave exists along the y-direction, which is defined byRyx and
Tyx, respectively.

( )=R
E

E
11yx

yr

xi

( )=T
E

E
12yx

yt

xi

In section II, the sections A, B, C andD explained the performance characteristics of the unit cell element in
stage 1 and stage 2, and are utilized as a reflectarray, frequency selective surface, absorption and transmit-reflect

Figure 11. Simulated absorption of the proposed unit cell (FSS).

Figure 12.Vector surface current distribution for stage 20 and 2π at (a) 1.2 THz (b) 2.05 THz.
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array, respectively. It is observed that the reflectarraywill be designed by utilization of stage 10, πunit cell, which
should have a full ground plane at the bottom side of the substrate. Transmit-reflectarray, FSS and cross-
polarizedwave absorber will be designed using the stage 20, πunit cell, which has a cross-shaped slot ground
plane at the bottom side of the substrate. It is concluded that, for different applications, we utilized separated
stages of unit cells. The applications of both stage unit cells are illustrated in section IV. It is observed that it is
very difficult tomanually replace the unit cell ground plane for different space applications. So, the authors’
provide a solution in this paper. All four applications are possible using a single intelligent ground plane. The
solution is possible by filling the cross-shapedVO2 film on the cross-shaped slot ground plane in stage 2. The
VO2 has dual properties which is depends on the temperature. If the temperature is below 341.15K, theVO2film
acts as an insulator, while if the temperature is above 341.15 K, theVO2film acts as a high-conductivemetalfilm.
These properties are utilized to design an intelligent ground plane for all four applications. The biasing
representation of theVO2 film is depicted infigure 14. It is shown that the dynamically controlled film
characteristics by applying the external DC voltage (Vin) throughfield programmable gate array (FPGA) results
metal-insulator transition of VO2. It is observed that if the film voltage is high (V1 volt), thefilm acts asmetal,
while if the voltage is low (V2<V1 volt), thefilm acts as an insulator. In stage 3, the cross-shapedVO2film acts as
a conductivemetallic sheet, while in stage 4, the cross-shapedVO2filmworks as an insulator sheet. The
performance characteristics of both stages 3 and 4 are illustrated in section III (A).

Figure 13. Simulatedmagnitude and phase characteristics for reflective-transitive nature of stage 20, π..

Figure 14. Schematic view of the biasing representations of theVO2film.
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3. Intelligent ground plane

3.1. VO2film-based reflective unit cell
This section illustrates the characteristics response of the stage 30, π unit cell inwhich the cross-shaped slot on the
ground plane is filledwithVO2film. In this stage, thefilm is excitedwith requiredV1 voltage, due towhich it
works as a high conductive (σ= 2× 105 Sm−1)metallic sheet. Thatmeans the total ground plane acts as a fully
metallic sheet and the resultant response characteristics are similar to reflectarray unit cells as stage 1. The
response characteristic of stage 3 is shown infigure15. Themagnitude of the co-polarization reflection
coefficient is Rxx<−10 dB, and the cross-polarization reflection coefficient is Rxy>−0.7 dB for stages 30 and
3π. The operating band covers the frequency range from1.29 THz to 1.98THz. Stage 30 and 3π produce a 180°
phase difference for cross-polarization reflection coefficients over the frequency range from1 to 2THz, which is
responsible for acting as a reflecting unit cell, while 0° phase difference for the co-polarization reflection
coefficient. The co-polarization coefficient parameters are not suitable for the reflective nature of thewave. The
vector surface current distribution for stage 30 and 3π at 1.4 THz and 1.89 THz is depicted infigures 16(a)
and (b).

The vector surface current
 ( )s sand1 2 flows in the same direction along both arms of the split ring resonator,

whichworks as a cut wire resonator [42] at 1.4 THz and 1.89THzwith resultant current JT0 and JTπ along the
XY-plane. In addition, the induced surface current JG0 and JGπ along the ground plane is antiparallel to the
resultant current (JT0 and JTπ) of the arms. This antiparallel surface current produces two resonances at 1.4 THz
and 1.89THz.Due to thismagnetic resonance theworking band is obtained from1.29THz to 1.98THz.

3.2. VO2film-based FSS unit cell
This section illustrates the characteristics response of the stage 40, π unit cell inwhich the cross-shaped slot on the
ground plane is filledwithVO2film. The applied external required voltage is (V2<V1). TheVO2film acts as an

Figure 15.Magnitude and reflection phase characteristics of the stage 3.

