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ABSTRACT: This study investigates the effects of various antenna parameters, such as the substrate material, thickness of the super-
conducting patch, and operating temperature, on the resonance frequency and surface resistance/reactance of an H-shaped patch antenna
printed on a uniaxial anisotropic substrate using a hybrid cavity model and fabricated with superconductor material. This model stands out
for its simplified mathematical approach and cost effectiveness. Importantly, the numerical results demonstrate a high level of agreement
with the experimental findings reported in the literature, reinforcing the reliability of our study. Additionally, other numerical results
demonstrate the impact of the superconductivity materials on the resonant characteristics of the H-shaped compact microstrip antenna.

1. INTRODUCTION

ecently, there has been significant interest in the develop-
Rment and use of high-temperature superconducting materi-
als. Various researches have highlighted the substantial energy
waste in the millimeter range, particularly when the patch mate-
rial is a normal conductor. To reduce energy waste and enhance
efficiency, we need to employ patches based on superconduct-
ing materials [1]. Microstrip antennas (MSAs) are highly used
in aerospace applications due to their low weight, compact size,
and compatible nature. Rectangular and circular disc antennas
are the most common types of microstrip antennas [2]. De-
pending on the application, we also put into consideration other
small chip antennas. We present two alternatives to the rectan-
gular patch antenna. In addition to that extensive applications in
various microwave systems, such as wireless equipment, mis-
siles, satellites, and sensors are being developed [3]. The reso-
nance frequency of the small ribbon antenna relied on the geom-
etry, dimensions, and electrical insulation constant of the sub-
strate. Determining the resonance frequency of the antenna fo-
cuses on its physical parameters, forming the basis for the anal-
ysis process. Transmission line, cavity method (analytical), and
full-wave method (numerical) are the predominant methods of
analysis [2, 3]. The first mentioned method is the most accurate.
Acknowledging the resonance frequency helps in determining
certain physical parameters of the antenna during the design
analysis process. Accuracy in determining these parameters are
crucial since this type of antenna has a narrow bandwidth. Mi-
crostrip antennas or patch antennas are becoming increasingly
useful due to their ability to be printed directly on printed cir-
cuit board (PCB). The use of microstrip antennas is becoming
more common in the mobile phone market. Patch antennas are
easy to manufacture thanks to their low profile and cost [4].
The size of the patch antenna, denoted as "H’ in the illustration
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on (Fig. 1). The experimental findings unambiguously indi-
cate that the H-shaped microstrip patch is notably smaller than
conventional half-wavelength rectangular patch antennas and
ring antennas [5], has fewer number modes and absence of har-
monic resonance [6]. The H-shape antenna contains a ground
plane as a basal layer, and above it, we have a substrate which is
marked by a dielectric permittivity €, and a thickness h. Over
the substrate there is a patch with a dimension parameters in-
cluding: length L, width W, and internal dimension defined
by gap length s and gap width d. This structure is approxi-
mately half the size of the rectangular patch, featuring a high
beamwidth but a narrower bandwidth. In contrast, the rectan-
gular annular antenna has a smaller size, high beamwidth, and a
smaller bandwidth. A compact H-shaped patch antenna, owing
to its significantly smaller size, can substitute for the rectangu-
lar patch at Ultra High Frequency (UHF). When applying it in
the frequency range below 2 Gigahertz, small rectangular patch
sizes appear comparatively large [7]. Even though many of the
substrate materials are regarded as isotropic, but actually they
are anisotropic [8]. This anisotropy can be found in compos-
ite laminate materials, formerly known as Epsilam-10 [9], and
natural materials like sapphire and alumina [10]. The perfor-
mance of antennas and other devices may be impacted by this
anisotropy, regardless of whether it was a planned by product of
the manufacturing process [11]. Anisotropic materials are fre-
quently used to enhance the performance of conventional mi-
crostrip antennas [ 12—14]. In our previous research, we showed
that selecting the appropriate structural parameters and combin-
ing them with the optical properties of anisotropic materials can
control the resonant frequency and achieve wider bandwidth
characteristics [14]. However, using anisotropic substrate ma-
terials on compact antennas has received little attention in the
literature. In this work, we first study a superconducting H-
shape microstrip antenna. Thus, we use a hybrid approach
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based on cavity model which is employed for analyzing our
structure shown in (Fig. 1). Before understanding the effect of
physical parameters on the resonance frequency, we must ini-
tially validate our mathematical formulation starting from the
equation of the resonance frequency of H-shape microstrip an-
tenna ending in finding the resonance frequency of supercon-
ducting patch, in light of our previous discussion; we will verify
our findings by comparing them with those of other researchers.
Then, we execute a parametric study of the superconducting H-
shape MSA, so we create graphical representations based on the
characteristics of the superconducting microstrip antenna to il-
lustrate the results obtained through the cavity method. Among
these graphics, we investigate the impact of the temperature T’
and patch thickness ¢ on the resonance frequency. With all of
the aforementioned parameters, we utilize two different uni-
axial anisotropic materials (Epsilam and Sapphir). Also two
types of substrates (Anisotropic and isotropic ones) are used
(anisotropic and isotropic). Finally, we are going to study the
impact of physical factors, including tolerance and electrical in-
sulation thickness, as well as the aperture width of the radiating
element on the resonance properties

