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VO,-based ultra-reconfigurable
intelligent reflective surface for 5G
applications

Randy Matos" & Nezih Pala

As demand for higher capacity wireless communications increases, new approaches are needed

to improve capacity. The lack of configurable radio platforms and power consumed to create new
signals are some of the limitations preventing further advancements. To address these limitations, we
propose an Ultra-Reconfigurable Intelligent Surface (URIS) platform based on the metal-to-insulator
transition property of VO,. AVO, layer is placed on a high-density micro-heater matrix consisting of
pixels that can be electronically switched on. With this manner of control, heat can be transferred

to selected areas of the VO, layer and convert it to highly conductive metallic phase. This technique
allows dynamically changing the shape of the reflection surface with high speed. We numerically
investigated the heat activated switching and RF reflection characteristics of a reflectarray designed
for potential 5G applications operating at 32 GHz. It consists of heating pixels with the size of 40 x 40
pm which can generate metallic VO, patches or arbitrary shapes with ~100 x 100 pm spatial resolution.
Our analyses resulted in large phase range of ~ 300° and approximate losses of -2 dB. The proposed
device can serve as a novel platform for ultra-reconfigurable reflectarrays, other IRSs, and various
wide spectral range RF applications.

Recent studies show that data traffic in communications technology is expected to quadruple from 2019 to 2025.
The general approach to address the demands for higher data rates in wireless communications is two-fold: (i)
Moving to higher frequencies where larger bandwidths are available and (ii) increasing spectral efficiency by
developing advanced multiplexing techniques. Although these approaches greatly benefited the emerging 5G
technologies, they traditionally treated propagation medium between the transmitter and the receiver as a ran-
domly behaving entity. However, recent developments in reconfigurable intelligent surfaces (RIS) make it possible
to control the scattering and reflection of wireless signals and mitigate the negative effects of the propagation
medium. RIS can effectively control the wavefront, by manipulating the phase, amplitude, frequency, and even
polarization, of the impinging signals without the need of complex decoding, encoding, and radio frequency
processing operations*™®. Implementation of RIS can also help reducing the power consumption by reusing the
signals as opposed to creating new signals whenever data must be transmitted”°.

Reconfigurable reflectarrays (RRAs), liquid crystal surfaces and software defined metasurfaces are among the
implementation methods for RIS explored in the literature?. Despite the recent intense research, implementa-
tions that rely on electronic beam steering are still in their infancy. Mechanical beam steering has its uses'?, but
suffers from the arrays being designed for a specific polarization and the whole structure needs to be rotated or
displaced in some manner. RRAs allow electronic beam steering by changing connections between the patch ele-
ments trough electronic signals in real time. Use of lumped components and tunable materials are the two major
paradigms of current and emerging reconfigurable reflectarray antennas. The most common lumped components
associated with developing RRAs are RF MEMS, PIN diodes, and varactor diodes'*"'*. Combinations of lumped
components are also found in the literature!®. For tunable materials, liquid crystals, ferroelectrics, and graphene
have been proposed!’-*. A summary of the properties of these recently proposed RRAs can be found in Table 1.
The major hurdles in developing highly reconfigurable surfaces using tunable materials is to keep reflection losses
as low as possible, reflection phase range as wide as possible, and being able to achieve wide beam widths such
that all the patch elements can receive the incident signals from distant feeds*!. Moreover, the implementation
techniques reported in the literature are based on connecting/disconnecting predefined conducting patches by
turning on/off the lumped elements and therefore have limited reconfigurability to only a handful of discrete
states and/or within in a certain bandwidth. This is evident from the comparisons on Table 1, where the number
of unit-cell states is either a fixed quantity, or a small variable range. Use of tunable materials such as Vanadium
Dioxide (VO,) for RRAs can address these challenges. As a metal-to-insulator transition (MIT) material, VO,
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Reconfigurability method | Frequency range [GHz] | # of unit-cell states | Phase range | References
RE-MEMS 10.8-11.8, 14-15.4 Variable 300-360° 12
PIN diode 12.9-16.5 2 180+20° 3
PIN diode 5.8 4 180° 14
Varactor 19.3-20.2 Variable 290-300° 15
PIN diode and varactors 7.5 2; Variable 285° 16
Liquid crystal 9.35 Variable 300° 7
Liquid crystal 23.8 Variable 150° 18
Ferroelectric 60 Variable N/A 9
Graphene 275 4 180° 0

Table 1. Properties of recently proposed RRAs.

