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Effect of the thermomechanical properties of hybrid materials
on the performance enhancement of nano terahertz antennas
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This study investigates the impact of the thermomechanical properties of hybrid materials, such as polymer substrates and gold or graphen
radiating elements, on the performance enhancement of nano terahertz antennas, with a specific focus on the combination of graphen
and polyimide. We analyze how the Young's modulus of materials like graphene, Gold, PTFE, polycarbonate and polyimide varies with
temperature. Results show that graphene maintains high rigidity with minimal decrease in Young’s modulus even at elevated temperatures
whereas gold exhibits a more pronounced reduction. Among polymer substrates, polyimide exhibits increasing rigidity with temperature,
making it highly suitable for high-temperature applications. Combining graphene with polyimide to concept terahertz antenna with dimension
of 64.97*90.84*1 provides an optimal balance of low reflection coefficients S11 of -20.59dB and high gain of 6.01 dBi, demonstrating
excellent performance and stability in the THz frequency range. Hybridizing polymer substrates with graphene or gold antennas merges the
mechanical benefits of polymers with the exceptional electrical and optical properties of graphene and gold. This approach facilitates the
creation of lighter, more flexible, and durable devices while enhancing performance in terms of sensitivity and resistance across a range of
innovative technological applications.
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1. Introduction ticle emphasizes the importance of mechanical and thermal
properties to ensure the antenna’s stability and durability un-

