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Cadmium telluride solar cells are among the most common de-
vices for photovoltaic applications. However, the energy conversion
efficiency of these elements remains insufficiently high. Using the
SCAPS programming environment, research and optimization of a clas-
sical thin-film solar cell based on CdTe were carried out. The structure
of this element consisted of ITO as a transparent conductive contact, a
cadmium sulfide (CdS) layer, and a cadmium telluride (CdTe) absorber
layer with a metal contact. To optimize this structure in terms of power
conversion efficiency, the influence of the thickness and concentra-
tion of acceptor impurities in the CdTe absorbing layer, as well as the
influence of the thickness and concentration of donor impurities in the
CdS buffer layer, were considered. It was established that the optimal
thicknesses for the CdS buffer layer and absorption CdTe layers are
50 nm and 3000 nm, respectively. An additional CdSeTe layer between
the CdS and CdTe layers has been proposed as one of the optimization
options to improve the device efficiency. The main photovoltaic param-
eters of such a solar cell were analyzed depending on the thickness of the
CdSeTe layer and its selenium content. It has been demonstrated that
adding CdSeTe solid solution to the 1500 nm thick CdTe absorber layer
increases the efficiency of the solar cell by 6.84 %. The main photovolta-
ic characteristics of CdS/CdTe and CdS/CdSeTe/CdTe solar cells were
compared. The results showed that the simulated CdS/CdSeTe/CdTe
structure provides better photoconversion efficiency in the AM1.5G
light spectrum compared to the classical CdS/CdTe structure. Such
elements can be used to form highly efficient solar panels.

Keywords: solar cell, SCAPS, thin films, heterostructures, cad-
mium telluride, cadmium chalcogenide.
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This paper evaluates potential accuracy characteristics of a
small-sized goniometer based on nuclear magnetic resonance with
an extended dynamic range. This required constructing a model
of goniometer errors, estimating its accuracy based on this model,
and formulating practical recommendations for the design of such
a device based on the accuracy assessment.

To evaluate the accuracy of a nuclear goniometer, a theoreti-
cal model was built that makes it possible to determine the op-
timal operating parameters of the cell gas mixture, the ranges of
their permissible changes, the sensitivity of the goniometer, and
the dependence of its characteristics on external and internal fac-
tors. In particular, the dependence of output signal of the device
on the parameters of gas mixture and optical pumping has been
determined. For a goniometer with a cell volume of 8 cm?, the
optimum temperature is 130 °C, and the optimum intensity of the
pumping radiation is 5 mW.

The dependence of output signal on the measured angle of rota-
tion was also established, as well as the noise and error dependence of
the device on the permissible values of its parameters. Based on the
model built, parameters of a goniometer with a cell volume of 8 cm?
were determined; the maximum angular sensitivity of such a goniom-

eter with complete suppression of technical noise is 8¢s.,=1.0 arcsec.
The greatest contribution to the angle measurement error is from
the instability of pumping power I, (AI,/I,=0.05) — 85 %, magnetic
field By (ABy/By=10"%) — 13 %, temperature T (AT/T=0.1) — 2 %.

The goniometer under consideration corresponds to the me-
dium accuracy class, 8¢, >10 arcsec. It could be used in optical
manufacturing for operational control, calibration, and certifica-
tion of optical products. To improve the angular accuracy of the
goniometer, it is necessary to increase the stability of the laser
pumping intensity.

Keywords: goniometer, nuclear magnetic resonance, gas cell,
optical pumping, Helmholtz coil, Larmor frequency.
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This research focuses on optimizing ultra-wideband (UWB)
antennas, which are critical in modern communication systems
due to their wide frequency range (3.1-10.6 GHz) and high data
transmission capabilities. The study addresses the challenge of
optimizing key antenna parameters — such as return loss, peak
gain, and radiation efficiency — while also ensuring energy effi-
ciency and network longevity. Traditional optimization methods,
such as LEACH-C, often fail to balance these factors, leading to
suboptimal performance.

