I dedicate this work to my loving parents

Mr. Lokamohan Saikia
And

Late Pranati Hazarika



DECLARATION BY THE CANDIDATE

[ hereby declare that the thesis entitled “Gel sub-wavelength resonator embedded
flexible meta-structure absorbers for microwave X-band applications”, being
submitted to the School of Sciences, Tezpur University, in partial fulfilment for the
award of the Doctor of Philosophy in Physics, is a record of original work carried out by
me at the Department of Physics, Tezpur University, Assam, India, under the supervision
of Prof. Nidhi S. Bhattacharyya. All sources of assistance have been duly acknowledged. |
also declare that neither this work as a whole nor a part of it has been submitted to any
other University or institute for any degree, diploma, associateship, fellowship or any

other similar title or recognition.

29 .18 -RORS
Date: (Sanghamitra Saikia)
Place: Tezpur Registration No.: TZ143780 of 2014

Enrollment No.: PHP18111
Department of Physics

Tezpur University



TEZPUR UNIVERSITY
(A Central University established by an act of Parliament)
Department of Physics
Tezpur-784028, Assam, India

Dr. Nidhi S. Bhattacharyya Ph. No.: +91-7086055499(m)
Professor +91-3712-275555(0)
Department of Physics Email: nidhi@tezu.ernet.in

Tezpur University, Tezpur

CERTIFICATE OF THE SUPERVISOR

This is to certify that the thesis entitled “Gel sub-wavelength resonator embedded
flexible meta-structure absorbers for microwave X-band applications”, submitted
to the School of Sciences, Tezpur University in partial fulfilment for the award of the
degree of Doctor of Philosophy in Physics is a record of research work carried out by
Ms. Sanghamitra Saikia under my Supervision and guidance.

All helps received from various sources have been duly acknowledged.

No part of this thesis has been submitted elsewhere for award of any other degree.

Supervisor

\
\

(Nidhi S. Bhattacharyya)
Professor

Department of Physics
Tezpur University

> O i C_\ 2 i
Date: Decaomlben 249 , ¢

Place: Tezpur, Assam


mailto:nidhi@tezu.ernet.in

TEZPUR UNIVERSITY
(A Central University established by an act of Parliament)
Napaam, Tezpur-784028
DISTRICT: SONITPUR::ASSAM::INDIA

Ph.: +91-3712-267007/8/9 Email: adm@tezu.ernet.in
Fax: +91-03712-267005/6(0) Web: http://www.tezu.ernet.in

CERTIFICATE OF THE EXTERNAL EXAMINER AND ODEC

This is to certify that the thesis entitled “Gel sub-wavelength resonator embedded
flexible meta-structure absorbers for microwave X-band applications”, being
submitted by Ms. Sanghamitra Saikia to Tezpur University in the Department of Physics
under the School of Sciences in requirement partial fulfilment for the award of the degree
of Doctor of Philosophy in Physics has been examined by us on April 02, 2024 and found

to be satisfactory.

The committee recommends for the award of the degree Doctor of Philosophy.

IR

Supervisor External Examiner

(Nidhi S. Bhattacharyya) (Prof. Nisha Gupta)

Date: April 02, 2024 Date: April 02, 2024


mailto:adm@tezu.ernet.in

ACKNOWLDEGEMENT

"Alone, we can do so little; together, we can do so much." - Helen Keller

This academic journey has been both challenging and rewarding, and [ acknowledge the

support, guidance, and encouragement of numerous individuals and organizations.

[ am deeply thankful to my supervisor, Prof Nidhi Saxena Bhattacharyya for her
unwavering support, invaluable insights, and endless patience throughout the research
process. Her guidance not only shaped the direction of my research but also has
influenced my values and outlook on life. I consider myself fortunate to have her as my

mentor. Words felt inadequate to express my gratitude for her.

| express my sincere gratitude to the Honorable Vice-Chancellors, Dr. Vinod Kr. Jain
(former) and Dr. Shambhu Nath Singh (present) for constant guidance, support and

source of inspiration.

[ would also like to express my deepest regards to the esteemed members of my doctoral
committee, Prof. Satyajib Bhattacharyya, Dept. of ECE, and Prof. Pritam Deb, Dept. of
Physics for their constructive feedback, which significantly enhanced the quality of the

research work. Their expertise and guidance have been invaluable.