transitions to a metallic phase when it is heated above a critical temperature of ~ 68 °C (342 K), though the
transition begins around ~ 66.8 °C (340 K). In such phase transitions (switching), its electrical resistivity can be
varied from 0.1 to 3x 107° Q m in a few nanoseconds. This transition occurs due to a change in its crystal struc-
ture, which changes from monoclinic to a tetragonal structure??~%*. This temperature requirement is drastically
different from current RF switches based on phase change materials (PCMs). Germanium antimony telluride
(Ge,Sb, Te,), one of the commonly used PCMs, requires temperatures of =750 K** to reach crystallization. Further
heating is required to reach an amorphous state, ~873 K?”. We recently proposed an ultra-reconfigurable antenna
platform based on a VO, thin layer integrated with an electronically controlled resistive heating matrix*. To the
best of our knowledge, VO, has not been studied for highly reconfigurable intelligent surfaces in the literature.
We believe that an ultra-reconfigurable intelligent surface reflectarray antenna could mitigate the limitations
associated with the implementations reported in the literature, in particular the limited reconfigurability.

This paper proposes a novel, Ultra-Reconfigurable Intelligent Surface (URIS) in the form of a reflectarray
based on the unique phase-change properties of VO, and presents its detailed numerical study of thermal and
RF characteristics. The proposed URIS can generate virtually any shape, size and distribution of conducting
patches very much like generating an image on screen and therefore allows virtually unlimited states in a very
large spectral band. We targeted the frequencies for 5G and beyond since it is the next milestone in wireless
communications. Smart 5G environments are of crucial importance since electromagnetic waves struggle with
blockage from objects that are significantly larger in size than the wavelength. Given that 5G is in the mmWave
range, objects such as humans or furniture can present blockage. It has been shown that human blockage can
penalize the link budget by up to 20-30 dB¥. Hence, the motivation for the proposed URIS is that it can facili-
tate smarter wireless communication environments to address the growing need for bandwidth and energy
efficiency, and to help mitigate the shortcomings of the current technology by tailoring the desired wavefronts
through virtually unlimited reconfigurability. Further, the proposed URIS platform provides the capability of
reconfiguring in real-time to fit the immediate needs presented by a dynamic environment and reducing effects
of blockages in the emerging 5G applications.

The rest of the paper is organized as follows: The Theoretical Foundations section summarize the foundations
that form the basis of the device which is followed by the Device Structure. Details of the method and results of
the thermal analysis of the device are presented in the Thermal Analysis section. Following, the methodology for
extracting the S-curve of the reflection phase and the results are presented in the Unit Cell Simulations section.
Finally, conclusions are drawn in the last section.

Theoretical foundations

Reflectarrays are designed using arrays of reflecting elements®®*'. A reflectarray can be flat, or have a slight curve
to it, with an illuminating feed antenna that illuminates the radiating elements. These elements consist of pre-
designed patches, waveguides, rings, and dipoles that are used to reradiate the signal with more strength for a
designed range®~**. The spatially designed elements are such that the incident field is scattered with an electri-
cal phase that creates a planar phase front for a given far-field distance. There are different types of reflectarray
types that use different design paradigms including dielectric arrays, metallic arrays, wave guide arrays and
microstrip arrays>®*-4,

Microstrip arrays combine the advantages of a dielectric and metallic reflectarray, which is to minimize
conductor losses and to improve gain and efficiency, respectively*>*”*. Microstrip reflectarrays also have advan-
tages in achieving low reflecting surface profiles, small antenna mass, and low manufacturing cost. Due to
reflectarrays not requiring a power divider, they can also achieve efficiencies of >50%, while also allowing for
both mechanical and electronic beam steering®'. Electronic beam scanning can also be used, which removes
the requirements of the high-loss beamforming networks as well as the high-cost transmit/receive amplifiers,
found in typical reflection-based antennas, are no longer needed*"*2. Despite the many advantages, there is also
a key disadvantage in that the reflectarrays bandwidth is limited by two major factors: narrow bandwidth on
patch elements, and the differential spatial phase delay****. While the patch elements are inherently limited to a
percent of the bandwidth, some techniques have been used to increase that, such as thick substrates and stacking
multiple patches*. Differential spatial phase delay is another matter entirely. Best described by Fig. 1a, which

Scientific Reports |

(2022) 12:4497 |

https://doi.org/10.1038/s41598-022-08458-9 nature portfolio



www.nature.com/scientificreports/

(a) z

Feed Antenna
Phase Center

VO, (1 um)

Annealed SiN (1 pm)

Rogers CuClad 6700 (38 um )

NiCr heater (250 nm) & SiO, (15 pm)
Rogers 5880 (381 um)

Cu ground plane (35 um)