Figure 16.Vector surface current distribution at 1.4 THz and 1.89 THz for Stage (a) 30 and (b) 3π.
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insulatorwith low conductivity (σ< 200 Sm−1), and the resultant unit cell response produced two narrow
transmission bandswhich is separated by awide stop band. This unit cell acts as an FSS. The reflection
magnitude and phase characteristics of the reflective electromagnetic wave for (FSS) in stage 40, π is shown in
figure 17. The FSS provides themagnitude of the co- and cross polarized reflection coefficient in bandRB1 (1.08
to 1.29THz) andRB2 (1.81 to 2.2 THz)with Rxx<−10 dB, while in stop band (1.29–1.81 THz)withRyx>−1.07
dB, for both stages 40 and 4π. It is observed that the FSS produces 0° phase difference for the co-polarization
reflection coefficient in the overall frequency band 1 to 2 THz, which is not responsible for the reflective-
transmittive nature of the unit cell (FSS).

The FSS provides themagnitude of the cross-polarization coefficient in bandRB1 andRB2 is Ryx>−1 dB,
while in stop bandRyx<−10 dB for both stages 40 and 4π. The FSS produces 180° phase difference for both
bands RB1 andRB2, which is responsible for reflective nature, while itfluctuates in the stop band. Figure 18
depicts themagnitude and phase characteristics of the transmitted EMwave form (FSS) in transmissionmode of
stage 40, π. The FSS provides themagnitude of themaximumco- and cross-polarized transmission coefficient in
transmitted frequency TF1= 1.22 THz is (0.44, 0.29) and at TF2= 1.81 THz is (0.44, 0.32)while in stop frequency
SF1= 1.54 THz is (0.45, 0.03) for both stages 40 and 4π. The FSS produces 0° phase difference for the co-
polarization transmission coefficient in the overall frequency band from1 to 2.2 THz, which is not responsible
for the transmission.However, The FSS produces 180° phase difference for both transmission frequency which

Figure 17. Simulatedmagnitude and phase characteristics of co- and cross-polarization reflection coefficients for stage 40, π.

Figure 18. Simulatedmagnitude and phase characteristics of co and cross-polarization transmission coefficients for stage 40, π.
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is responsible for transmission of cross polarizedwavewhile itfluctuates in the stop so it is not transmitting the
cross polarizedwave however it is absorbed in the stop band. The absorption of the cross polarizedwave is
described in next subsectionC.

3.3. VO2film-based cross polarizedwave absorption
The detailed analysis of the absorption is described in the section II (C). In this section, we calculate the
absorption by using co- and cross-polarized reflection and transmission coefficient of stage 4-unit cell, and it is
depicted infigure 19. The absorption of the co-polarizedwave is about 85%at 1.14THz and 88%at 1.89THz,
while the absorption of the co-polarizedwave in stop band is 5%at 1.53 THz. It is also observed that, the
absorption of the cross-polarizedwave is about 22% at 1.2 THz and 21%at 1.89THz, while the absorption of the
cross polarizedwave in stop band is about 99% at 1.53 THz. In this work, we have also calculated the absorption
by using both co- and cross polarized reflected and transmittedwave.

The absorption is below 12%while considering both transmission as well as reflection co-cross polarized
wave. So, it is evident that, if the array is designed by using the cross polarized phase characteristics and the array
is illuminated by space feed then the incident cross polarizedwave power can be absorbed in stop bandwhile it
reflect-transmit wave in operating band. The above discussion of absorption is validated in section IV of this
proposedwork. The array design is described by using the phase characteristics of the cross polarized EMwave
and it confirms the absorption in the stop band. In the results section of the arrayfigure 32, it is confirmed that
the power is absorbed in stop bandwhile the reflection and transmission is obtained at 1.14THz and 1.89THz.

3.4. VO2film-based transmit-reflectarray unit cell
In this section, the cross-polarization reflection-transmission coefficientsmagnitude and phase characteristics
of the proposed unit cell are depicted infigure 20. Themagnitude of the cross-polarization reflection and
transmission coefficient at 1.21 THz, Ryx= 0.76 andTyx= 0.24. while at 1.81 THz the Ryx= 0.73 andTyx= 0.27
and at stop frequency at 1.51 THz the Ryx= 0.01 andTyx= 0.04.