I sincerely thank all the dedicated faculty members of the Department of Physics. Support
and encouragement of Prof. D. Mohanta, Prof. Gazi A. Ahmed and Prof M.K. Das has been a
motivating force throughout the research journey and I will always remember them with

gratitude.

[ would like to thank all the technical and office staffs of the Department of Physics for
helping in the smooth execution of my research work. I am grateful to Mr. U. Patir and
Mr. Narayan Sharma for their assistance which has been essential for productive

workflow.

[ would like to acknowledge the financial support provided by MeitY in the initial years
and UGC SJSGC Fellowship for funding a portion of my research. This support was

invaluable in carrying out my research effectively.



[ am grateful to my seniors Dipangkar da, Roctotpal da, Arunav da, Soma ba, Suhas Da and
Dhruba da whose collaborative spirit made the research journey not only productive but
also enjoyable. I genuinely appreciate their insights and shared experiences that enriched
my work. [ would also like to appreciate my lab juniors Rajon, Bidhan, Debasish, Achuyt,
Dimple, Abhilash and Hemen who infused energy into the lab and created a vibrant work

environment.

[ extend my gratitude to my friends for standing by me through thick and thin. I shall
cherish this treasure for lifetime. My heartfelt thanks to Stuti, Sweety, Pranju ba, Ankita
Ba, Kobita ba, Asha ba, Kakoli ba, Kashmiri ba, Jyotishmita, Nikhil, Takko, Sritam and
Himangshu. Special thanks to Miltan for being a strong pillar during this difficult feat.

[ pay respect to my parents who have instilled in me the values of hard work and
dedication. I will always be indebted to you Deta for everything you have done. Your love
and emotional support have sustained me during the challenging phases. I also thank my

family and relatives for their continuous encouragement and motivation.

Last but not least, [ acknowledge the presence and blessings of a higher power, which has

provided strength and resilience during rough times.

Sanghamitra Saikia



Preface

Microwave absorbers have found irreplaceable applications in wireless communication
since its firstimplementation in World War II. Miniaturization of wireless communication
technology has led to placement of wireless and electronic devices in close proximity
resulting in enormously undesirable and uncontrolled electromagnetic wave (EM)
radiations causing malfunctions of the components. A need for lightweight, thin, flexible,
absorbers is necessary to obtain an electromagnetic interference free environment.
Meta-structure absorbers (MSAs) are an effective replacement to volumetric broadband
conventional absorbers with the advantages of flexibility and low thickness similar to 2D
structured metamaterial absorbers (MMAs) and outstand MMAs in terms of performance

bandwidth and ease of fabrication.

Gel is chosen here as the lossy dielectric material to develop the resonating periodic
structures embedded in low dielectric matrix to design and construct flexible, planar
meta-structure absorbers operating in the microwave X-band range. Slime, a water based
gel and ionic DES gel are used to develop the resonating structures, while silicone-rubber
is used as flexible matrix. Symmetrical resonator shapes are taken for polarization angle
independent absorption performance. The absorbers are designed and optimized to
obtain a wide >90% absorption bandwidth in the operating band. A thin cover of
environmentally inert matrix is placed on the top of the developed structure to protect it
from damages and make the MSAs more robust. The absorbers are kept planar with a

thickness of ~A/10 for convenience of mounting on any surfaces.

The developed gel based MSAs are tested for antenna isolation, RCS reduction and

revertibility usages.

Optically transparent DES gel MSA is developed by using optically transparent urethane
rubber as matrix. The conventional PEC reflecting back is replaced by copper mesh to
obtain a standalone MSA tile (15 X 15 cm?). The fabricated transparent absorber is found

to effectively low the RCS of solar panels without much effecting its performance.

Keywords: Flexible, polarization insensitive, wide band, meta-structure absorber, slime,
deep eutectic solvent gel, urethane rubber, revertibility, radar cross section reduction,

antenna isolation, camouflaging solar panel.



LIST OF TABLES

Table No. Table caption Page No.