2. MATHEMATICAL FORMULATION

To analyze our microstrip patch antenna, we will employ a cav-
ity model. This model facilitates a swift determination of re-
sults, starting with the encapsulation of our antennas within the
cavity. This cavity model analyzes patches using two electric
and four magnetic walls, and a strategic approach is essential.
The absence of tangential electric fields (E, =0, E, = 0) is
maintained by a ground plane and a perfect electric conduc-
tor (PEC) patch. The internal electronic field aligns along the
Z-axis (E = E,(x,y)k). Using the Maxwell’s equations and
propagation equation leads to a solution for E, (x,y). The final
expression for F, (x,y) involves constants and cosines, defin-
ing the mode characteristics. This model got diversity of di-
electric permittivity €, and thicknesses h.

The cavity model included a variety of substrate dielectric
constants ¢, and thicknesses h. To account for the influence of
fringing fields, either effective side length or effective dielectric
constant, or both, have been employed to explain recorded reso-
nance frequency and other characteristics. For the same reason,
dynamic permittivity has been investigated. When using an ef-
fective dielectric constant €4, the user must first determine ¢
before estimating the physical side length [15].

2.1. Resonant Frequency

Figure 1 illustrates the geometric and physical dimensions of
the H-shaped patch antenna, influencing the resonance fre-
quency of the microstrip antenna. Generally, it is a function of
the patch dimensions, the electrical insulation constant of the
substrate, and its thickness. The primary rectangular patch res-
onance frequency mode 7'M is crucial in radiation, calculated
using the resonator length L and the equations of effective elec-
trical insulation constant €,.5. The extension of the literature is
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FIGURE 1. Geometry of a H-shaped microstrip antenna.

presented as follows:

C
fo=5r— (1)
eﬁ”\/grejj
with:
Lyy=L +2AL 2)
Also, with:
e+ 0.3 W /h + 0.264
AL = 0.412h 3
0 e, — 0.258 (W/h + 0.813> )

C in Equation (1) represents the speed of electromagnetic
waves in free space, and irregular medium effects of the rectan-
gular patch are considered in terms of an effective relative insu-
lation constant €, along with the boundary effects of electrical
fields at the radiating edges of the space. The rectangular area is
taken into account by the linear edge extension dimension A L.
The following equations are provided to approximate Schnei-
der’s proposed effective electrical insulation constant [16] and
Hammerstad’s proposed edge extension [17], which may be in-
corporated into the above equations:

—1/2
{1 + 10h]
w

Due to the alteration in resonance length resulting from the tran-
sition from a traditional rectangular patch antenna to a compact
H-shaped patch antenna, the resonance frequency must be ad-
justed to account for the change in geometrical characteristics.
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TABLE 1. Comparison of the measured, simulated, and calculated resonant frequencies.