The terahertz (THz) band, covering frequencies from 0.1 téler varying environmental conditions, such as temperature
10 THZ, represents a new frontier in Communications andluctuations and Vibrations [8] We will eXplore the inﬂuence
sensor technology [1,2]. THz antennas leverage this fre0f Young's modulus of elasticity of different materials used
quency range for various groundbreaking applications. [N Printed antennas for the terahertz band, which is known for
communications, they enable ultra-fast data rates, which arés diverse applications across multiple research fields [9, 10].
crucial for next-generation networks [3]. In mechanical en-  Hybridizing polymer substrates with graphene or gold an-
gineering, THz antennas facilitate the characterization of adtennas combines the mechanical benefits of polymers with
vanced materials by enabling the analysis of composite strughe exceptional electrical and optical properties of graphene
tures and the detection of internal defects without contact [4]and gold. This approach enables the creation of lighter, more
They also support the optimization of polymers and other maflexible, and more durable devices while enhancing perfor-
terials by allowing the testing and development of new for-mance in terms of sensitivity and resistance across a range
mulations with enhanced mechanical properties for specifiof innovative technological applications. Young's modulus,
applications [5]. The THz band, with its unique properties,also known as the modulus of elasticity, measures a mate-
promises to revolutionize numerous sectors with its unpreceral’s stiffness. For polymers, this modulus is influenced by
dented capabilities in detection, imaging, and communicafactors such as temperature coefficients and molecular struc-
tion [6]. ture, which play a crucial role in their mechanical and ther-
The choice of materials for radiating elements and subMal behavior and impact their compatibility with graphene or
strates is crucial in the design of patch antennas due to thegold antennas [11,12].
impact on overall performance, including dielectric permit-  In terahertz applications, where antennas must operate
tivity (e-), dielectric loss (tangent delta, ta¥), substrate with extreme precision, structural rigidity is essential to pre-
thickness, and mechanical and thermal stability [7]. This arvent distortion and performance variations. Additionally,
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the material's ability to maintain rigidity despite tempera- evance and recent progress in hybrid material antenna designs
ture changes ensures stable performance in various thernfalr terahertz frequencies. Finally, [26] presents an innova-
environments, which is especially important for systems in-tive design for a directional cross-dipole antenna with a con-
tegrated into devices exposed to fluctuating thermal condiformal graphene-based reconfigurable intelligent surface, ad-
tions [13, 14]. vancing terahertz connectivity and demonstrating the ongo-
Several research papers have explored the use dafg evolution of graphene-based THz antenna technologies.
graphene and gold in terahertz (THz) band applications. For In this paper, we will combine polymer substrates such
instance, Ref. [15] presents the design of a terahertz circuas PTFEe, = 2.1, polyimidee, = 3.5, and polycarbon-
larly polarized antenna. Reference [16] discusses a duahtee, = 2.9, each with a thickness of 3m, with radiat-
band patch antenna with a hexagonal shape incorporatirigg elements made of graphene and gold to achieve optimal
graphene, while [17] describes a compact circularly polarizegherformance for terahertz antennas. These polymers are cho-
patch antenna [18]. Introduces a wide-band nano patch circigen for their exceptional dielectric properties and structural
lar graphene antenna with defected ground structure (DGShadvantages: PTFE’s stable and non-reactive fluoropolymer
as well as a circular gold antenna. Additionally, [19] high- structure, polyimide’s heat-resistant aromatic structure, and
lights recent advances in materials for terahertz metamateriglolycarbonate’s durable and impact-resistant carbonate link-
sensing, and? provides an analysis and optimization of the age structure. Graphene, with its single layer of carbon atoms
band gap of terahertz antennas for wireless body area netwogtranged in a hexagonal lattice and its high Young’s modulus,
(WBAN) applications. Reference [21] focuses on graphengprovides superior mechanical stability, making it ideal for ro-
microstrip patch ultrawide-band antennas for THz communibust applications. Gold, with its face-centered cubic (FCC)
cations. Finally, [22] features the design of a graphene opticatrystalline structure, offers malleability and ease of shaping,
nano patch antenna specifically for terahertz applications. though it may not provide the same level of mechanical sta-
Other research works have focused on the study of matebility under significant stress. The combination of these ma-
rials, such as [23] study the effect of temperature on elasticterials leverages the strengths of both the polymers and the
ity young’s modulus of graphene, [12], which discusses the&onductive elements, resulting in terahertz antennas that are
temperature effect on the mechanical properties of graphertgighly efficient and mechanically resilient.
sheets under tensile loading, and [24], which focuses on the
current advancements in graphene mechanics. The latter en-
compasses graphene’s behavior under tension and compréd- Choice of antenna structure
sion, fracture, shearing, bending, friction, and dynamic prop-
erties, as studied through both experimental and numericd} pentagonal slotted patch antenna is presented in Fig. 1, it
simulations, [9] Employ molecular dynamic (MD) simula- is fed by microstrip line of 582. Gold and Graphene of.dn
tions to investigate the tensile and compressive mechanic&f thikness are used for radiation element (patch) and three
responses of GCHs under in-plane and out-of-plane dired®0lymers materials are used as susbstrates materials : PTFE
tions across a temperature range from 10 to 1800 K, [25] ine» = 2.1, polyimidee, = 3.5 and polycarbonate, = 2.9
vestigates a graphene-based hybrid material microstrip slowith 3 um of thikness. The dimension of antenna are cal-
ted antenna for THz applications, further highlighting the rel-culted using equations [27]:
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FIGURE 1. Pentagonal slotted patch antenna, a) side view, b) patch, c) ground plane.
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TABLE |. Young's modulus parameters.

Materials Eo materiaux (MPa) To(°C) amateriaux(1/°C)
Radiation element materials (patch) Graphene 1000*10 20 -0.563
Gold 79*1C° 20 -2.5¢3
Materials for polymers susbstrates PTFE 500 20 -0.002
Polycarbonate 2300 20 -0.0015
Polyimide 2000 20 0.001

1 2
w= \/ ; (1)
2fr\/poco V € +1
1

tenna and PTFE, polyimide, and polycarbonate for polymer
substrates [29], We used a simplified linear relationship,

EMateriaux(T) = EO,Materiaux(1 - amateriaw(T - TO)) 5 (8)