CHAPTER II
2.1 Material parameters obtained for silicone-rubber.
2.2 Optimized unit cell parameters of slime based MSA.
2.3  Absorption results of slime based MSA.
2.4 Summary of slime based MSA'’s specifications.

CHAPTER III
3.1 Optimized parameters of cuboidal MSA.
3.2 Optimized parameters of hexagonal-prism MSA.
3.3  Absorption results.
3.4 Summary of the absorbers’ specifications.

CHAPTER IV
4.1 Material parameters obtained for the synthesised DES and DES gel.
4.2 Optimized parameters of the DES-gel-Si-MSA.
4.3 Simulated and measured results.
4.4 Summary of DES-gel-Si-MSA specifications.

CHAPTERV
5.1 Optimized parameter values of the designed meta-structure.
5.2 Simulation vs. experimental results for cuboid I dimension 6 mm X 6 mm
and varying cuboid III dimension.
5.3  Results of relative isolation.
5.4 Specifications of the dumbbell shaped DES gel MSA.

CHAPTER VI
6.1 Optical properties of DES gel.
6.2  Material properties of synthesized urethane rubber.
6.3 Optimized parameters of OT-MSA.
6.4 Simulated absorption performance of OT-MSA backed with copper and
copper mesh of different sizes.

6.5 Bistatic RCS performance of the copper mesh-OT-MSA in reference to
copper plate.

6.6 Monostatic RCS performance of the copper mesh backed OT-MSA in
reference to copper plate.

6.7 Specifications of the optically transparent copper mesh backed MSA.

6.8 Outdoor performance of solar panel before and after OT-MSA cover.

24
27
32
32

40
41
47
52

59
62
67
73

81
85
88
89

93
96
98
99

106

107

108
112



CHAPTER VII

7.1
7.2

7.3
7.4

7.5

7.6

7.7

Specifications of the developed gel based MSAs.

Weight and material cost of commercial size (30 cm X 30 cm) gel based
MSAs.

Present slime MSA with other similar single structured MSAs.

Dual resonant structured slime MSAs with similar multi resonant
structured MSAs performance.

Single structured DES gel MSA alongwith similar state-of-the-art
absorbers.

Performance assessment of dumbbell shaped DES gel MSA alongwith
similar state-of-the-art absorbers.

Optically transparent DES gel MSAs’ characteristics with similar state-
of-the-art absorbers.

120
121

121
122

123

123

124



Figure No. Figure caption Page No.
CHAPTERI
1.1  Schematic of MSA unit cells with protruded (a)cuboidal (stacked), (b) 3
cylindrical, (c) cross shaped resonators and (d) planar-embedded
cuboidal resonator.
1.2  Schematic of a (a) conducting back single layer absorber’s working 6
and (b) propagation of electromagnetic wave through an absorber.
1.3  Schematic of (a) propagation of EM wave in a meta-structure 8
absorber, (b) and (c) working of a meta-structure absorber.
CHAPTER II
2.1  Schematic of hydrogel. 19
2.2 Preparation of (a) agar-based hydrogel and (b) slime. 20
2.3  (a) Stretchability test of I. Slime and IlI. agar-based hydrogel. (b) I, II. & 21
I1I. slime sliced and brought together and I',, II'. and III'. agar-based
hydrogel sliced and edges brought together (c) L. Slime healed after 2 s
II. agar-based gel does not heal.
2.4 Calibration process of open-ended coaxial probe dielectric 22
measurement setup in three stages - (a) open circuit with air, (b) short
circuit with a flexible conductive sheet and (c) load (broadband) with
water. (d) Complete setup alongwith slime.
2.5 Complex permittivity values of slime at X-band. 22
2.6  (a) Preparation of silicone-rubber. (b)Moulded silicone-rubber using 23
3D printed moulds.
2.7 (a) Tensile strength, (b) thermogravimetric analysis plot and (b) 24
Wettability test of silicone-rubber.
2.8  Schematic of (a) waveguide adapter and (b) TRL calibration process. 25
(c) Image of waveguide setup.
2.9 Complex permittivity of silicone-rubber. 25

2.10 Schematic of (a) proposed slime based MSA, (b) unit cell of the MSA, 26
(c) unit cell parameters and (d) simulation setup.