Antenna Parameters

Resonance Frequency (GHz)

No. Simulate & Calculated Our Error
Antennas L(mm) W (@mm) D(@mm) s(mm) h(mm) &, Measured
[22] Result (%)
[20,21]

1 24 38 11 8 1.59 22 2.190 2.199 2.202 0.548
2 32.69 33 15 4.09 1.59 2.5 2.170 2.270 2.234 2.949
3 35.54 33 15 26 1.59 2.5 1.970 2.022 1.978 0.406
4 43.59 33 15 15 1.59 2.5 1.590 1.613 1.593 0.189
5 45.08 33 15 26 1.59 2.5 1.550 1.574 1.558 0.516
6 54.6 28 15 26 1.59 2.5 1.390 1.390 1.387 0.216
7 64.16 33 15 26 1.59 2.5 1.130 1.109 1.127 0.265

Consequently, the resonance length L of the antenna in Equa-
tion (1) needs to be replaced by Lp, representing the length
of the compact H-shaped patch. The equations below are em-
ployed to calculate the resonance frequency of a compact an-
tenna in the H-shape configuration:

C
fr = Y pp— (5)
eff/Ereff
with:
Litegy = Ly + 2AL 6)

where Lp; denotes the effective resonance length of the
compact-shaped antenna.

To simplify, €, and AL, as denoted by Equations (3) and
(4), respectively, are employed similarly to the small rectangu-
lar bar antenna. The primary goal of this work is to establish an
expression for the resonance length L ;; of the compact H-shape
antenna to predict the resonance frequency. The length of the
compact H-shape antenna is contingent on the dimensions of
the patch (L, W, s, d) and is formulated as follows:

0.437 7\ 0726
Ly = (0.912L — 0.643s) - (g) +W (d)

(2] o ()

As anisotropy has a significant influence on antenna perfor-
mance, it is important to consider this effect. The tensor of
relative permittivity of uniaxial anisotropic dielectric is given
by:

(7

e, 0 0
=0 ¢ 0 (3)
0 0 e,

with e, = €.

Utilizing electromagnetic knowledge, the thickness h and
relative permittivity €, and €, of the uniaxial anisotropic sub-
strate are replaced by effective parameters using the following
equations [18]:

)
(10)

Ere = &z

hgi
€z

he
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2.2. Resonance Frequency of a Superconducting Patch

The sudden alteration in the operating frequency (resonance
frequency) of the superconducting antenna at a temperature
close to T' can be associated with a variation by adjusting
the London penetration depth (\o) (these last A at null tem-
perature T = 0K of the superconducting material YBCO
(YBayCu307). To model the resonance frequency of the su-
perconducting antenna, it is necessary to consider the effective
dielectric constant €, given by [19]:

A t
oo (5

t and Ay signify the superconducting patch thickness and
magnetic wavelength, respectively, determined by the Gorter-
Casimir two-fluid model [19] and are considered in the

analysis.
T\
v ()

with T" and 7. being the temperature and critical temperature of
the superconductor, respectively.

(11)

—1/2

(12)

3. VALIDATION OF NUMERICAL RESULTS

To validate the accuracy of our calculations, we compared our
results with previously published findings [20-22]. The res-
onance frequencies, calculated using the cavity method de-
scribed in the preceding section for a H-shape patch antenna
printed on an isotropic substrate, are listed alongside the theo-
retical results available in the literature. In Table 1, our calcu-
lated resonance frequency results are compared with the refer-
ences [20-22]. The comparison shows good alignment between
resonance frequencies calculated by our method and those mea-
sured, simulated, and calculated for a perfectly conductive H-
shaped patch. An accuracy analysis is presented in Table 1.

4. DISCUSSIONS OF NUMERICAL RESULTS

Figure 2 illustrates how a superconducting H-shaped patch an-
tenna’s resonance frequency varies based on the temperature at
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FIGURE 2. Exploring variations in the resonance frequency of an H-
shaped superconducting antenna while considering alterations to the
operating temperature with two diverse supraconducting materials &,
23.6, h 50 um, L 985nm, W 1625nm, s 700 nm,
d = 700 nm, ¢t = 200 nm, Ao = 160 nm.

which it operates. It shows how the resonance frequency of a
compact superconducting H-shaped antenna changes with op-
erating temperature when the following parameters are used:
relative permittivity e, = 23.6 and thickness h = 50 pm.
The patch has a size with a length L = 985nm and width
W = 1625nm, s = 700nm, d = 700nm, ¢ = 200 nm, and
Ao = 160 nm.

It can be noticed that the variations in resonance frequency
are relatively reduced with the increase in operating temper-
ature. For YBCO (YBayCu307) material, this reduction be-
comes more significant for temperature values close to the criti-
cal temperature T'c = 89 K. For the TBBCO (Tl;Ba;CaCu;Og)
material, the analysis is carried out in the temperature range of
20K to 106 K, where T'c is the critical temperature T'c = 105 K.
The resonance frequency decreases slowly for values exceed-
ing T'c = 105 K. Moreover, these behaviors are very consistent
with those reported for the case of a rectangular antenna [23].
Note that the sharp decline in resonance frequency at temper-
ature close to the transition temperature can be attributed to a
decrease in magnetic penetration depth [23].