o T +1 n € — 14 12ﬁ -0 2) whereE materiaux (MP@) Young’s modulus at a specific refer-
eff 2 2 w ’ ence temperaturé} reference temperature if€), amateriaux
w 1/°C) empirical temperature coefficient.
5L 0.3)( 4 0.264 ( .
5= 0.412 (cer 2)( h : ), 3) The values of each parameter at the ambient temperature
(€ert — 0.258)(5; +0.8) of 20°C are given in Table I.
C
L= 0'4122Fm/eeff - L “) 2.2. Results of the variation of the Young’s modulus for
radiation element material of the antenna
Lett = L — 20L, (5)
In this section, we will examine how temperature affects the
Lg=1l+42L + 6h 6 . ’ ) i
g Tal+on, © stiffness of graphene and gold as a function of their tempera-
Wg = 2L + 6h, (7)  ture coefficients and atomic structures. Understanding these
_ _ variations is essential for selecting the most suitable material
whereh substrate thicknesg; the resonant frequenay, di-  for applications subject to thermal fluctuations:

electric constant)/ the length of the lineLg length of both

The fig

ure shows how the Young’s moduli for graphene

substrate and ground plane, anty width of both substrate and gold vary with temperature, using simplified linear mod-
and ground plane. els for the coefficients of thermal variation.

2.1. Calculation of Young’'s modulus of elasticity as a
function of temperature

The primary thermomechanical property analyzed in this
study is the Young’s modulus of elasticity of the materials
used for the radiating elements (graphene, gold) and polymer
substrates (PTFE, polycarbonate, polyimide). The research
specifically investigates how the Young’s modulus varies as
a function of temperature for each material, as this directly
impacts the mechanical rigidity and thermal stability of tera-
hertz (THz) antennas [28]. The Young’s modulus of elasticity
is a fundamental thermomechanical property that quantifies a
material’s stiffness, defined as the ratio of stress (force per
unit area) to strain (deformation) in the linear elastic region
of the material’s response. In the context of terahertz (THz)
antennas, this property is critical for both the radiating ele-
ments (such as graphene and gold) and the polymer substrates
(PTFE, polycarbonate, polyimide), as it determines the abil-
ity of the antenna structure to maintain its shape and perfor-
mance under mechanical and thermal stress [28].

In this section, we are interested in the calculation of the
Young’s moduli of materials as a function of temperature. We

e The

Young's modulus of graphene decreases with in-

creasing temperature, but this decrease is relatively

smal

Young modulue {Pa)
S

T

[, although graphene is extremely rigid, the neg-

<7 Young modulus as a fumction of temperatire

= Graphene
Gold

W 20 W AW S0 G0 700 B0 %0 10
Temperahure (K)

chose graphene and gold for the radiating element of the @esuRre 2. Young modulus for graphene and gold.
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ative temperature coefficient (very low) means Nariagicn of. Vosngy's Motk with Temperere
that rigidity decreases slightly with temperature.
However, the Young’s modulus remains rela-
tively high even at 1000 K.

— The Young's modulus of gold decreases more
sharply with increasing temperature, Gold is a
metal whose Young’s modulus is more sensi-
tive to temperature changes than graphene. The
higher temperature coefficient£.5e-3) leads to
a more significant decrease in Young’s modulus
as temperature increases.

PTFE
Folyimide
2500 [ Polycarbonate | -

Young modulus (MFa}

From the two graphs, we can conclude that graphene

with a high young’s modulus is more rigid than gold ] :
. . . . . 5 L1} S i} 150
;jig: to its unigue atomic structure and binding proper- o e {°C)
' FIGURE 3. Young modulus for PTFE, Polyimide and Polycarbon-
ate.

2.3. Results of the variation of the Young’s modu-
lus for polymer substrate materials

. ) ] TABLE Il. Thickness and permittivity of PTFE, Polyimide and
In this section, we will show how temperature affects polycarbonate substrates.

the stiffness of different polymers as a function of their

. Polymer Substrates material h er
temperature coefficients and molecular structures. Un-
derstanding these variations is crucial to choosing the PTFE 3pm 21
right material for specific applications subject to tem- Polyimide 3um 35
perature variations: Polycarbonate am 29

The graphs in the figure show how the mechanical be-
haviour of materials changes with temperature. The

variation of Young's modulus with temperature is in- 3 |nfluence of the Young’s modulus on the

fluenqed by the molepular structl'Jr.e, mtermolecular'ln- performance of terahertz antennas
teractions and chemical composition of each material.

— PTFE: The Young's modulus decreases with in-
creasing temperature due to the negative tempe
ature coefficienfaptre = —0.002), This means
that the material becomes less rigid as the tem
perature rises.