2.11 Simulated values of (a) reflection loss at normal incidence with 28
polarization=0° and (b) normalized impedance of the slime based MSA
in X-band.

2.12 Simulated values of (a) reflection loss at different polarization angles 28
and (b) absorption of the slime based MSA alongwith equal sized slime
resonator and silicone-rubber in X-band.

2.13 (a) E-field distribution, (b) H-field distribution, (c) induced current 29

LIST OF FIGURES

density, (d) surface current on the metallic ground plate and (e)
scattered power distribution of slime based MSA at frequency 9.65 GHz.



2.14

2.15

2.16

3.1

3.2

3.3

3.4
3.5

3.6
3.7

3.8

3.9

3.10

3.11

3.12

Fabrication of (a) PLA mould, (b) silicone-rubber substrate, (c) slime
filled substrate, (d) complete slime based MSA.

Waveguide measurement technique schematic (a) side view and (b)
front view. Image of waveguide measurement technique (b) side view,
(d) front view with sample mounted inside.

Measured (a) reflection loss and (b) absorbance spectra alongwith
simulated results.

CHAPTER III
Schematic of cuboidal MSA 4FS-[LiL2] (a) top view layout of unit cell

with external dimensions, (b) top view with structural parameters and
(c) side view and simulation setup with Floquet port.

Schematic of hexagonal-prism MSA 6FS-[R1Rz2] (a) top view layout of
unit cell with external dimensions, (b) top view with structural
parameters and (c) side view and simulation setup with Floquet port.
(a) Reflection loss values with corresponding absorbance in dB scale
and (b) absorbance in linear scale of cuboidal MSA.

Simulated normalized impedance of cuboidal MSA.
(a) Reflection loss values with corresponding absorbance in dB scale

and (b) absorbance in linear scale of hexagonal-prism MSA.

Simulated normalized impedance of hexagonal-prism MSA.
(a) E-field distribution, (b) H-field distribution, (c) induced current

density, (d) surface current on the metallic ground plate and (e)
scattered power distribution of cuboidal MSA at frequency 9.03 GHz
and 11.43 GHz.

(a) E-field distribution, (b) H-field distribution, (c) induced current
density, (d) surface current at the metallic ground plate and (e)
scattered power distribution of hexagonal-prism MSA at frequency
8.95 GHz and 10.97 GHz.

Fabrication of cuboidal MSA and hexagonal-prism MSA. (a) 3D printed
molds, (b) silicone substrates with grooves filled with slime and (c)
sealed final product. (d) Demonstration of flexibility of the fabricated
MSA.

MSA (a) mounted inside waveguide kit and (b) alongwith open
aperture of waveguide Kkit.

Measured and simulated values of (a) reflection loss with
corresponding absorbance in dB scale and (b) absorbance in linear
scale, of cuboidal MSA.

Measured and simulated values of (a) reflection loss with
corresponding absorbance in dB scale and (b) absorbance in linear
scale, of hexagonal-prism MSA.

30

31

31

40

472

472
43

43
44

45

46

46

46

47



3.13
3.14

3.15

3.16

3.17

3.18

3.19

3.20

Schematic of bending radius.
Simulated reflection loss values at different bending radii for (a)

cuboidal MSA and (b) hexagonal-prism MSA. Inset (I) and (II) showing
the bending axis.

Semi-cylindrical structure for R=10 mm (a) schematic and (b) 3D
printed support (c) with absorber mounted on top of it.

Measured reflection values of (a) cuboidal MSA and (b) hexagonal-
prism MSA after bending for different time duration.

Performance recovery in (a) cuboidal MSA and (b) hexagonal-prism
MSA.

(a) Proposed cuboidal MSA and (b) hexagonal-prism MSA and
corresponding expanded single unit for (c) cuboidal MSA and (d)
hexagonal-prism MSA.

Simulated reflection loss values at different polarization angles for (a)
cuboidal MSA and (b) hexagonal-prism MSA.

Simulated reflection loss values at different incident angles for
cuboidal MSA (a) TE mode and (b) TM mode; for hexagonal-prism
MSA (c) TE mode and (d) TM mode.