The 180° phase shift is obtained in both bands of cross polarized reflected and transmittedwave cause the
possible reflection transmission occurs while it is fluctuating in stop band because there is no reflection and
transmission occurred. However, the cross polarizedwave is absorbed in this band. In stage 4, the unit cell
element is illuminated by a cross-polarized electromagnetic wave. The cross-polarized field components of the
reflectedwave and transmittedwave exists along the y-direction, which is defined byRyx andTyx, respectively.
From section III, it is observed that the unit cell performance characteristics with intelligent ground plane (stage
3 and 4) andwithout intelligent ground (stage 1 and 2) plane are same. Therefore, the proposedVO2 film-based
ground plane unit cell is utilized for all four applications. The intelligent ground plane-based unit cell is utilized
for designing of the reflectarray, FSS, FSS based cross polarizedwave absorber and reflective-transmittive surface
is illustrated in section IV (B). The vector surface current distribution for stage 40 and 4π at 1.15THz and
1.85 THz are depicted infigures 21(a) and (b). It is observed that, in each unit cell, there are two surface currents ( )s sand1 2 are flowing along the direction of arrow inArm1 andArm2 due to normal incidence.

Figure 19. Simulated absorption of the proposed unit cell (FSS) for stage 40, π.
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In addition to that, there are two surface currents
 ( )s sandG G1 2 induced in the defective ground plane

opposite to the current flow in the arms. This anti parallel surface currentsmakesmagnetic dipole resonance.
Which produces transmission at 1.15 THz and 1.85 THz.

4. Array design

4.1. Array performance analysis
Wehave analyzed the array performance from the unit cell to the full array design, focusing on the effects of
mutual coupling and edge effects. As referenced in49–51 arraymutual coupling between elements can be
understood by analysing the electric field, surface current, and far-field patterns as shown infigures 22(a) to (i).

We have examined the electric field, surface current distribution and far-field characteristics for each
possible combination of unit cells in the array design at frequency of 1.5 THz .We specifically analysed the
impact on the electric field distributionwhen unit cells of the same type (0-state orπ-state)were placed adjacent
to each other, as well as when different states (0-state andπ-state)were combined. The periodicity of each unit
cell remained constant.

As shown infigures 22(a) and (b), both 0-state andπ-state unit cells were analysed. It was observed that the
surface current directions in the 0-state andπ-state unit cells were opposite to each other, confirming that
mutual coupling and edge effects wereminimal. The electricfield and surface current distributions of individual
unit cells are depicted infigures 22(a) and (b).

To understandmutual coupling and edge effects, we examined different arrangements of unit cells. First, we
analysed a combination of two-unit cells.

In thefirst combination, figure 22(c) illustrates theπ-state unit cells positioned along the horizontal axis.
The electricfield distribution indicates thatmutual couplingwasmaximized due to the identical current

Figure 20.Magnitude and phase plot for reflection-transmission of the stage 4.

Figure 21.Vector surface current distribution for stage 4 at (a) 1.15 THz (b) 1.85 THz.
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direction in both unit cells. This observation is further supported by the realized gain plot, which shows a
maximumgain of 6.59 dBi. However, the beam appeared broad. Based on these results, we concluded that
mutual coupling reached its peakwhen both unit cells were in the same state.

Figure 22.Mutual coupling analysis of different arrangement of unit cell.
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In the second combination, as shown infigure 22(d), both 0-state andπ-state unit cells were arranged
horizontally. The electric field and surface current distributions revealed that the unit cells had opposite surface
current directions. This indicates thatmutual coupling between themwasminimal. As a result, two beamswere
obtained. Themaximum realised gain is 5.17 dBi and beam is distinct which is less in comparison offirst
combination due to lessmutual coupling.

In the third combination, as shown infigure 22(e),π-state unit cells were positioned along the vertical axis.
The electricfield distribution indicated thatmutual couplingwasmaximized due to the identical current
direction in both unit cells. This observationwas further supported by the realized gain plot, which showed a
maximumgain of 6.5 dBi. However, the beam appeared broad. Based on these results, we concluded thatmutual
couplingwasmaximizedwhen both unit cells were in the same state.