Figure 1. (a) Diagram describing differential spatial phase delay of a reflectarray. (b) Exploded device structure
with materials.

shows that as the distance (Ri) from the feed phase center to the ith element changes, the reflection phase of a
reflectarray element must compensate for the spatial phase delay. This can be represented mathematically by:

$spa = —koR; 1)

The wavenumber at the center frequency is represented by ko. The spherical wave radiated by the feed is
converted into a collimated beam in the Z direction by the given phase distribution. A progressive phase (pp)
scan can be added to the aperture to scan the beam. In vector form, this can be represented as:

$pp = —ko 1i o 2)

where 7; is the position vector of the ith element, and 7y is the direction of the main beam. This creates a frequency
excursion error at the reradiated phase front, because the reflectarray design is created for phase compensation at
the center frequency. The system presented in Fig. 1a can also be represented in a Cartesian system using (x;;),
and for a beam represented in spherical coordinates as (8, o), Eq. (2) simplifies to:

bpp = —ko (x,' sin 6y cos @g + y; sin Gy cos <p0). 3)

The required phase shift, with the added progressive phase to compensate for the spatial phase delay, is given
by:

dra = ko (R,- — sin 6y (xi cos ¢ + y; sin <po)) + o, (4)

where ¢ is a phase constant, expressing that, for reflectarray elements, a relative phase is needed. Some known
solutions to reduce the amount of frequency excursion error exist, of which there are three main techniques to
do so: design the array with a larger focal-length-to-diameter (f/D) ratio, avoid using a reflectarray with a large
electrical diameter, and/or use time delay lines or partial time delay lines instead of the phase delays?'. Most of
these limitations stem from the need to have a fixed design.

Device structure
Vanadium dioxide is a phase-change material (also referred as metal-to-insulator transition material) which
behaves as an insulator at room temperature, but undergoes a phase transition to metallic state when heated
above ~ 69 °C. To achieve this transition, various methods such as conductive heating, photo-thermal heating,
Joule heating, and optical stimuli are used**=>*". This transition has also been attained using static electric
fields*®*. Due to the changes in resistivity and permittivity brought about by the transition, VO, is an attractive
material for applications in switching, optics, thermal diodes, antennas, waveguides, and resonators?»*$47-50-54,
In the investigated structure a VO, layer is placed on a high-density micro-heater matrix consisting of pixels
that can be switched on via electronic control. Controlling the pixels in this manner, we can transfer heat to the
VO, layer and heat up specific pixels to change the phase and hence the resistivity of the VO,.
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Figure 2. (a) 2D view of the thermal simulation of the device structure in Fig. 1b, which shows the thermal
distribution of a single heater cell turned on. (b) Temperature curve of the top surface of the VO, layer with a
single heater on, with an inset showing the 100 um resolution.

In contrast to the previous design reported in Ref.?, our initial studies showed that 6H-SiC could not be used
directly as a substrate material due to its high dielectric constant of €.~ 10.03, compared to conventional sub-
strates like Rogers 5880 (e, =2.2), Taconic TLX (e,=2.4) or FR4 (g, =4.4) as well as its high thermal conductance
which limits the lateral patch resolution. To achieve high spatial resolution control and limit losses we developed
and investigate the hybrid structure shown in Fig. 1b. The topmost layer consists of a uniform layer of VO,
(t=1 pm). The second layer consists of Annealed SiN (¢=1 pum). The third layer is the heating matrix assembly
which consists of a NiCr microheater (=250 nm) and Ni bias lines (t=5 um) embedded in SiO, insulator layer
(t=15 pum). The final layer is Rogers 5880 laminate (¢,=2.2, t=381 pum) with Cu back plating (t=35 um) to act
as the RF ground plane. These layers, which cannot normally be fabricated together using conventional meth-
ods. will be bonded together using Rogers CuClad 6700 bonding film (#=38 pum). The thermal behavior and RF
performance of this device was analyzed numerically as explained in the following sections.

It should be noted that the proposed structure is not any more complex than other RRA implementations
which require MEMS, lumped elements, or liquid crystals'*?°. The only electrically active element of our design
is the resistive heating matrix which is considerably simpler than the alternative implementations. Also, the
proposed device structure can be fabricated using the current microfabrication techniques including photoli-
thography, thin film deposition and wafer bonding. Operation of the proposed URIS would also be simple by
a micro-controller, which would turn on and off the heating matrix elements to form the desired 2D surface
geometry using pre-loaded patterns and algorithms.