— Polycarbonate: The Young’s modulus decreases . . .
with increasing temperature, but at a differentrate-  Simulations  results with Graphene and
compared to PTFEapolycarbonate = —0.0015). polymer substrates (PTFE, Polyimide and
Similar to PTFE, polycarbonate has a negative Polycarbonates)

temperature coefficient, indicating a decrease in
rigidity with increasing temperature. After analyzing the simulated graphs in the previous section,

we found that graphene and polyimide exhibit high stiffness
-as afunction of temperature. We will now present the simula-
tion results for the combination of graphene and gold, which
are the materials chosen for the radiating element, combined

are given in Table I. Table Il gives thickness and permittivity
of PTFE, Polyimide and polycarbonate substrates.

— Polyimide: The Young's modulus increases with
increasing temperature due to the positive tem
perature coefficiento{poiyimigze = 0.001), This
means that the material becomes more rigid a

the temperature rises. L ) . L
bination aims to improve the reliability, accuracy and robust-

We will present the performance results of the terahertz patch
Antenna at an ambient temperature of 20 degrees Celsius. The
Young’s modulus of radiating element and substrates material

with the polymer substrates of the patch antenna. This com-

From the three graphs, we can conclude that polyimideness of the devices [25]. For this analysis, we used Table I,

and plolycarbonate with a high young’s modulus arewhich shows the Young’s moduli of each material at an am-

stiffer than PTFE. Due to its unique thermomechani-bient temperature of 20 degrees Celsius. Graphene material
cal behavior. Their ability to maintain high mechani- characteristics for the patch and ground plane are: chemical

cal and thermal performance makes them ideal for appotentialy. = 2 eV, relaxation timer = 1 ps andthickness
plications where high temperature stability is essentiabf 1 ,m. The simulation results in terms of S11 and antenna
[28,30,31]. gain are presented in the next section.
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S-Parameters [Magntude in dB]

0
Polycarbonate substrate
5 A\ K polymide substrate
i \ —— PTFE substrate
15 \\3/ (3.668, -37.602 )
( 3.9604, -20.52)
3 20 9
= 4 g (3.32,-22.002)
25 04 (3.674, -20.592 )
Q (3.99,-24.385)
30
35
-0
3.0009 32 3.4 3.6 3.8 L 4.2 4.4656

Frequency / THz

farfield (f=3.668) [1]

Type Farfield
. Approximation enabled (kR >> 1)
FIGURE 4. Return loss S11 of pentagonal terahertz antenna with Companent ~ Abs
. Qutput Gai
, - Fri;uuan[y seﬁga THz
Graphene and polymer substrates (PTFE, Polyimide and polycar
Rad. Effic. -0.8731 dB
bonate) Tcat‘ Et’;lrc‘c -0.8738 dB
Gain 4.230 dBi a)
Gain (lEEE),Waxv Value (Sold ‘A_nq&,e)
&3 \Y 2/ —&— G...(IEEE) Polycarbonate substrate
b : —8— G..(IEEE),Polymide substrate
o NLASY ¥ .. (IEEE)PTFE subsira
5 AEy) s/ Z. q (3668, 4.2368) S
s /\// \I/ \ (3.96, 5.8702) A Phi
) Vas 4 i § e \
35 e ) i
PP
25 farfield (f=32.956) [1]
2.9958 3.2 34 36 38 4 42 4.4 44951
Frequency / THz Type Farfield
Approximation enabled (kR >> 1)
. . Component Abs
FIGURE 5. Gain of pentagonal terahertz antenna with Graphene Ouit -
. B requency B TRz
and polymer substrates (PTFE, Polyimide and polycarbonate). Rod.Eific.  1041dB
Tot. Effic. -1.079 dB
Gain © 5.901 dBi -b)

FIGURE 7. 3D radiation pattern of the proposed pentagonal patch
antenna with polycarbonate substrate at a) 3.668 THZ; b) 3.956
THz.