CHAPTER IV

4.1

4.2

4.3

4.4

4.5

4.6

(a) Schematic of DES gel preparation. DES gel (b) in sample holders
with gelatin 7wt.%, 12wt.%, 17wt.% and 22 wt.% from left and (c)
inverted sample holders which confirms gelation of the liquid.
Material parameter of DES gel - (a) thermogravimetric analysis plot of
DES with 22 wt.% gelatin, (b) contact angles with water, (c) resistance
to external pressure by samples with 7wt.%, 12wt.%, 17wt.% and 22
wt.% gelatin from left. (d) The gel is bendable indicating its flexibility
and (e) self-healing demonstration.

Complex permittivity values of DES gel in X-band.

(a) Magnitude of real part of permittivity of the DES gel and DES and
(b) corresponding loss tangents. Magnitude of imaginary part of
permittivity of the DES gel and contributions of polarization and
conduction loss.

Schematic of the proposed MSA unit cell (a) 3D view, (b) top view and
(c) periodic arrangement of MSA with silicone rubber cover. (d) A
complete simulation set-up with periodic boundaries and Floquet port
1. (e) DES-gel-Si-MSA unit cell’s substrate structure and inset (I) the
embedded DES gel cuboid.

Simulated reflection loss of DES-gel-Si-MSA for (a) co-polarization

(6 = 0,9 = 0) and (b) different polarization angles with 6 = 0.

47
48

48

49

49

50

50

51

58

59

60

61

62

63



4.7

4.8

4.9

4.10
411

4.12

4.13
4.14

4.15

4.16

4.17

Simulated reflection loss of DES-gel-Si-MSA for (a) different incident
angles with ¢ = 0 in (a) TE mode and (b) TM mode.

Simulated (a) normalized impedance and extracted values of (b)
effective permittivity and (c) effective permeability; of DES-gel-Si-
MSA.

(a) Simulated E-field (i) density and (ii) lines of DES-gel-Si-MSA, (b)
simulated H-field (i) density and (ii) lines, (c) (i) induced current
density and (ii) schematic of induced current loops, (d) surface current
on the ground plane and (d) power loss density of DES-gel-Si-MSA, at
10.13 GHz.

Simulated absorbance of DES-gel-Si-MSA and DES gel of same size.
(a) Development of the Si substrate, (b) illustration of casting of gel

resonators and (c) complete DES-gel-Si-MSA.

Experimental and simulated (single unit cell structure) curves for co-
polarized (a) reflection loss and (b) absorbance of DES-gel-Si-MSA.
Experimental and simulated (two unit cell structure) curves for co-
polarized (c) reflection loss and (d) absorbance of DES-gel-Si-MSA.

Schematic of RCS.
Simulated bistatic RCS plots of copper and DES-gel-Si-MSA- (a) 3-D

representation, (b) co-polarization and (c) cross-polarization.

(a) Simulated co- and cross-polarized monostatic RCS plots of copper
and DES-gel-Si-MSA, (b) co- and cross-polarized monostatic RCS
reduction in DES-gel-Si-MSA with reference to copper, (c) co-polarized
absorbance curves for simulated unit cell structure (0.84 cm X
0.82 cm) and DES-gel-Si-MSA with 361 unit cells (15 cm X 15 cm).

(a) Schematic of RCS measurement set-up. (b) Developed DES-gel-Si-
MSA (15 cm X 15 cm sample) and (c) In-lab measurement set-up.

(a) Measured monostatic RCS of copper and MSA (both co-polarized
and cross-polarized incidence), (b) measured monostatic RCSR of MSA
for both co-polarized and cross-polarized incidence, (c) measured and
simulated RCSR values for co-polarized incidence and (d) measured co-
polarized absorbance in DES-gel-Si-MSA for far-field and waveguide
technique.

CHAPTERV

5.1

Schematic of (a) (i) DES gel MSA unit cell (top view), (ii) external force
(Fext) acting on MSA without cuboid bridge, (iii) bending and stretching
of meta-structure (side view) without cuboid bridge. (b) Wettability

63

65

66
66

67

69
70

70

71

72

79

Vi



5.2

5.3

5.4

5.5

5.6

5.7

5.8
5.9

5.10

5.11

5.12

5.13

5.14

5.15

test of silicone rubber with ethylene glycol and (c) stability of DES gel
(i) and (ii) with cuboid bridge.