Thermal analysis

To verify thermal propagation of the device, as well as verify patch size, thermal simulations were performed
using a commercial Multiphysics FEM tool (COMSOL"™), its joule heating module with an electromagnetic heat
source and heat transfer physics in solids. Figure 2 shows the thermal characteristics of the device in an “on” state
after a steady state solution. This steady state for the heat transfer physics is described by:
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Figure 3. (a) Temperature curve of the top surface of the VO, layer when multiple heaters are turned on to
create two metallic patches. (b) 2D view of the simulation and thermal distribution during the same scenario.
Size reference for the heater size is included.

pCpu- VT =V - (kVT) + Q (5)

where T, p, Cp, u, k represents the temperature, mass density, heat capacity, velocity vector and thermal con-
ductivity of the medium, respectively. This analysis allowed us to fine tune the distance between the micro-
heaters such that the pixels’ transition edges just overlap enough to create a seamless and thermally homoge-
neous connection between pixels. Thermal analysis also allowed us to fine tune micro-heater parameters so
that we could make it as efficient as possible. The unit cell dimensions within the simulation environment are
4.5 mmx 4.5 mm x 441 um. Dimensions of the square heating element were set to 40 um x 40 pm x 250 nm, of
which there are 1681 heating elements (41 x41). Because of the sheer number of elements, and the intensity of the
simulation, only a 2D slice of the unit-cell is simulated. This approach is facilitated by the high symmetry across
the device, and the software can take into account the depth of the device for calculation, while only numerically
assessing the physics of the slice, therefore saving in computational resources and time, but maintaining accuracy
in the simulation. This allows for a 2D slice that is spatially relevant, and would provide accurate thermal simula-
tions of the device’s center and extremities. Both the top surface and rear surface of the device had convective
losses and radiative losses considered. For convection boundaries, 10 W/m?2K was selected as the heat transfer
coefficient to represent a normal convection scenario, and the ambient temperature set to 293.15 °K. For radia-
tive boundaries, the emissivity of copper was selected as € =0.02. The emissivity of copper is a well-documented
value and provided in the material parameters libraries. The emissivity of VO, is chosen to be e=0.6 which is an
experimentally measured value reported in the literature *. It should be noted that the emissivity of VO, changes
with temperature, and that within this specific study, the emissivity change was ignored.

Figure 2a shows the numerically calculated 2D thermal distribution where only a single heater cell is on.
Surface temperature distribution for the same case is plotted in Fig. 2b. The results prove that it is possible to heat
the top VO, layer up to 341 °K and thereby convert from insulating phase to highly conductive metallic phase,
while staying under both the thermal limits of NiCr, and the thermal limits of the Rogers CuClad 6700 bonding
layer. Figure 3a shows a 2D view of a two-patch scenario where 34, 40 um-wide heaters are turned on and 7 are
off to create two isolated, metal-transitioned patches of VO, that are of 1200 um width. This is at the lower end
of patch size requirements for EM wave phase control at 32 GHz (see Fig. 5). Figure 3b shows the temperature
spread across the surface during this two-patch scenario. The data shows that a gap of ~ 700 pum is needed to
properly isolate patches due to reverse transition hysteresis. The total heat source power shown for the steady
state solution is 17.3 W for a potential of 19.5 mV. Which would correspond to a total heat source power of
30.5 mW for the unit cell of the reflectarray during a high-convection scenario. Using the same specifications,
we performed comparative simulations to show that the power required to achieve the transition temperatures
for Ge,Sb,Te, is 352 W for 751 K, and 591 uW for 878 K. This translates to 376 mW and 632 mW, respectively,
for a unit cell of comparable size to the one presented in this manuscript.

A time-dependent study was also conducted on the same structure. The time-dependent solution is given by:

aT
PCpr + pCou-VT = V- (kVT) +Q (6)

where T, t, p, Cp, u, k represent the temperature, time, mass density, heat capacity, velocity vector and thermal
conductivity of the medium, respectively. Figure 4a shows the ramp up time and temperature of the top VO,
surface for a range of voltages. The time-dependent analysis shows that the time to reach the threshold tempera-
ture is also configurable and can vary depending on design and power constraints. Figure 4b shows a numerical
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Figure 4. (a) Graph of the voltage dependence on the time to reach threshold temperature. (b) Temperature
and power curves during numerical study applying 550 mV, stepping down to 65 mV, and removing the voltage.
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Figure 5. Reflection phase curve (a) and loss curve (b) of the simulated hybrid structure for 32 GHz.

study where 550 mV was used to pass the threshold temperature within 12 ms and then stabilize at 343 °K by
stepping down the voltage to 65 mV in a high convection scenario where convection losses are 200 W/m?K. The
data shows that the transition temperature can be reached very quickly, but that reaching the hysteresis rever-
sion temperature takes longer at approximately 1 to 2 s. Even though that time is not very long, given design
constraints, the cool down time can be improved by adding an active cooling layer to the bottom. Figure 4c shows
the enlarged section of 0 to 500 ms at Fig. 4b.