Farfield Gain Abs (Phi=-17)

farfield (f=3.668) [1] |

Farfield Gain Abs (Phi=-15)

- [ — farfieid (f=3.314) [11]

Frequency = 3.668 THz
1 Main lobe magnitude = 4.2 dBi
Main lobe direction = -40.0 deg.

Frequency = 3.314 THz

Angular width (3 dB) = 60.4 deg.
s Sidg - Ievel(— _i 9dB 9 4 Main lobe magnitude = 4.5 dBi
,1) Theta / Degree vs. dBi . o Main lobe drection = -44.0 deg.
: 9 % 150 180 -150 Angular width (3 dB) = 64.1 deg.
Side lobe level = -2.4 dB

Farfield Gain Abs (Phi=125) él) Theta / Degree vs. dBi

farfield (f=3.956) [1]

Farfield Gain Abs (Phi=-50)

farfield (f=3.674) [1] |

-90
90
Frequency = 3.956 THz
I Main lobe magnitude = 5.9 dBi Frequency = 3.674 THz
Main lobe direction = 80.0 deg. Mzt lobe ”jagn'ftUdE = 6 dBi
Angular width (3 dB) = 91.6 deg. Main lobe direction = -76.0 deg.
Side lobe level = -7.8 dB Angular width (3 dB) = 99.2 deg.
Side lobe level = -9.2 dB

b)

Theta / Degree vs. dBi

b)

Theta / Degree vs. dBi

FIGURE 6. Polar radiation pattern of the proposed pentagonal FIGURE 8. Polar radiation pattern of the proposed pentago-
patch antenna with polycarbonate substrate at a) 3.668 THZ; b)nal patch antenna with polyimide substrate at a) 3.314 THZ; b)
3.956 THz. 3.674 THz.
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farfield (f=3.314) [1] feld (E-saru 11

o ; Type Farfield h : —— %
Ty Farfield
;‘pe i 2 7 Approwimation enabled (kR >> 1)
pproximation  enabled (kB »>%1) c s Ab
Component Abs nor;np:tmen c =
Zai Outpu =ain
Outptt i T Frequency 3.674 THz
Frequency 3314 THz Radl. EFfic 205001 d3
Rad. Effic, -0.3058 dB g i
s Tot. Effic. -0.5381dB
Tot. Effic. -0.3328 dB 1S 6027 dBi l .
Gain 965 Q) hel el B

FIGURE 9. Polar radiation pattern of the proposed pentagonal patch antenna with polyimide substrate at a) 3.314 THZ; b) 3.674 THz.

Farfield Gain Abs (Phi=-60) Farfield Gain Abs (Phi=-2)
farfield (F=2.5219) 1] | 0 |

farfiekd (F=3.998) [1] |

; |
30 -30

60 /7 A | TN\ 60

90

1 -90

Frequency = 2.5219 THz
Main lobe magnitude =  4.14 dBi

Freqguency = 3.998 THz

L ; Main lobe direction = -158.0 deg. ] Mafn b rﬁagn.rcude P
fip 5o | Angular width (3 dB) = 98.6 deg. :1a|n lobe direction = _—38.[) deg.
180 Side lobe level = 1.0 dB .ngular width (3 dB) = 51.4 deg.
Side lobe level = -0.6 dB
ﬂ) Theta [ Degree vs. dBi b\} Theta / Degree vs. dBi

FIGURE 10. Polar radiation pattern of the proposed pentagonal antenna with PTFE substrate at a) 2.521 THZ; b) 3.998 THz.

farfield (f=2.5219) [1] farfield (f=3.998) [1]

Type Farfield Type Farfield
Approximation  enabled (kR >3 1) Approximation enabled (kR >> 1}
Component Abs Component Abs

Cutput Gain Cutput Gain

Frequency 2.5219 THz Frequency 3.993 THz

Rad. Effic. -(.1283 dB Rad. Effic. -0.06741 dB

Tot. Effie, -0.2639 dB Tot. Effic, -0.08326 dB

Gain 4152 dBi Gain 4.885 dBi

a) b)

FIGURE 11. 3D radiation pattern of the proposed pentagonal patch antenna with PTFE substrate at a) 2.521 THZ; b) 3.998 THz.

e The S11 parameter is crucial for assessing the effi- dB across the operational frequency band is desirable,
ciency and performance of an antenna, particularly re- indicating that less than 10% of the energy is reflected
garding impedance matching and minimizing reflec- and more than 90% is transmitted.

tion losses. Generally, for antennas, an S11 below -10
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S-Parameters [Magntude in dB]
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FIGURE 13. Gain of pentagonal terahertz antenna with Gold and 20

polymer substrates (PTFE, Polyimide and polycarbonate).