To solve this problem, the researchers developed the Gen-
eralized Position-based Optimization Neural Network (GPON)
for UWB antenna optimization. They also evaluated the Posi-
tion-based Hybrid Neural Network (PAN) method, comparing
its performance with existing algorithms including LEACH-C,
Firefly Algorithm (FA), HFAPSO, FA-ANN, and HWOABCA.
The GPON model reduced return loss to 25.5 dB at 3.5 GHz and
improved peak gain to 4.2 dB i, while maintaining 92 % radiation
efficiency. In contrast, PAN demonstrated a 15-25 % improve-
ment in residual energy and extended network lifetime by 20 %
compared to LEACH-C.

These improvements were due to the integration of advanced
neural network techniques in GPON and the effective use of
positional data in PAN, enabling more precise and adaptive op-
timization. The ability to balance multiple performance metrics
simultaneously — a challenge previous models struggled with — is
a key feature. This balance is crucial for UWB antennas in com-
munication systems where both performance and energy effi-
ciency are vital. The findings are especially relevant for practical
applications in wireless sensor networks, mobile communications,
and radar systems, requiring long-term network reliability and
optimal antenna performance.

Keywords: ultra-wideband, antenna optimization, GPON,
energy efficiency, network longevity, neural networks.
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MIMO (Multiple Input Multiple Output) makes a major con-
tribution to 5G communication systems by increasing network
capacity and spectrum efficiency. In 5G, MIMO enables the use
of multiple antennas at base stations and user devices, allowing
simultaneous sending and receiving of data over multiple paths.
This significantly increases data throughput and connection
reliability, especially in environments with high user density.
In addition, MIMO technology supports the implementation
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of beamforming, which focuses signals on a specific direction,
reduces interference, and improves signal coverage and quality,
making it one of the keys to achieving faster and more respon-
sive 5G performance. Therefore, antennas with wide bandwidth,
high gain and MIMO performance are crucial for supporting 5G
communication systems. This paper proposes a high-performance
MIMO microstrip antenna based on a series planar array with
8x2 elements operating at a resonant frequency of 3.5 GHz for
5G communication systems. A spiral stub and a feed inset are
proposed to control the reflection coefficient and bandwidth of
the antenna while the series planar array is proposed to increase
the gain. To support the MIMO communication system, the
proposed antenna is separated into two different ports with a
certain distance. From the measurement results, the proposed
antenna has high performance indicated by a wide bandwidth of
680 MHz (3-3.68 GHz) and a high gain of 17.8 dB at a resonant
frequency of 3.5 GHz. In addition, the proposed antenna has high
mutual coupling and diversity indicated by ECC and DG of 0.001
and 9.99 dB, respectively. This work provides a solution to design
a high-performance microstrip antenna and can be implemented
as a receiving antenna for 5G communication systems.

Keywords: microstrip antenna, high gain, MIMO system,
planar array, 5G system.
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This research investigates distributed acoustic sensors (DAS)
based on fiber optic technologies, focusing on the impact of pres-
sure on signal-to-noise ratio (SNR), noise levels, and dominant
frequency shifts. DAS systems are widely used for infrastruc-
ture monitoring due to their ability to capture acoustic signals
over long distances, making them ideal for seismic and pipeline
monitoring.

The study examines how fluctuating pressure affects DAS
performance, particularly signal quality and noise reduction. In
applications like pipeline leak detection and seismic monitor-
ing, pressure changes can degrade signal clarity and complicate
anomaly detection. Understanding this relationship is key to
optimizing DAS performance and improving system efficiency.