A time-dependent study was also conducted where a similar structure of Ge,Sb,Te, was brought up to the
required temperature to crystallize it and then brought up to amorphization temperature within 60 s. The power
draw was then compared to that of the proposed structure using VO,. The results of that study are shown in
Fig. 4d. This comparison is important since Ge,Sb, Te, can crystallize and maintain its properties with no further
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Figure 6. Reflection phase curve (a) and loss curve (b) of the simulated mid-band hybrid structure for 5 GHz.

power draw means that for very long, extended periods of time, Ge,Sb,Te, may have the power advantage as it
would not need the constant, albeit very low, power draw of VO, to maintain its conductive state. However, the
data shows that VO, may have the advantage in high switching scenarios due to its much lower power draw.
These results show that we can achieve fast transition times, which are needed for real-time reconfiguring of the
patch size, shape, and distribution, while maintaining competitive power requirements.

Unit-cell simulation

We investigated the RF characteristics of the proposed device for 32 GHz and 5 GHz which are part of the
frequency bands for 5G applications. A square geometry for the reflective surface is selected since the square
geometry for reflectarray unit-cells is highly characterized and well-studied. It should be noted that our device
platform is capable of creating almost any 2D pattern (i.e. circular, multi-ring, cross, dipole, etc.). The most effi-
cient way to design a reflectarray antenna is to begin with a unit cell analysis of the reflectarray. The unit cell is
the fundamental unit that makes the whole of the array. A phase design curve can be obtained by changing the
physical characteristics of the unit cell and monitoring its phase response. We used Ansys HFSS for the numerical
analysis of the RF reflection characteristics of the proposed unit cell. The master and slave boundaries are used
as the periodic boundary conditions, and the excitation ports are implemented using Floquet ports. To verify
our simulation method, reported characteristics of the design described in Ref.* for 32 GHz operation using
conventional RF materials were replicated. The inter-element spacing was selected as 0.5\, where X is the free-
space wavelength at 32 GHz. The element consists of a square VO, patch that varies in length and width from
0.5 mm to 4.5 mm at an interval of 0.1 mm. We assumed the VO, layer resistivity was p=10"> Q.m, which is a
conservative value compared to the experimentally achieved ones®®®. Figure 5a shows the reflection angle as a
function of the square patch size of the investigated structures and its comparison with the reference design. The
characteristics show a well-defined S-curve typical for reflection arrays covering a large phase range of ~ 300°.
Figure 5b shows the losses for the same analysis. The obtained reflection losses of ~-2 dB are considered very
high efficiency within the context of reflectarrays®.

We also probed mid-band 5G range which is current communications technology. This range is considered
between 1 and 6 GHz. We designed a reflectarray unit cell using our VO,-based URIS and simulated its reflection
phase S-curve. Due to the change in frequency, the dimensions of the reflectarray patch would have to change.
The inter-element spacing was selected as 0.5\, where A is the free-space wavelength at 5 GHz. The element con-
sists of a square patch that varies in length and width from 8 to 28 mm at an interval of 0.5 mm. The thickness of
the base Rogers 5880 layer had to also become thicker to accommodate for the lower frequency. The new thick-
ness was 3 mm of Rogers 5880. All other layers stayed the same. Figure 6a shows the reflection phase curves, and
Fig. 6b shows the reflection loss curves. The characteristics show a well-defined S-curve, like with the previous
design, covering a large phase range of 320°, and a reflection loss —2.18 dB. The results show that the proposed
platform also performs well at lower frequencies for immediate wireless applications.

Conclusion

We proposed an ultra-reconfigurable intelligent surface platform based on the phase-change properties of VO,
and presented detailed study of thermal and RF characteristics of its unit cell. The investigated designs presented
smooth reflection phase control curve covering ~300° and reflection loss no greater than —2 dB. The proposed
platform allows generating conducting patches in any size, shape, and distribution, very much like generating an
image on a screen, within the timescale of milliseconds. The results show the feasibility of our novel VO, based,
heating matrix integrated ultra-reconfigurable reflectarray as a promising platform for reconfigurable intelligent
surface applications for both mid-band and high band 5G spectra.
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Received: 3 December 2021; Accepted: 8 March 2022
Published online: 16 March 2022

References

1

10.

11.

13.

14.

15.

16.

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.

29.

36.