150 -150

180

b) Theta / Degree vs. dBi
FIGURE 15. a) Polar radiation pattern b) 3D radiation pattern of
the proposed pentagonal patch antenna with polyimide substrate at
3.41 THz.

farfield (f=3.806) [1]

Type Farficld
Approximation enabled (kR >> 1)
Component Abs
Cutput Gain
Frequency 3.806 THz
Rad. Effic, -1.745 dB
. Effi 1.7
= o farfield (f=3.73) [1] x

Type Farfield
a) Approximation enabled (kR >> 1)
Component Abs
Qutput Gain
Farfield Gain Abs (Phi=-30) ELZ”“:?Z" —31""-3’T2H;g
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Frequency = 3.806 THz

Main lobe magnitude = 3.24 dBi
2 Main lobe direction = -48.0 deg.
Angular width (3 dB) = 71.1 deg.
-3.1dB

120

150 -150

Side lobe level =

180

Theta / Degree vs. dBi
b)

FIGURE 14. a) Polar radiation pattern b) 3D radiation pattern of the

proposed pentagonal patch antenna with polycarbonate substrate gigure 16. a) Polar radiation pattern b) 3D radiation pattern of
the proposed pentagonal patch antenna with Polyimide substrate at

3.806 THz.

a)

b)

3.73 THz.
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0 |

Frequency = 3.73 THz

Main lobe magnitude = 4.93 dBi
Main lobe direction = -75.0 deg.
Angular width (3 dB) = 98.4 deg.
Side lobe level = -10.3 dB
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Farfield Gain Abs (Phi=-58)

farfield (f=4.142) [1]

o |

farfield (f=4.142) [1]
Type Farfield |
Approximation  enabled{kR>> 1) i
Component Abs
Output

i :

Frequency = 4.142 THz

-1| Main lobe magnitude =  4.41 dBi
Main lobe direction = -87.0 deg.
Angular width (3 dB) = 105.8 deg.
Side lobe level = -5.2 dB

1011 dB
4415 dBi

b) Theta / Degree vs. dBi

FIGURE 17. a)Ppolar radiation pattern (b) 3D radiation pattern of the proposed pentagonal patch antenna with PTFE substrate at 4.142 THz.

both mechanical and thermal stability, ensuring reliable an-

TABLE Ill. simulations results. tenna performance in environments with significant temper-
— . ature fluctuations [28, 30, 32]. Indeed, this combination of-
Radiating Polymer frequency  S11 Gain  fers an excellent balance between a very low reflection coef-
element substrates (dB) (dBi) ficient (S11) and high gain. For frequencies of 3.32 THz and
Graphene PTEE 3.998 24385 4.8991 3.674 THz, the reflection coefficients (S11) are2.00 dB

Polycarbonate 3.668 37602 423 and-—20.59 dB, respectively, indicating very good antenna
matching. Furthermore, the gains are 4.488 dBi and 6.0158

3.96 -20.52 5.87 . . . . .
— dBi, demonstrating remarkable efficiency in signal transmis-
Polyimide 3.32 -22.00 4488  gion and reception.This directly supports the development of
3.674 -20.59  6.0158  THz antennas that are robust, reliable, and high-performing
GOLD PTEE 4.142 25504 4.41 under a wide range of operating conditions. Although gold
Polycarbonate 38 28213 3.24 with yarious polymers can offer.go'od performance, the com-
polyimide 3416 38201 334 bination of graphene with polyimide is generally more ad-