The experiment varied pressure from 0.1 atm to 5 atm, show-
ing that increased pressure raised SNR from 10 dB to 48 dB,
reduced noise from 10 dB to 7 dB, and shifted the dominant fre-
quency from 0.5 Hz to 3 Hz. Fourier analysis provided insights in-
to these frequency spectrum changes. Higher pressure compresses
the medium, enhancing signal isolation and improving SNR while
reducing noise. The frequency shift results from changes in acous-
tic wave propagation speed under higher pressure, highlighting its
role in signal processing.

The key finding is that higher pressure significantly im-
proves signal quality and reduces noise, enhancing DAS perfor-
mance. The frequency shift improves environmental detection
capabilities. These results are valuable for DAS applications in
environments with pressure variations, like pipeline monitoring,

where high signal quality is crucial. Improved signal fidelity and
frequency shifts make DAS systems more reliable for long-term
monitoring and contribute to accurate anomaly detection.

Keywords: fiber optic technologies, distributed acoustic sen-
sors, seismic monitoring, infrastructure monitoring.
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The object of the study is the conceptual prototype of a mi-
croprocessor resource-saving relay protection system. Currently,
relay protection ensures electrical networks reliable and efficient
work, however, the traditional architecture is proprietary, not
allowing to fix and replace damaged parts without a company
specialist. Therefore, the open-architecture relay protection is
a very pressing issue, but the problem lies in meeting the relay
protection requirements. The data transmission protocols nRF
and ESP-NOW, Hall sensors evaluation for AC current mea-
surement determination and sensor accuracy improvement was
implemented. Experimental validation demonstrated that nRF
and ESP-NOW protocols meet the delay and reliability require-
ments, however, the nRF protocol is more suitable due to its
flexibility and obstacle penetration. The data demonstrated that
the most effective conditions are without obstacles at 15 meters
from the modem and with obstacles 5 meters from the modem.
The experiment of Hall sensors characteristics determination
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demonstrated the accuracy of current measurement with the set
values of the opening and closing currents. Nevertheless, it is not
accurate (12.45 %) for the relay protection application. Therefore,
the application of the changing values of the opening and closing
currents is more effective and accuracy reaches 6.92 %. As a result,
the service life of the Hall sensor was determined, and even after
10 million openings, the open state time remained unchanged.
Therefore, the approximation function for current amplitude
determination depending on open state time was found. On the
other hand, Hall sensors may suffer from temperature drift and
require further optimization to be fully reliable. The study limita-
tion is the current range from 0 to 800 A.

Keywords: relay protection, reed switch, Hall sensor, mag-
netic field, open architecture.
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This paper considers the heat conduction process for an isotropic
medium containing a foreign half-through inclusion and heated by
a locally concentrated heat flow. Linear and non-linear mathemati-
cal models for determining the temperature field have been built
to establish the temperature regimes for the effective operation
of electronic devices. The coefficient of thermal conductivity of a
non-uniform structure is represented as a whole, using asymmetric
unit functions, which automatically provides the conditions of ideal
thermal contact on the surfaces of materials. This results in solv-
ing one heat conduction equation with discontinuous and singular
coefficients. A linearizing function was introduced to linearize the
nonlinear boundary value problem. Analytical-numerical solutions
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of linear and nonlinear boundary-value problems have been obtained
in a closed form. A linear temperature dependence of the coefficient
of thermal conductivity of structural materials was chosen for a
heat-sensitive medium. As a result, an analytical-numerical solution
was derived, which determines the temperature distribution in this
medium. On this basis, a numerical experiment was performed, the
results of which are graphically displayed and confirm the adequacy
of the constructed mathematical models to a real physical process.

The materials of the plate and inclusion are silicon and silver.
The results for these materials based on the linear and non-linear
model differ by 7 %. Their slight difference is explained by the fact
that the values of the temperature coefficient of thermal conductiv-
ity are small. The models built make it possible to analyze the given
environments in terms of their thermal resistance. As a result, it
becomes possible to improve it, and protect structures from over-
heating, which could lead to the failure of individual nodes and their
elements and the entire electronic device.