37.

38.

39.

40.

. “Ericsson mobility report,” Ericsson, Stockholm, Sweden. https://www.ericsson.com/49da93/assets/local/mobilityreport/docum
ents/2020/june2020-ericssonmobility-report.pdf (2020).

. Basar, E. et al. Wireless communications through reconfigurable intelligent surfaces. IEEE Access 7, 116753-116773 (2019).

. Subrt, L., & Pechac, P. Controlling propagation environments using intelligent walls. (European Conference on Antennas and Propa-
gation, Prague, 2012).

. Subrt, L. & Pechac, P. Intelligent walls as autonomous parts of smart indoor environments. IET Commun. 6(8), 1004-1010 (2012).

. Tan, X,, Sun, Z,, Jornet, ].M., & Pados, D. Increasing indoor spectrum sharing capacity using smart reflect-array. In IEEE Interna-
tional Conference on Communications, Kuala Lumpur (2016).

. Abari, O., Bharadia, D., Duffield, A., & Katabi, D. Enabling high-quality untethered virtual reality. In USENIX Symposium on
Networked Systems Design and Implementation, Boston (2017).

. Tan, X,, Sun, Z., Koutsonikolas, D., & Jornet, K.M. Enabling indoor mobile millimeter-wave networks based on smart reflect-arrays.
In IEEE Conference on Computer Communications, Honolulu (2018).

. Liaskos, C., Tsioliaridou, A., Pitsillides, A., Ioannidis, S. & Akyildiz, I. F. Using any surface to realize a new paradigm for wireless
communications. Commun. ACM 61(11), 30-33 (2018).

. Di Renzo, M. et al. Smart radio environments empowered by reconfigurable AI meta-surfaces: an idea whose time has come.

EURASIP J. Wireless Commun. Netw. 1, 1-20 (2019).

Liaskos, C., et al. Realizing wireless communication through software-defined hypersurface environments. In IEEE International

Symposium on a World of Wireless (Crete, 2018).

Visser, H.J. Array and phased array antenna basics. (Wiley, Chichester, 2005).

. Baladi, E., Xu, M. Y, Faria, N., Nicholls, J. & Hum, S. V. Dual-band circularly polarized fully reconfigurable reflectarray antenna

for satellite applications in the ku-band. IEEE Trans. Antennas Propag. 69(12), 8387-8396 (2021).

Zhou, S.-G,, et al., A wideband 1-bit reconfigurable reflectarray antenna at Ku band. IEEE Antennas Wireless Propag. Lett. 21,

566-570. doi: https://doi.org/10.1109/LAWP.2021.3138438 (2021)

Wang, M., Shan, K., Luo, W.,, & Chen, Z. Design of a 2-bit dual linearly polarized reconfigurable reflectarray element. In Proceed-

ings of the 2021 International Symposium on Antennas and Propagation (ISAP), pp. 1-2. doi: https://doi.org/10.23919/ISAP47258.

2021.9614474 (2021)

Baracco, J.-M., Ratajczak, P, Brachat, P, Fargeas, J.-M., & Toso, G. Ka-Band reconfigurable reflectarrays using varactor technology

for space applications: a proposed design. IEEE Antennas Propag. Mag. doi: https://doi.org/10.1109/MAP.2021.3133502 (2021)

Gao, |, et al. Reconfigurable reflectarray unit cell with phase and amplitude controls. In Proceedings of the 2021 International

Conference on Microwave and Millimeter Wave Technology (ICMMT), pp. 1-3, doi: https://doi.org/10.1109/ICMMT52847.2021.

9617825 (2021)

Kim, H.-G., Kim, J.-Y. & Oh, J.-S. Design and implementation of an x-band liquid-crystal-based active reflectarray antenna. J.

Korean Inst. Electromagn. Eng. Sci. 32(10), 878-887 (2021).

Zhang, W,, Li, Y., & Zhang, Z. A reconfigurable reflectarray antenna with an 8-um-thick layer of liquid crystal. IEEE Trans. Anten-

nas Propag. doi: https://doi.org/10.1109/TAP.2021.3125378 (2021)

Altynnikov, A.G., et al. Electrically tunable reflector based on ferroelectric material for millimetre wavelength range. In Proceedings

of the 2021 IOP Conference Series Material Science and Engineering 1117: 012015.

Theofanopoulos, P.C., & Trichopoulos, G.C. A novel 2-bit graphene reconfigurable reflectarray. In Proceedings of the 2020 IEEE

international symposium on antennas and propagation and north american radio science meeting, pp. 1701-1702 (2020)

Huang, J. & Encinar, J. Reflectarray antennas (Wiley, 2007).