Schematic of (a) proposed MSA, (b) MSA unit cell top view and (c)
components of the unit cell. (a) Dimensions of the MSA unit cell. (b) A
complete simulation setup with periodic boundaries and Floquet port
1.

Reflection loss spectra of MSA for (a) different dimensions of cuboid III
and (b) different polarization angles for a normally incident EM wave.
Inset:(I) Schematic of two-fold symmetry in dumbbell structure.

(a) Reflection loss spectra at different incident angles for (a) TE mode
and (b) TM mode.

Simulated (a) reflection loss spectra of MSA for different dimensions of
cuboid III and (b) normalized impedance of the MSA with (1; X b;) =
6 mm X 6 mm.

Simulated reflection loss spectra at different bending radii of the MSA
unit cell, inset: representation of bending radius (R).

Simulated (a) E-field density (b) H-field density, (c) induced current
density, (d) Surface current on the ground plane and (e) power loss
density of MSA, at 10.26 GHz.

Simulated power loss in each material of the MSA unit cell.

(a) Development of MSA sample. Developed absorber (b) uncovered
and (c) covered. (d) Thickness of the MSA.

(a) Tensile strength of dumbbell shaped DES gel MSA. Experimental and
simulated reflection loss curves of (b) MSA (I; = b; =1, = b, = 6 mm).
(c)Experimental MSA withl; = b; = 6 mandl, = b,=5 mm, 6mm and
7 mm, inset: fabricated MSAs.

(a) Schematic of two co-sited horn antennas. (b) S11 curve for designed
horn antenna, inset I: schematic of the antenna.

[llustration of placement of MSA between the X-band horn antennas
with separation distance x.

S, curves with different materials placed between horn antennas (a)
15 cm and (b) 30 cm apart respectively.

Relative isolation curves with MSA placed between horn antennas with
respect to (a) copper and (b) air.

The electric energy density simulation for co-sited horn antennas at 9.9
GHz with air reference (a) side view, (b) top view, copper reference (c)
side view, (d) top view and DES gel MSA (e) side view and (f) top view,
placed in between them.

80

81

82

82

83

83

84
84

85

86

87

87

88

89

Vi



CHAPTER VI

6.1

6.2
6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

6.12

6.13

Transmittance curve of DES gel at optical frequencies, inset: optical
image DES gel.

Schematic of the synthesis process of urethane rubber.

(a) Transmittance curve at UV-visible range, (b) tensile strength, (c)
TGA curve of the processed urethane rubber. Contact angles of
urethane rubber formed with (d) water and (e) ethylene glycol. (f)
Complex permittivity values of the urethane rubber in X-band.
Schematic of OT-MSA (a) unit cell backed with copper, (b) unit cell
backed with copper mesh, (c), (d) copper mesh backed unit cell side
view. Schematic of the copper mesh back MSA (e) proposed MSA and
(f) unit cell with Floquet port.

(a) Simulated reflection loss values of copper backed OT-MSA and
copper mesh backed OT-MSA different mesh sizes and inset I:
schematic of the mesh size. (b) Schematic of OT-MSA backed with
copper (i) wire mesh and (ii) weft mesh. Copper weft mesh (iii) top
view and (iv) side view.

Simulated reflection loss values of copper meshed OT-MSA with

copper wire mesh and weft mesh.
Simulated (a) absorption, transmission and reflection loss values, inset:

(I) in linear scale. (b) normalized impedance, and (c) effective
permittivity and permeability of copper mesh backed OT-MSA.

Simulated reflection loss with different (a) polarization angles and
incident angles in (b) TE mode and (c) TM mode of copper mesh
backed OT-MSA.

Simulated (a) E-field distribution, (b) H-field distribution, (c) induced
current density and (d) scattered power density in the copper mesh
backed-OT-MSA.

Fabrication of the copper backed OT-MSA and Cu mesh backed-OT-
MSA.

[llustration of adhesion (peeling strength) measurement for (a) copper
mesh and (b) copper tape with urethane rubber and (c) corresponding
peeling strength curves.