Keywords: thermal resistance of the structure, foreign half-
through inclusion, ideal thermal contact, convective heat exchange.
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The object of this study is the theoretical and methodological
approaches to determining the coefficient of moisture conduc-
tivity of subgrade soils. The work focuses on considering the
European approaches and standards when devising a method for
determining the coefficient of moisture conductivity of soils.

In the course of the research, a method was developed for
determining the coefficient of moisture conductivity of soils Kj,
which characterizes the diffusion movement of water, through the
filtration coefficient Ky, calculated in accordance with European
requirements based on laboratory test data.

The proposed method is based on a mathematical model built
on the basis of the differential equation of changes in soil mois-
ture. The model is special in that, unlike existing ones, the move-
ment of water was modeled from the bottom up, which reflects
the process of moisture accumulation in the lower layers of the
subgrade from groundwater or topwater.

A good agreement of the mathematical model with the data
by other authors was obtained (the relative error did not ex-
ceed 12.98 %).

A direct relationship between the moisture conductivity
coefficient of soils Ky and their initial moisture content Wj and
an inverse relationship between K and the total moisture capac-
ity of soils Wgy were established in the paper. Dependences were
derived in the range of changes in initial soil moisture Wy from
0.08 to 0.15 and Wy from 0.15 to 0.5. It was found that the val-
ues of the moisture conductivity coefficient of soils Kj increase
from 4.64-10° to 3.81-10° m2/h with an increase in their initial
moisture content and with a decrease in total moisture capacity.

From the point of view of engineering practice of road
construction, the proposed method makes it possible to predict
seasonal changes in soil moisture in the subgrade, to determine
the strength of the road structure. This makes it possible to make
sound design decisions on the installation of drainage systems on
roads in order to extend their service life.

Keywords: soil moisture, coefficient of soil moisture conduc-
tivity, subgrade, road structure.
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The object of this study is jet water and gas ejectors in the fire
safety system of ships. The problem solved relates to the fact that in
the event of a fire in the area of the exit from the ship’s emergency
room, the heat energy increases dangerously and a large amount of
smoke spreads throughout the ship’s rooms. These factors require
immediate sealing of the emergency room, which limits the immedi-
ate access of emergency teams to the room. Installation of a local
excess air pressure system in the emergency hatch on the basis of
jet water and gas ejectors could make it possible to shield thermal
energy and localize smoke gases in the emergency room without
sealing it to ensure prompt access of emergency teams to it. The fol-
lowing results were achieved — the adequacy of theoretical studies
of the processes of localization of flue gases in the emergency room
without its sealing was confirmed by the experimental method. The
investigated problem was solved by optimizing processes: the rate
of change in the natural indicator of the weakening of environment
during the start-up of the local excess air pressure system in the
emergency hatch based on jet water and gas ejectors; the effective-
ness of reducing the temperature of heated gases in the superstruc-
ture during the operation of the excess air pressure system in the
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emergency hatch based on jet water-gas ejectors. Special feature
of the results was the formation of an air curtain obtained by the
selection of a part of high-temperature flue gases in the housings
of jet water-gas ejectors, their heat-mass exchange processing and
output back into the flow. This created conditions under which
thermal energy is shielded with an efficiency of 85-88 %. The scope
and conditions of practical use of the results are shipbuilding and
ship fire safety design.

Keywords: water-gas jet ejector, emergency hatch, natural

attenuation index, thermal energy.
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OIITUMI3ALIA COHAYHOI'O ENEMEHTA HA OCHOBI TEJIYPUAY KAIMIIO HIJIAXOM BHECEHH
IIOTJIMHAIOYOTO HIAPY CdSeTe (MOAENIOBAHHS TETEPOCTPYKTYPH) (c. 6-12)