Mott, N. E Metal-insulator transitions 2nd edn. (Taylor and Francis, 1990).

Changzheng, Wu. & E, Xie, Y.,. Design of vanadium oxide structures with controllable electrical properties for energy applications.

Chem. Soc. Rev. 42, 5157 (2013).

Yang, D. S., Baum, P. & Zewail, A. H. Ultrafast electron crystallography of the cooperative reaction path in vanadium dioxide.

Struct. Dyn. 3, 034304 (2016).

Park, J. H. et al. Measurement of a solid-state triple point at the metal-insulator transition in VO2. Nature 500, 431-434 (2013).

Sebastian, A., Le Gallo, M. & Krebs, D. Crystal growth within a phase change memory cell. Nat. Commun 5, 4314 (2014).

Faraclas, A. et al. Modeling of thermoelectric effects in phase change memory cells. IEEE Trans. Electron Dev. 61, 372 (2014).

Gerislioglu, B., Ahmadivand, A., Karabiyik, M., Sinha, R. & Pala, N. VO2-based reconfigurable antenna platform with addressable

microheater matrix. Adv. Electron. Mater. 3, 1700170 (2017).

Singh, S., Ziliotto, E, Madhow, U., Belding, E. M. & Rodwell, M. Blockage and directivity in 60 GHz wireless personal area networks:

from cross-layer model to multi hop MAC design. IEEE J. Select. Areas Commun. 27(8), 1400-1413 (2009).

. Berry, D. G., Malech, R. G. & Kennedy, W. A. The reflectarray antenna. IEEE Trans. Antennas Propagat. 11, 645-651 (1963).

. Phelan, H. R. Spiralphase reflectarray for multitarget radar. Microw. J. 20, 67-73 (1977).

. Pozar, D. M. & Metzler, T. A. Analysis of a reflectarray antenna using microstrip patches of variable size. Elect. Lett. 29, 657-658
(1993).

. Kelkar, A. FLAPS: conformal phased reflecting surfaces. In Proceedings of the IEEE National Radar Conference, Los Angeles, Cali-
fornia, pp. 58 - 62 (1991).

. Gao, Y. T. & Barton, S. K. Phase correcting zonal reflector incorporating rings. IEEE Trans. Antennas Propagat. 43, 350-355 (1995).

. Jamaluddin, M. H. et al. Design, fabrication and characterization of a dielectric resonator antenna reflectarray in Ka-band. Prog.

Electromagn. Res. B 25,261-275 (2010).

Abd-Elhady, M., Hong, W. & Zhang, Y. A Ka-band reflectarray implemented with a single-layer perforated dielectric substrate.

IEEE Antennas Wireless Propag. Lett. 11, 600-603 (2012).

Yi, M., Lee, W, Yoon, Y. ]. & So, J. Non-resonant conductor reflectarray element for linear reflection phase. Electron. Lett. 51(9),

669-671 (2015).

An, W. W, Xu, S. S. & Yang, F. E. A metal-only reflectarray antenna using slot-type elements. IEEE Antennas Wireless Propag. Lett.

13, 1553-1556 (2014).

Polenga, S.V. Millimeter-wave waveguide reflectarray. In Proceedings of the International Siberian Conference Control Communica-

tion (SIBCON), pp. 1-4 (2015).

Huang, J. Microstrip reflectarray. Antennas Propag. Soc. Symp. Dig. 612-615 (1991).

Scientific Reports |

(2022) 12:449

7 | https://doi.org/10.1038/s41598-022-08458-9 nature portfolio


https://www.ericsson.com/49da93/assets/local/mobilityreport/documents/2020/june2020-ericssonmobility-report.pdf
https://www.ericsson.com/49da93/assets/local/mobilityreport/documents/2020/june2020-ericssonmobility-report.pdf
https://doi.org/10.1109/LAWP.2021.3138438
https://doi.org/10.23919/ISAP47258.2021.9614474
https://doi.org/10.23919/ISAP47258.2021.9614474
https://doi.org/10.1109/MAP.2021.3133502
https://doi.org/10.1109/ICMMT52847.2021.9617825
https://doi.org/10.1109/ICMMT52847.2021.9617825
https://doi.org/10.1109/TAP.2021.3125378

www.nature.com/scientificreports/

41. Colin, .M. Phased array radars in France: present and future. In IEEE symposium on Phased Array System and Technology, Boston,
Massachusetts, pp. 458-462 (1996).