(a) Tensile strength of OT-MSA and urethane rubber, inset (I):
illustration of tensile measurement technique. (b) Developed 15 X 15
cm? OT-MSA and Cu mesh backed OT-MSA. (c) Optical transmittance
plots of OT-MSA, copper mesh and Cu mesh backed OT-MSA.

(a) Waveguide measurement setup with the mounted sample. (b)
Marking the two ports.

93

95
95

97

98

99

100

100

101

102

102

103

103

viii



6.14

6.15

6.16

6.17

6.18

6.19

6.20

6.21

6.22

6.23

Measured (a) reflection loss, (b) transmission and (c) absorption of the
copper mesh backed MSA.

Reflection loss values of copper mesh backed OT-MSA at temperatures
(a) = 25°C, and (b) < 25°C.

Simulated 3D bistatic RCS (a) of copper plate, (b) copper mesh and (c)
copper mesh backed OT-MSA.

Simulated 2D bistatic RCS of copper plate and copper mesh backed OT-
MSA with polarization angles (a) 0°, (b) 45° and (c) 90°.

(a) Simulated monostatic RCS of copper plate, copper mesh and copper
mesh backed OT-MSA. (b) Simulated monostatic RCS reduction at
different polarization angles in copper mesh backed OT-MSA. (c)
Simulated absorbance curves for copper mesh backed MSA with single
unit cell and 169 unit cells.

(a)(i) RCS measurement setup and (ii) copper mesh backed MSA
sample. (b) Monostatic RCS of copper plate and copper mesh backed
OT-MSA at normal incidence, (c) Monostatic RCSR in copper mesh
backed OT-MSA in reference to copper plate for (c) co-polarized
incidence and (d) different polarization angles. (e) Corresponding
simulated and measured absorbance.

(a) Schematic of OT-MSA covered solar panel operating mechanism. (b)
Photograph of (i) solar panel used and (ii) OT-MSA covered solar panel.
(a) Monostatic RCS measurement setup with (i) solar panel and (ii) OT-
MSA covered solar panel (b) Monostatic RCS of copper plate, solar
panel and OT-MSA covered solar panel. (c) Monostatic RCSR of OT-MSA
covered solar panel.

(a) Indoor solar panel performance measurement setup. (b) Outdoor
solar panel performance measurement setup. Output (c) current,
voltage and (d) power at different illuminance intensity. (e) Conversion
efficiency of solar panel with and without the OT-MSA cover. (f)
Relative conversion efficiency of OT-MSA with reference to solar panel.
Copper mesh backed OT-MSA covered solar panel (a) schematic of
operating mechanism, (b) photograph and (c) relative conversion
efficiency in reference to solar panel.

104

105

105

106

106

107

109

110

111

113



List of abbreviations and symbols

MSA Meta-structure absorber

EM Electromagnetic

2D Two dimensional

3D Three dimensional

IL Ionic liquid

EMI Electromagnetic Interference
RCS Radar cross section

RCSR Radar cross section reduction
E Electric field

H Magnetic field

TGA Thermo Galvanometric Analysis
TE Transverse Electric

™ Transverse Magnetic

VNA Vector Network Analyzer
CST Computer simulation technique
TRL Trough Reflection Line

GHz Gigahertz

DES Deep eutectic solvent

BW Bandwidth

RF Resonant frequency

RL Reflection loss

4FS Four-fold symmetry

6FS Six-fold symmetry

oT Optically transparent

Cu Copper

f Frequency

A Wave length

ix



&q Permittivity

&g Real part of complex permittivity

&4 Imaginary part of complex permittivity
& free space permittivity= 8.86 x 10712Fm™1
Ua Permeability

Ua Real part of complex permeability

J7¥ Imaginary part of complex permeability
Uo free space permeability= 47 x 10~7Hm™!
w Angular frequency

Theta

Q Phi

T Pi

tané, Dielectric loss tangent
dB Decibel

Z Impedance of free space

Zg Impedance of absorber

o Conductivity

P Density
°C Degree Celsius
S11 Scattering parameter (reflection)
S21 Scattering parameter (transmission)
Ay, Absorption magnitude
R, Reflection co-efficient
T, Transmission co-efficient
mm Millimeter
nm Nanometer
MPa Mega Pascal
g Gram
h Hour/Hours

wt. % Weight percentage
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