I. A. Inpuyk, 1. B.CemkiB, M. C. KapkyiboBcbka, B. M. Bamuncekuii, M. B. CozosiioB

CoHsuHi eJIeMeHTH HAa OCHOBI TeJyPUIY KaJMII0 € OJIHUMH 13 HAUTTONIMPEHIIUX TIPUCTPOIB 71T OTOETEKTPUIHUX 3acTocyBanb. Of-
Hak eheKTUBHICTD [ePeTBOPEHHS eHeprii 11X eJeMeHTIB 3aJIUIIAETHCS HeJIOCTATHBO BUCOKOI0. BUKOPHCTOBYIOUM ITpOrpaMie cepeoBHiie
SCAPS npoBeseHo A0CHiKEHHS Ta ONTHMI3AIli0 KIACUYHOIO TOHKOIIIBKOBOTO cCOHAYHOTO ejemenTa Ha octoBi CdTe. CTpyKTypa 1boTO
enemMenTa ckaaganacs 3 I['TO B gaKocTi IPO30POro MpoBiAHOTO KOHTAKTY, mapy cyabdiny kaamio (CdS) i mapy norimHaya Teaypumy Kaji-
mito (CdTe) 3 meraseBuM KoHTaKTOM. [[JIsi ONITUMI3AIT TaKOT KOHCTPYKIIT 3 TOUKK 30py e(HEeKTUBHOCTI MepeTBOPEHHS MOTYKHOCTI, PO3-
[JISHYTO BILIMB TOBIIMHU Ta KOHIEHTPallii Z0MIIIOK akienTopis B noriaunaodomy mapi CdTe, a Takok BIJIMB TOBUIMHU Ta KOHIIEHTPALil
JoMilok gouopis B 6ydepromy CdS mapi. Beranosieno, mo orumaibhi Topmmnu s 6ydeproro mapy CdS ta normmnaodoro CdTe
rapis BigmosigHo ctanoBssiTh 50 HM Ta 3000 HM. STk o/11H i3 BapiaHTiB onTHMI3alii 1711 TOKparieHHs e(heKTUBHOCTI IPUCTPOIO 3aTPOIIOHO-
Bano Beectu gozaTkoBuii map CdSeTe mix mapamu CdS ta CdTe. [IpoanasiizoBano ocHoBHI (hOTOBOIBTAIYHI TapaMeTPH TAKOTO COHSIYHOTO
esieMeHTy B 3atesxHocTi Bin ToBuman mapy CdSeTe Ta BmicTy B HhOMY cesieHy. IIpo/ieMOHCTPOBAHO, MO MOAaBAHHS TBEPIOTO PO3UMHY
CdSeTe B map noraunaua CdTe Tosmunoo 1500 M migBuilye eGeKTHBHICTh COHIYHOTO eneMenTa Ha 6,84 %. [IpoBeneHo MOPiBHSHHS
ocHOBHMX (hoToBOsbTaiuHKMX XapakrepucTuk consunux enementis CdS/CdTe ta CdS/CdSeTe/CdTe. OtpumMani pesysbraTu MOKasaiu,
mo 3mozenboBata ctpykrypa CdS/CdSeTe/CdTe 3abesneuye kpamty ehekTuBHicTh (hoToneperBopeHHs y cBitaoBomy crekrpi AM1.5G
B nopisustuHi 3 kiaacuuroo CdS/CdTe crpykrypoio. Taki eeMeHTH MOXKYTh BUKOPUCTOBYBATHCS st (POPMYBaHHS BUCOKOE(DEKTHBHUX
COHSTYHUX MaHesel.