42. Tolkachev, A.A., Denisenko, V.V,, Shishlov, A.V., & Shubov, A.G. High-gain antenna system for millimeter - wave radars with
combined electrical and mechanical beam steering. In IEEE symposium on Phased Array System and Technology, Boston, Mas-
sachusetts, pp. 266-271 (1996).

43. Huang, J. Bandwidth study of microstrip reflectarray and a novel phased reflectarray concept. In IEEE AP-S/URSI symposium,
Newport Beach, California, pp. 582-585 (1995).

44. Pozar, D. M. Bandwidth of reflectarrays. Elect. Lett. 39, 1490-1491 (2003).

45. Encinar, J. A. Design of two-layer printed reflectarray using patches of variable size. IEEE Trans. Antennas Propagat. 49, 1403-1410
(2001).

46. Encinar, J. A. & Zornoza, J. A. Broadband design of three-layer printed reflectarrays. IEEE Trans. Antennas Propagat. 51, 1662-1664
(2003).

47. Choi, S. B. Nanopattern enabled terahertz all-optical switching on vanadium dioxide thin film. Appl. Phys. Lett. 98, 071105 (2011).

48. Crunteanu, A, et al. Electric field-assisted metal insulator transition in vanadium dioxide (VO2) thin films: optical switching
behavior and anomalous far-infrared emissivity variation. In Proceedings SPIE 9364, Oxide-based Materials and Devices V1, SPIE,
2015, Proceedings of the SPIE 9364, Oxide-based Materials and Devices VI, 9364, pp. 93640J1-J11. (2015).

49. Hormoz, S. & Ramanathan, S. Limits on vanadium oxide Mott metal-insulator transition field-effect transistors. Solid State Elect.
54, 654-659 (2010).

50. Joushaghani, A. et al. Sub-volt broadband hybrid plasmonic-vanadium dioxide switches. Appl. Phys. Lett. 102, 061101 (2013).

51. Born, N., Crunteanu, A. & Humbert, G. Switchable THz filter based on a vanadium dioxide layer inside a fabry-perot cavity. IEEE
Trans. Terahertz Sci. Technol. 5, 6 (2015).

52. Taylor, S., Yang, Y. & Wang, L. Vanadium dioxide based Fabry-Perot emitter for dynamic radiative cooling applications. J. Quant.
Spectrosc. Radiat. Transf. 197, 76-83 (2017).

53. Kim, M., Jeong, J., Poon, J. K. S. & Eleftheriades, G. V. Vanadium-dioxide-assisted digital optical metasurfaces for dynamic wave-
front engineering. J. Opt. Soc. Am. B 33, 5 (2016).

54. Huitema, L., Crunteanu, A., & Wong, H. Highly integrated VO2-based antenna for frequency tunability at millimeter-wave fre-
quencies. In Proceedings of the 2016 international workshop on antenna technology (iWAT) (2016).

55. Matos R., & Pala, N. Ultra-reconfigurable VO2-based reflectarrays for 5G applications. In Proceedings of the 2020 Antenna Meas-
urement Techniques Association Symposium (AMTA), Newport, RI, USA, pp. 1-4 (2020).

56. Gomez-Heredia, C. L. et al. Thermal hysteresis measurement of the VO, emissivity and its application in thermal rectification. Sci.
Rep. 8, 8479 (2018).

57. Nayeri, P,, Yang, F. & Elsherbeni, A. Z. Reflectarray antennas: theory, designs, and applications (Wiley, 2018).

58. Quackenbush, N. F. et al. Nature of the metal insulator transition in ultrathin epitaxial vanadium dioxide. Nano Lett. 13(10),
4857-4861 (2013).

59. Wen, H. et al. Structural and electronic recovery pathways of a photoexcited ultrathin VO2 film. Phys. Rev. B 88, 165424 (2013).

60. Dahri, M. H. et al. Aspects of efficiency enhancement in reflectarrays with analytical investigation and accurate measurement.
Electronics 9, 1887 (2020).

Acknowledgements

This work was supported by NASA under Award #: 80NSSC19M0201 and by the Army Research Laboratory
(ARL) Multiscale Multidisciplinary Modeling of Electronic Materials (MSME) Collaborative Research Alliance
(CRA) (Grant No. W911NF-12-2-0023, Program Manager: Dr. Meredith L. Reed).

Author contributions
All authors conceived the experiment(s), R.M. conducted the experiment(s). All authors analysed the results
and reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to R.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:4497 | https://doi.org/10.1038/s41598-022-08458-9 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	VO2-based ultra-reconfigurable intelligent reflective surface for 5G applications
	Theoretical foundations
	Device structure
	Thermal analysis
	Unit-cell simulation
	Conclusion
	References
	Acknowledgements