In the Fourth combination, both 0-state andπ-state unit cells were arranged vertically, as shown in
figure 22(f). The electric field and surface current distributions revealed that the unit cells had opposite surface
current directions. This indicates thatmutual coupling between themwasminimal. As a result, two beamswere
obtained. Themaximum realised gain is 5.7 dBi and beam is distinct which is less in comparison of third
combination due to lessmutual coupling.

Infifth, sixth, seventhwe have 2× 2 array for analysing themutual coupling and edge effect with different
arrangement. In the fifth combination, all unit cells were in the 0-state, as shown infigure 22(g). It was observed
thatmutual couplingwasmaximum, as indicated by the electric field distribution and surface current
distribution. Due to this strongmutual coupling, a broad beamwas obtainedwith a gain of 13.8 dBi.

In the sixth combination, 0-state andπ-state unit cells were arranged vertically along the horizontal
direction. Thefirst column consisted of 0-state unit cells, while the second column consisted ofπ-state unit cells,
as shown infigure 22(h). Strongmutual couplingwas observed in the vertical direction, whereasmutual
couplingwasweaker in the horizontal direction due to the orientation of the electric field and surface current. As
a result of thismutual coupling pattern, themaximumbeamdirection tilted toward theπ-state unit cells. The
maximumgainwas 9.67 dBi, whichwas lower than that of the fifth combination due to reducedmutual
coupling between the different state unit cells.

In the seventh combination, similar unit cells were arranged diagonally, as shown infigure 22(i). The electric
field and surface current distributions revealed thatmutual couplingwas strongest along the diagonal direction.
In contrast,mutual couplingwasweaker in the horizontal and vertical directions. As a result, the beamwas
directed toward the centre.Themaximum realized gainwas 8.23 dBi, with a broad beam.

4.2. 16× 16 array elements
A complete array is designed and analyzed based on the proposed unit cell. Figures 23(a) and (b), displays the
detailed constructions of a 16× 16 array elements, placed in the XY- plane. The dimension of the reflectarray is
1600 μm× 1600 μm.Apyramidal horn antenna illuminates the array elements. The feed is placed for a−10 dB
edge taper at (XF, YF, ZF) (0, 0, 1299 μm). The optimumZF/Dratio calculated by using themaximumaperture
efficiency (ηa). D is themaximumdimension of the array. The aperture efficiency is the product of the spillover
efficiency (ηs) and edge taper efficiency(ηt)where ηa= ηs× ηt. The spillover efficiency and tapered efficiency is
calculated by (13) and (14), [52].

( ) ( )h q= - +1 cos 13s
q 1

0f

Figure 23. Schematic configuration of the array (a) 3D- view of array element (b) phase distribution of array element.

16

Phys. Scr. 100 (2025) 065517 RMali et al



( ( ))

( ) ( ( ))
( )h

q

q q
=

-

- -

-
q

q

2 1 cos

tan
2

1 1 cos

14t
f

q

f q

2
1

0
2

2
0

2

0

f

f⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

The simulated feed power patternwithCST andMATLAB is shown in figure 24(a). The feed power pattern is
calculated by using the equation of ( )qcosq

0f . For curve fitting the value of qf is 13 for pyramidal horn antenna.
The aperture efficiency for the value of qf=13 is depicted infigure 24(b). Themaximumaperture efficiency
corresponding ZF/D ratio is determined for qf=13.

The required phase for each element is decided for−10 dB edge tapered feed and corresponding feed
position (XF, YF, ZF) (0, 0, 1299 μm), which is given by (15), (16), [53, 54]

( ) ( ) ( )f q f q f= - - +xi yi K R x y, sin cos sin sin 15o i i i
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16⎧
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Where, Ko is thewave number, ZF is the distance between the phase center and the referenced element, and
(xi, yi) is the position of each element in the XY-plane. Ri is the distance between ith element and phase center of
the feed antenna. The direction of the collimated beam is defined by (θ,f).

Figure 25 shows the configuration of the array for all four combinations of stages 1, 2, 3, and 4. The stage 1
array has a full ground plane and, in this case, it acts as a reflectarray, while in the stage 2, array has a cross-shaped
slot on ground plane, and it acts as an FSS, FSS based cross polarizedwave absorber and a reflective-transmittive
surface. The stage 3 and stage 4 ground planes are obtained by changing the potential of the cross-shapedVO2

film. TheDCbiasing is given to theVO2 film by FPGA connectedwith the ground plane. If the potential is
required biasing+V1 voltage, the ground plane of stage 3 acts asmetal and hence this array acts as a reflectarray,

Figure 24. (a)Curvefitting of the normalized feed pattern inCST andMATLAB, (b)Aperture efficiency corresponding to the ZF/D
ratios.

