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Abstract. The antenna is designed using foam substrate with dimension of 33.30×35.96×1.6 mm3 operates from 

3.3 to 5.2 GHz, covering 5G sub-6 GHz NR bands N77 (3.3–4.2 GHz), N78 (3.3–3.8 GHz), and N79 (4.4–5 GHz) 

with a bandwidth (BW) of 1900 MHz and S11of –40.59 dB at 4.45 GHz. SAR analysis, using a three-layer body 

phantom, measures electromagnetic energy absorption by human tissues over 1 g and 10 g, meeting international 

SAR standards (1.6 W/kg for 1 g, 2 W/kg for 10 g). Results show the antenna maintains efficient radiation across 

the 5G spectrum while adhering to safety limits. 
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ПЕНОНАПОЛНЕННАЯ НОСИМАЯ МИКРОПОЛОСКОВАЯ АНТЕННА С ЧАСТИЧНЫМ 

ЗАЗЕМЛЕНИЕМ ДЛЯ БЕСПРОВОДНЫХ 5G ПРИЛОЖЕНИЙ 
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Аннотация. Антенна разработана на пеноматериале с размерами 33,30×35,96×1,6 мм³ и работает в 

диапазоне от 3,3 до 5,2 ГГц, охватывая суб-6 ГГц NR-диапазоны 5G: N77 (3,3–4,2 ГГц), N78 (3,3–3,8 ГГц) 

и N79 (4,4–5 ГГц) с полосой пропускания (BW) 1900 МГц и коэффициентом отражения S11 на уровне  

–40,59 дБ при 4,45 ГГц. Анализ SAR, выполненный с использованием трехслойного фантома тела, 

измеряет поглощение электромагнитной энергии тканями человека на 1 г и 10 г, что соответствует 

международным стандартам SAR (1,6 Вт/кг для 1 г и 2 Вт/кг для 10 г). Результаты показывают, что антенна 

сохраняет эффективное излучение в спектре 5G, соответствуя нормативам безопасности. 

Ключевые слова: беспроводная связь 5G, пеноматериал, носимая антенна, удельный коэффициент 

поглощения (SAR). 
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Introduction. Wearable technology is highly 

popular, driving demand for wearable antennas in 

items like jackets, watches, and GPS shoes. These an-

tennas support health monitoring, navigation, RFID, 

military, and safety applications. 5G technology en-

hances these devices with high speed, low latency, 

and stability [1]. 

Arpan Desai et al. [2] presented a transparent, 

flexible patch antenna on a polyethylene terephthalate 

substrate with Silver Tin Oxide (AgHT-8), measuring 

0.48λ × 0.64λ at 4.28 GHz. It provides 40 % band-

width (3.89 to 5.9 GHz), over 3 dBi gain, and 80 % 

efficiency, suitable for sub-6 GHz 5G and WLAN. 

Zhen Yu et al. [3] designed a flexible, dual-band rec-

tangular patch antenna with a semi-circular gap 

(44×40×0.2 mm) on polyimide, ideal for ISM, 4G, 

5G, Bluetooth, and WLAN uses. S. Suneesh et al. [4] 

proposed a compact, flexible PTFE-based wearable 

antenna for 5G IoT, achieving triple-band operation 

at 2.52, 3.8, and 5.58 GHz 

Design of Proposed Antenna Structure. The an-

tenna is a foam-based, wearable microstrip patch de-

sign with a 1.6 mm thick substrate, dielectric constant 

(εr) of 1.07, and loss tangent (tanδ) of 0.0025 [5, 6]. 

Foam is chosen for its low cost, availability, and flex-

ibility to integrate with clothing. The design is simu-

lated and optimized in Ansys HFSS for desired per-

formance. 

Design parameters of the microstrip patch  

antenna [7] are given below: 

Step 1. Calculation of Width of Microstrip Patch 

Antenna: 

 

(1) 

Step 2. Calculation of effective dielectric constant 

(εreff): 
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Step 3. Calculation of the length extension ΔL, 

which is given by: 

 

(3) 

Step 4 Calculation of the length of patch 

𝐿 =
𝑐0

2𝑓𝛾√𝜖𝛾𝑒𝑓𝑓
− 2Δ𝐿 (4) 

As per the above equations, the dimension of mi-

crostrip antenna are 33.30×35.96×1.6 mm3. 

 
Figure 1 – Geometry of Proposed Rectangular   

Microstrip Patch Antenna (a) front View (b) Back View 

Table 1 – Geometrical parameters of proposed antenna 

Parameter Wsub Lsub Wp Lp Lf 
Value(mm) 61.68 59.019 35.96 33.30 17.74 
Parameter Wf Lg Wg Lg1 Wg1 

Value(mm) 4.84 18 61.68 12 6 
Parameter L1 W1 L2 W2  
Value(mm) 3 20 10 3  

 

Figure 2 shows step by step development of mi-

crostrip patch antenna.  

 
Figure 2 – Return loss performance with variation  

in geometry 

Surface Current Distribution (Figure 3). 