Figure 3 shows a diversity of the resonance frequency of a
superconducting H-shape patch antenna printed on a uniaxial
anisotropic substrate with the variation of the operating tem-
perature using different substrate materials.

We notice that the variation happened in the resonance fre-
quency is attributed to two factors: elevated in temperature
with the gradual decrease of the uniaxial anisotropic substrate.
This reduction becomes more significant for temperature val-
ues close to the transition temperature (critical temperature)
Tc = 89K. Additionally, we notice a shift in resonance fre-
quency based on two different substrate materials. One of them
is Epsilam-10 with e, = 13 and €, = 10.2, while the other is
Sapphire with e, = 9.4 and e, = 11.6.

In this figure, it is evident that a higher permittivity or height
ratio results in a higher resonance frequency. It is noteworthy

26

26,5 T T T T

N

o

<]
1

:
|

2501 e Epsilam-10 (5-13, £-10.2)

—=o— Sapphire (£,=9.4, 5,=11.6)
24,5+

24,0

23,5 T T T T T T T
20 30 40 50 60 70

Operating Temperature (K)

FIGURE 3. Exploring variations in the resonance frequency of an H-
shaped superconducting antenna while considering alterations to the
operating temperature using two different substrate material h
250 um, L = 985nm, W = 1625nm, s = 700nm, d = 700 nm,
t = 200nm, \g = 160 nm, T'c = 89 K.

that the abrupt change in resonance frequency at temperatures
approaching the transition temperature can be associated with
an alteration in magnetic field penetration [23].

In Fig. 4, we depict the variation in the resonance frequency
of a superconducting compact H-shaped antenna printed on two
anisotropic substrates, plotted against the thickness of the su-
perconducting patch. As illustrated in Fig. 4, we investigate
the impact of the thickness of the critical high-temperature su-
perconducting film on the resonance frequency. The antenna
parameters remain identical to those in the previous preview
figure, and the operating temperature is set at T'c = 75K. As
the patch thickness ¢ increases, the resonance frequency expe-
riences a rapid rise until it reaches )\, denoting the penetration
depth. Beyond this value, the frequency variation becomes less
significant.

The variation in the resonance frequency of an H-shaped
superconducting patch antenna, printed on both isotropic and
anisotropic substrates is presented in Fig. 5. The thickness of
the superconducting patch is an influencing factor. The antenna
parameters remain consistent with those employed in Fig. 4.
For the isotropic substrate, we use (¢, = ¢, = 4.83), and
for the anisotropic substrate we use (¢, = 5.5, ¢, = 4.83),
while maintaining an operating temperature of 77 = 75K. It
is observed that the resonance frequency increases with the
augmentation of the superconducting patch thickness (¢). No-
tably, anisotropy demonstrates more effect on the resonance
frequency. Lastly, it is crucial to highlight that the impact of
anisotropy is adapted with the increase in the thickness of the
superconducting patch ().

Figure 6(a) displays the surface resistance R, of an H-shaped
antenna with the following parameters: L = 1320nm, W =
1625 nm, d = 700 nm, s = 700 nm, ¢ = 200 nm, and thickness
h = 200 um. The surface resistance R is initially observed
on an anisotropic substrate (¢, = 9.4, €, = 11.6). The surface
resistance values remain constant ideally with value 0 which
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FIGURE 4. Variation of the resonance frequency of a H-shape supercon-
ducting antenna printed on anisotropic substrates as per to the thickness
of the superconducting patch, with the same parameters as in Fig. 3, at
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FIGURE 5. Exploring variations in the resonance frequency of an H-
shaped superconducting antenna printed on anisotropic/isotropic sub-
strates according to the thickness of the superconducting patch, with
the same parameters as in Fig. 4, at T' = 75 K.
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FIGURE 6. Temperature dependence of the surface impedance of an H-shaped superconducting antenna; o = 200 um, L = 1320nm, W = 1625 nm,
d = 700nm, s = 700 nm, ¢ = 200 nm, A\g = 180 nm, T'c = 104K, (e, = 9.4, e, = 11.6).

means that there is no loss in energy, and the electrical current
flows throw the superconductor without resistance at 10 K until
reaching the critical temperature 7'c = 104 K. Beyond a cer-
tain point they exhibit a rapid increase in resistance, resulting
in both energy loss and a decrease in efficiency.