Figure 25.Configuration of the array design based on stages 1, 2, 3, and 4-unit cells.
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while if the potential is low (V2; V2<V1Volt), the ground plane of stage 4 acts as FSS, FSS based cross polarized
wave absorber and reflective-transitive surface. The performance characteristics of the four stages-based arrays
are described in section IV.

5. Applications

5.1. Reflectarray antenna
The basic performance characteristic of the reflecting element is analyzed in stage 1 and stage 3within sections II
and III. The arrangement of the reflective element is displayed infigure 25. The array element is illuminated by
pyramidal horn antenna of 13 dBi gain. The basic arrangement of the reflectarray element is in theXY-plane as
shown infigure 23(a). The reflectarray is designed by using awide band polarization rotating unit cell. The
operating bandwidth of the array is 1.29 to 1.86GHz (%BW= 36.1%).

Themaximum efficiency of the proposed reflectarray at 1.5 THz in stage 1 is 22.12%. The simulated
radiation pattern at 1.3 THz, 1.5 THz, and 1.7 THz for stage 1 and stage 3 is shown infigures 26(a) and (b),
respectively. The simulated 3D-radiation patterns of the reflectarray antenna inUV-plane at 1.5 THz for stage 1
and stage 3 are shown infigures 27(a) and (b), respectively.

Figure 26. Simulated radiation patterns of the reflectarray antenna (a) stage 1 (b) stage 3.

Figure 27. Simulated 3D-radiation patterns of the reflectarray antenna (a) inUV-plane at 1.5 THz for stage 1 (b) inUV-plane at 1.7
THz for stage 3. (c) in 3D at 1.5 THz for stage 1 (d)in 3D at 1.7 THz for stage 3.
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5.2. Frequency selective surface
This section describes the proof of the concept for frequency selective surface of stage 2 and stage 4. In section II
(B), the performance characteristics of the stage 2, FSS unit cell is described. In stage 2, it is observed that there
are two narrow transmission bands that are separated by awide stop band (1.4 THz–1.8 THz). Similarly, in stage
4, FSS also provides a stop band of (1.4 THz–1.7 THz). The stage 2 and stage 4 based array is illuminated by a
pyramidal horn antenna, and then the response characteristics of the FSS array are obtained as shown in
figures 28(a) and (b). The stage 2-based array acts as a band stop filter in the frequency band (1.4 THz–1.8 THz),
while the stage 4-based array also acts as a band stopfilter in the frequency band (1.4 THz–1.7 THz). The FSS
based cross wave absorber is validated through the reduction of the reflective-transmittive gain in these stop
bands. In comparison of the feed gain, the reflective-transmittive gain is less. The obtained gain is below 12 dBi,
while the feed gain is 13 dBi. The simulated 3D-radiation patterns of frequency selective surface of stage 2 and
stage 4 at 1.5 THz inUV-Plane and elevational-azimuth plane are shown infigures 29(a)–(d), respectively. The
two narrow band reflective-transmission performance characteristics of the stage 2 and 4 based array are
illustrated in sectionC.

5.3. Reflective-transmittive surface
From section II (B) and (C), the stage 2, unit cell has the dual narrow transmission bandwith TB1
(1.08–1.38 THz) andTB2 (1.8–2.2 THz).While stage 4 has dual narrow transmission band of TB1
(1.08–1.29 THz) andTB2 (1.7 THz–2.2 THz).