SAR Analysis. SAR measures the rate of energy ab-

sorption by the human body from EM radiation. Using a 

three-layer human tissue model, simulated SAR at 4.45 

GHz is 0.0012 W/kg for 1 g of tissue, below USA and Eu-

rope limits. The SAR is evaluated by Equation (5). 

              𝑆𝐴𝑅 =
σ 𝑋 𝐸2

ρ
,                                      (5) 

where SAR = specific absorption rate (in W/kg), σ = con-

ductivity of sample (in S/m), E = electric field in RMS (in 

V/m), and ρ = density of sample (in kg/m3). 

 

Figure 3 – Surface Current Distibution at resonating 

frequency 4.45 GHz 

Radiation Pattern (Figure 4). 

 
Figure 4 – Simulated radiation pattern in E-plane and  

H-plane at 4.45 GHz 

The three-layer body phantom as shown in Figure 5 of 

size 90×90×27 mm3 with 2 mm, 5 mm, and 20 mm 

thickness for skin, fat, and muscle layer, respectively is 

simulated in HFSS as shown in Figure 6. The electrical 

properties of skin, fat, and muscle layers are determined [8, 

9] over the frequency of 4.45 GHz  

 

Figure 5 –Three Layer tissue equivalent body phantom 

model 

 
Figure 6 – SAR Analysis of tissue for the three-layer 

phantom model (a) over 1 gm (b) 10gm 

Table 2 – Electrical Properties of Human Tissues 
Tissue Freq Condu-

ctivity 
σ (S/m) 

Per-

mittivity 
(εr) 

Loss 

tangent 

Mass 

density 
(kg/m3) 

Skin (dry) 4.45 2.6502 36.22 0.29556 1109 

Fat 4.45 0.20891 5.0814 0.16607 911 

Muscle 4.45 3.4611 50.25 0.27823 1090 

Conclusion. In this paper, a microstrip patch antenna 

is designed using Foam substrate. To make good perfor-

mance of antenna at 3.3GHz to 5.2 GHz various analysis is 

carried out on patch and ground of antenna.   

Δ𝐿 = 0.412ℎ
(𝜖𝛾𝑒𝑓𝑓 + 0.3) (

𝑤
ℎ
+ 0.264)

(𝜖𝑟𝑒𝑓𝑓
− 0.258)(

𝑤
ℎ
+ 0.8)
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DIGITAL TECHNOLOGIES FOR SUPPORTING THE TRAINING PROCESS IN TENNIS 
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Minsk, Republic of Belarus 

Abstract. This study presents a digital technology for supporting the training process in tennis. It is a broad category 

encompassing methods of athlete preparation, including physical, tactical, and technical aspects, which are improved 

through digital technologies. Special attention is given to motion analysis and biomechanics, tracking and performance 

monitoring systems, virtual and augmented reality (VR and AR) technologies, the use of artificial intelligence and 

machine learning, wearable devices for physiological monitoring. The paper also provides a review of the literature on 

the topic of using digital technologies in the training process in tennis. 

Key words: digital technology, electronic tools, training control in tennis. 

ЦИФРОВЫЕ ТЕХНОЛОГИИ В ОБЕСПЕЧЕНИИ ТРЕНИРОВОЧНОГО ПРОЦЕССА  

В БОЛЬШОМ ТЕННИСЕ 

Чен Шиланг, Ромашко Е. Д., Пантелеев К. В. 

Белорусский национальный технический университет 

Минск, Республика Беларусь 

Аннотация. В данном исследовании представлены цифровые технологии, используемые в поддержке 

тренировочного процесса в теннисе. Это широкая категория, охватывающая методы подготовки 

спортсменов, включая физические, тактические и технические аспекты, которые совершенствуются с 

помощью цифровых технологий. Особое внимание уделяется анализу движения и биомеханике, системам 

отслеживания и контроля производительности, технологиям виртуальной и дополненной реальности (VR 

и AR), использованию искусственного интеллекта и машинного обучения, носимым устройствам для 

мониторинга физиологического состояния спортсменов. Также представлен обзор литературы по теме 

использования цифровых технологий в тренировочном процессе по теннису. 

Ключевые слова: цифровые технологии, электронные средства, тренерский контроль в тенисе. 
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The training process for tennis players is a broad 
category encompassing methods of athlete prepara-
tion, including physical, tactical, and technical as-
pects, which are improved through digital technolo-
gies. Digital technologies have become a critical part 
of training in tennis, helping coaches and athletes en-
hance performance, monitor progress, and reduce in-
juries. Among the most relevant digital technologies 
are the following: 

− motion analysis and biomechanics; 

− tracking and performance monitoring systems; 

− virtual and augmented reality (VR and AR) 
technologies; 

− the use of artificial intelligence and machine 
learning; 

− wearable devices for physiological monitoring. 
Using high-speed cameras and sensors allows for 

a detailed analysis of player technique. In tennis, this 
can be particularly useful for optimizing movements 
in serves, forehands, and backhands. These data help 
correct technical errors, improve injury resistance by 
identifying excessive strain, develop individual 