vantageous for applications requiring high performance and
great stability over varying temperatures. Polyimide, known
for its thermal stability and remarkable rigidity, retains its
mechanical and dielectric properties even at high tempera-
e Gain is a crucial parameter in antenna design and Rkures. When combined with graphene, which also exhibits
systems, indicating how well an antenna directs energyxcellent thermal stability and exceptional mechanical rigid-
in a specific direction compared to an isotropic radiatority due to its two-dimensional structure and strong covalent
(anideal antenna that radiates equally in all directions)phonds, the entire antenna structure can operate reliably over
a wide temperature range. This combination is thus particu-
. . . larly suited for terahertz applications where temperature vari-
5. Simulations results with Gold and polymer atigns can impact performp:nce, offering apromipsing solution
substrates (PTFE, Polyimide and Polycar- for advanced technologies in the terahertz frequency spec-
bonates) trum.

3.734 -41.729 4.93

We presented in this section the simulation results in term

of S11 parameter and Gain of gold pentagonal patch antenna T0 highlight the significance of our work, we have com-
with polymers substrates material: pared the simulation results with those from previous and re-

cent literature, as shown in Table IV. The table indicates that
the pentagonal patch antenna with graphene achieves a high
6. Results discussion gain of 6.01 dBi, outperforming all the referenced designs.
Additionally, the use of polymer substrates contributes to the
After examining the performance of various radiating ele-development of lighter, more flexible, and more durable de-
ments and polymer substrates in the terahertz (THz) bandjces, while improving performance in terms of sensitivity
it appears that the combination of graphene with polyimideand resistance for a variety of innovative technological appli-
stands out due to its particularly interesting results, it offercations.
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TABLE IV. Comparison of proposed work with previous literature.

Substrate material Frequency (THz) S11(dB) Gain (dBi)
[32] RT Duriod 6010¢,- = 10.2) 2.270 -22.39 48
Silicon(e,=11.9) 3.254 -42.67 5.3
[33] Polyimideg, = 4.3) 0.445-0.714 -26.4 5.4
[22] Silicon(e,=11.9) 3.930 -54.96 5.4
Duroid 3210¢,=10.8) 4.010 -63.1 5.06
Alumina (,=9.9) 4.085 -41.32 5.25
Roger RO4003G(=3.55) 3.24 -48.77 4.346
Roger 5880¢,=2.2) 2.76 -23.317 4.504
[34] Not mentioned 2.14 -24.65 4.71
5.41 -25.86 6.61
[35] Silicon(e,=11.9) 2.58 -33.7 2.58
4.41 -10.56 1.22
[18] Rogers RO4003¢(=3.55) 3.26 —30.706 3.437
4.69 —55.54 5.008
6.95 -26.812 6.62
Proposed work PTFE(=2.1 4.142 -25.504 441
Gold petagonal Polycarbonate€2.9) 3.8 -28.213 3.24
patch antenna Polyimide(=3.5) 3.416 -38.291 3.34
3.734 -41.729 4.93
Proposed work PTFE(=2.1) 3.998 -24.385 4.8991
Graphenepentagonal Polycarbonate€2.9) 3.668 -37.602 4.23
patch antenna 3.96 -20.52 5.87
Polyimideg,=3.5) 3.32 -22.00 4.488
3.674 -20.59 6.0158
Results discussion
7. Conclusion unlike PTFE and polycarbonate, which exhibit a decrease

in rigidity with higher temperatures. This property of poly-
The analysis of Young’s modulus variations with temperaturgmide, combined with the stability of graphene, results in a
reveals significant differences between materials. Graphergarticularly advantageous combination for terahertz applica-
maintains a high Young’s modulus with minimal decreasetions. The combination of graphene and polyimide offers a
even at elevated temperatures, due to its unique atomic struguperior balance between low reflection coefficients (S11)
ture and strong covalent bonds. In contrast, gold showand high gain, making it ideal for high-performance and
a more pronounced reduction in Young’s modulus with in-temperature-stable terahertz antennas. This pairing ensures
creasing temperature, highlighting its greater sensitivity toeliable operation across a broad temperature range, provid-
thermal changes. Among polymer substrates, polyimideéng an optimal solution for advanced terahertz technologies
stands out with its increasing rigidity as temperature risesyhere both performance and thermal stability are critical.
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