In both transmission bands the reflective-transmittive nature of the unit cell is also described in sections II
(D) and III (D) of stage 2 and stage 4, respectively. From section II(D), The performance characteristics of the
stage 2-unit cell is used to design of reflective-transmittive surface.When it is illuminated by a feed antenna, then
the surfacewill act as reflective-transmittive surface in the both bands TB1 andTB2.Which is validated in this
section. Similar observation is found for the section III (D) unit cell based reflective-transmittive surface. The
performance characteristics of both stage 2 and stage 4 based array is shown infigures 30(a) and (b). In
figure 30(a), it is observed that stage 2-based reflective transmittive surface produces a high gain in both
transmission bands. In transmission bandTB1 (at 1.1, 1.2, 1.3 THz), the reflective gain is about 16 dBi, while in
TB2 (at 1.9, 2, 2.1 THz), it is about 20 dBi, and the transmittive gain is about 15 dBi in TB1 bandwhile it is about
19 dBi in TB2 band. Fromfigure 30(b), it is observed that stage 4-based reflective transmittive surface produces
high gain in both transmission bands. In transmission bandTB1 (at 1.1, 1.2, 1.3 THz), the reflective gain is about
15 dBi, while in TB2 (at 1.8, 1.9, 2, 2.1 THz), it is about 20 dBi, and the transmittive gain is about 14 dBi in TB1
band, while it is about 16 dBi in TB2 band. The simulated 3D-radiation pattern of reflective-transmittive surface
of stage 2 and stage 4 based array at 1.9 THz inUV-plane and elevation-azimuth plane is shown infigures 31(a)–
(d), respectively.

The peak realized gain versus frequency plot for the stages 1, 2, 3 and 4 is shown infigure 32. The stage
1-based array acts as a reflectarray with amaximumgain of 22.5 dBi at 1.6 THz, and its 3-dB gain bandwidth is
0.57 THz in theworking band from1.29 to 1.86 THz. The stage 3-based array also acts as a reflective surface in
the active band from1.3–1.85 THzwith amaximumgain of 22.5 dBi at 1.6 THz.The stage 2 and stage 4 based
array produces two narrow transmission bands separated by awide stop band. The stage 2-based reflection-
transmission array 3-dB bandwidth of band 1 is 0.36 THz, while band 2 bandwidth is 0.32 THz. The stage
4-based reflection-transmission array 3-dB bandwidth of band 1 is 0.26 THzwhile band 2 bandwidth is
0.44 THz.

Figure 28. Simulated radiation patterns of the frequency selective surface (a) stage 2 (b) stage 4.
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Figure 29. Simulated 3D-radiation patterns of frequency selective surface of stage 2 and stage 4 at 1.5 THz in (a)UV-plane stage 2, (b)
UV-plane stage 4 (c) elevation-azimuth plane stage 2, (d) elevation-azimuth plane stage 4. (e) 3D- plane at stage 2 (f) 3D-.

Figure 30. Simulated radiation pattern of the transmittive-reflective surface (a) stage 2 (b) stage 4.
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R1
BW: stage 1 reflectarray bandwidth, R

3
BW: stage 3 reflectarray bandwidth, RT

2
BW1: stage 2 reflect-transmit

array bandwidth of band 1, RT2
BW2: stage 2 reflect-transmit array bandwidth of band 2, RT4

BW1: stage 4 reflect-
transmit array bandwidth of band 1, RT4

BW2: stage 4 reflect-transmit array bandwidth of band 1.
The performance of the tri-function array is summarized in table 1.

6. Application scenario

The future application of this proposedwork is shown infigures 33(a)–(c). To established the communication
between the earth station and themoon satellite. Infigure 33(a), the communication between earth station and a
near earth orbit satellite will be established using the proposed reflectarray operating at 1.5 THz.However, the
reflectarray will be unable to directly communicate with themoon satellite on the back side.However, if the
information is converted into lowest 1.2 THz and highest 1.9 THz frequency the communicationwill be
establish between both satellite when proposedwork as reflective-transmittive surface which is shown in
figure 33(b). However, infigure 33(c), when the 1.5 THz signal is transmitted by reflectarray from the earth, the
informationwill be transmitted to the satellite near the earth, which convert the signal into 1.2/1.9 THz and the
proposed array work as reflect-transmit array to communicate to themoon satellite, while the array absorbed
the 1.5 THz signal at this time from earth station.

Figure 31. Simulated 3D-radiation patterns of the reflective-transmitive surface of stage 2 and stage 4 at 1.9 THz (a)UV- plane stage 2
(b)UV- plane stage 4 and (c) elevation-azimuth plane stage 2, (d) elevation-azimuth plane stage 4. (e)3D-radiation pattern at stage 2,
(d) 3D-radiation pattern at stage 4.
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Figure 32.Gain versus frequency characteristics of the proposed array of stages 1, 2, 3 and 4.

Table 1.Comparative analysis with existingworks.