Figure 6(b) presents the surface reactance X with the same
parameters as Fig. 6(a). It is observed that within the tempera-
ture range of 10 K to 90 K a stable value of 0 is noted indicating
arise in effective magnetic shielding. This suggests a reduction
in energy loss, while the reactance increases gradually. The re-
actance reaches its peak at the critical temperature T'c = 104K,
signifying a decrease in effective magnetic shielding. This out-
come ultimately contributes to the efficiency of the antenna.

27

In Fig. 7, we present the surface resistance (a) and surface re-
actance (b) with the varying in thicknesses ¢ of an H-shaped su-
perconducting antenna. The H-shape has a length L = 1320 nm
and width W = 1625 nm, based on a superconducting material
characterized by A\ = 180nm and 7" = 90K, printed on a
dielectric substrate of thickness 2~ = 200 pm and permittivity
(e =94, e, =11.6).

Regarding the results, the surface resistance R, according
to the thickness ¢ of the patch is illustrated in Fig. 7(a). It
is observed that when the thickness ¢ of the patch increases,
the surface resistance R, decreases rapidly until the thickness ¢
reaches the penetration depth value Ay, and the curve remains
stable near the value zero.
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FIGURE 7. Temperature dependence of (a) surface resistance and (b) surface reactance of an H-shaped superconducting antenna. h = 200 pum,
L =1320nm, W = 1625nm, d = 700nm, s = 700 nm, 7" = 90K, Ao = 180nm, T'c = 104K, (e, = 9.4, ., = 11.6).

Then, the results concerning the surface reactance X, ac-
cording to the thickness ¢ of the patch are illustrated in Fig. 7(b).
It is also noted that the surface reactance value X, decreases
slowly and in proportion to the increase in the values of the
thickness t.

5. CONCLUSION

In this paper, we focus on the effect of the superconductivity on
microstrip antennas, leading to significant findings. In this re-
search, a general procedure is employed for the modeling and
designing of a compact H-shaped microstrip antenna printed
on an anisotropic substrate using the modified cavity method.
We examined this structure on a different antenna parameter
using various substrate materials, operating temperatures, and
patch thicknesses and noticed the alteration in resonance fre-
quency on both surface resistance (R, )/reactance (X). At the
beginning, the theoretical findings indicate that the resonance
frequency decreases monotonically with the increase of sub-
strate thickness, also a greater decrease observed for a substrate
which has higher permittivity. Furthermore, it is demonstrated
that the bandwidth increases with the thickness of the substrate,
with a more significant increase for a substrate with higher per-
mittivity. Firstly, varying the thickness of the superconducting
patch demonstrated a substantial impact on the antenna’s res-
onance frequency. As the patch thickness increased, the reso-
nance frequency exhibited a rapid rise until reaching a critical
point; afterward the frequency variation became less evident.
This suggests a critical thickness value where the penetration
depth influences the antenna’s behavior. Moreover, it is note-
worthy that the considerable change in resonance frequency
at temperatures close to critical one (7;) can be attributed to
the alteration in the magnetic penetration depth of YBCO and
TBBCO. Additionally, it is highlighted that selecting the sub-
strate material is important for shaping the antenna’s perfor-
mance. Anisotropy has a more substantial effect on resonances

28

frequency than isotropic substrate. Furthermore, this study is
also focused on the effect of the thickness of superconducting
antenna patch. It was notable that when the thickness increases,
the resonance frequency shows a significant rise. Likewise,
we have varied both the thickness of superconducting antenna
patch and operating temperature to investigate their effect on
the surface resistance and reactance. In the case of varying
temperature, the results displayed stability with null values in
both surface resistance/reactance at lower temperature (normal
state) until it reaches the transition temperature (critical tem-
perature), then it increased swiftly for the other diverse value
in the thickness of superconducting antenna patch, while in the
case of varying thickness it shows converse to the preceding re-
sults associated with the operating temperature. Overall, these
exhaustive investigations on the impact of the antenna’s key pa-
rameters on a superconducting H-shape antenna patch printed
on an anisotropic substrate contribute to optimizing the design
of our antennas and improving the performance of our structure.
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