References
Operating frequency (THz) Gain (dBi)

Size (mm2) Efficiency (%)

RA RTARTF1/RTF2

FSS

Stop

Band RA RTARTF1/RTF2

FSS Stop

Band

(Absorber)

[17] 0.875 — 0.9 22 — 5.76

[19] — 0.00475/0.01375 0.01 — — — — —

[22] — 0.0058/0.0124 0.01 — — — — —

[27] 3 — — — — 1.8 0.32 —

[31] 0.75 — — — — — 51.84 —

[33] 0.358 — — — — — 11.9 —

[35] 1.1 — — 24 — — 3.1 21

[55] 0.3 — — 20 — — 1369 0.5

[56] 0.21 — — — — — 58.98 —

[57] — 6 — — 24.4/22 .132 41/23

[58] 0.39 32.4 309.15 26

[59] 1 — — 33.4 — — 81 19

[60] — TA (0.9) — — TA (35.96) — 147.87 23

[61] — TA (0.34) — — TA (34.90) — 2733.97 7

[62] — TA (0.14) — — TA (33.12) — 1600 46

[63] — TA (0.27) — — TA (20.8) 669.67 1.7

[64] 1.35 — — 28 — — 9 35

[65] 0.140 31.40 1089 46

[66] 3.6 — — 20 — — 0.298 19

[67] 0.102 1.38 28

VO2

(Metal)
1.5 — 22.5 — 2.56 22.14

ThisWork VO2

(Insulator)
— 1.2/

1.9

1.5 16.5/15 2.56 8.6/2.4

20/19.5 12 19.43/17.32

FSS: Frequency Selective Surface, TA: Transmitarray, RTF1 andRTF2: ReflectionTransmission Frequency, RA: Reflectarray, RTA: Reflect-

transmit array.
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7. Conclusion

In this paper, a novel quad-function unit cell and16× 16 array based on intelligent ground plane is presented.
The intelligent ground plane is designed by etching a cross-shaped slot on the gold ground planewhich is filled
by a thinVO2film. The quad-function of the unit cell and array is obtained by changing the applied potential to
theVO2film. The unit cell performs a reflective element when the applied potential is high (+V1Volt), because
the conductivity (σ= 2× 105 Sm−1) of theVO2film is very high at the temperature above 341.15 K. The

Figure 33.Application of the proposedwork. (a)Reflectarray used to communication between satellite and earth station. (b)Reflect-
transmit array communicates betweenmoon satellite to earth satellite and to the earth station. (c)Communication established
between earth station to the near-earth orbit satellite using 1.5 THz frequencywhen theVO2 asmetallic state andwhen the VO2 as
insulator then it’s used as absorber at 1.5 THz frequency and reflect-transmit at 1.2/1.9 THz between the near earth orbit satellite to
moon satellite.
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performance of unit cell is validated through the design of array, which acts as a high gainwideband reflectarray
at this potential. The unit cell performs a frequency selective surface with two narrow-band transmissions,
which is separated by awide stop band. It is possible because the conductivity of theVO2 film changes fromhigh
(σ= 2× 105 Sm−1) to low (σ= 200 Sm−1) by changing the potential from+V1Volt (High) to V2Volt (Low).
The performance of the FSS is also validated through the design array.When the array is illuminated by horn
antenna, the reflective gain is very low in the stop bandwhile the reflective-transmittive gain is above the feed
gain that confirms the FSS array produces two narrow transmission bandswhich are separated by awide stop
band. In these twonarrow transmission bands, the array performs a reflective-transmittive surface, which is also
validated by the performance of the unit cell as well as the array. The array provides a high gain in these two
bands of the reflective and transmittive beam. The 3-dB bandwidth of the reflectarray is 0.57THzwith themetal
(gold) ground plane and 0.55 THzwith intelligent ground planewith high gain of 22.5 dBi and the aperture
efficiency is 22.12%.

The transmission band is TB1 (1.08 to 1.29THz) andTB2 (1.81–2.2 THz)while the stop band is
(1.29–1.81THz). The transmittive gain is obtained in band 1 is about 16.5 dBi while in band 2, it is about 20 dBi.
In stop band, the gain is 12 dBi. It is concluded that, in this article all the four behaviors are obtained in a single
array using intelligent ground plane and this array can be utilized for future 6G and satellite applications.
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