Kmouogi cioBa: corstunuii enement, SCAPS, ToHKi TU1iBKY, T€TEPOCTPYKTYPH, TETYPH/L KAAMIIO, XaTbKOTEHI KaMiTo0.
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OIIHKA MOTEHIIIIHOI TOYHOCTI MAJIOTABAPUTHOI'O TOHIOMETPA I3 PO3IIIUPEHUM
JUHAMIYHUM OIAITASOHOM HA OCHOBI ATEPHOI'O MATHITHOI'O PEBOHAHCY (c. 13-25)

C. B. IanoB

Jloc/IipKeHHS IPUCBSYEHO OIIHIN TTOTEHIIIHHIX TOYHICHIUX XapaKTePUCTHK MaJoraGapuTHOTO FOHIOMETpa Ha OCHOBI sIIEPHOIO MarHiT-
HOTO PE30HAHCY 3 PO3MIUPEHNM IMHAMIYHIM Jiana3oHoM. 1le moTpeGyBaso OTpuMaHHs MOJENi TIOXHOOK TOHIOMETPA, OI[IHKH HOTO TOYHOCTI
Ha OCHOBI 1i€i Mojiesti Ta (OpMYJTIOBAHHS IPAKTHYHNUX PEKOMEH/AIIIN 3 PO3POOKH TaKOTO MPUJIaLy Ha OCHOBI BUKOHAHOI OI[IHKHM TOYHOCTI.

JList IPOBeE/IEHHS OIIHKY TOYHOCTI SIIEPHOTO TOHIOMETPA PO3POOJIEHO TEOPETHYHY MOJIENb, SIKA I03BOJISIE BUSHAYNTH ONTHMAIbHI POGOUi
rapaMeTpu ra3oBoi CyMillli KOMipKH, [ialla30HU X JOMYCTUMUX 3MiH, Uy TJIUBICTh TOHIOMETPA, 3aJIe3KHICTh IOr0 XapaKTePUCTUK BiJl B0BHIIIHIX
i BHyTpilHiX (akTopiB. 30KkpeMa, BU3HAYEHO 3AJIEKHICTh BUXIHOTO CUTHAJY TIPUJIALY Bijl TTapaMeTpPiB Ta30BOi CYMIllli, ONITUYHOT HAKAYKH.
Jl1s1 roniomerpa 3 KOMipKoio 06’eMoM 8 cM? onTuMamibHa Temmepatypa ckaazac 130 °C, onTHMaibHA iHTEHCHBHICTH BUIPOMIHIOBAHHS Ha-
Kauku 5 MBT.

Takosk BU3HAYEHO 3AJEKHICTh BUXIIHOTO CUTHAIY BiJl BUMIPIOBAHOIO KyTa MOBOPOTY, MIPOAHAII30BAHO IITyMH Ta 3aJI€KHICTD TTOXUOKIM
NPy 3a DOMYCTUMUMU 3HAYEHHSAMU Horo mapamerpiB. Ha ocHOBI po3po6iieHoi Mojiesi BUSHAYEHO TapaMeTpH TOHIOMETpa 3 KOMIPKO0
06’emoM 8 cM3; rpaHUYHA KyTOBA YyTJIUBICTH TAKOrO FOHIOMETPA TIPU MOBHOMY TPU/YIIEHH] TEXHIYHUX IIYMIiB CKIANAE 3Qy,=1.0 KyT.ceK.
HaiiGinbuimii Bkiaz B HOXHOKY BUMIpIOBaHHS KyTa BHOCUTH HecTabiibHiCTh moTyskHOCT] Hakauku I, (AL,/I,=0,05) — 85 %; MaruiTHOro 1osst
By (ABy/By=10"8) — 13 %, remueparypu T (AT/T=0,1) — 2 %.

PosrsinyTuii ToHioMeTp BiZINIOBIIA€ CEPEAHBOMY KJIACy TOUHOCTI, 8@ >10 KyT.cek. Bin Moske 3HaiiTH 3aCTOCYBAaHHS B ONTHYHOMY BU-
POGHMIITBI /s ONEPATHBHOTO KOHTPOJIIO, aTecTallii Ta macrnopTusanii ontuaHuX BUpoOiB. [/ MoJiNieHHs KyToBOi TOYHOCTI TOHioMeTpa
HOTPIOHO TABUIYBATH CTAGLIbHICTD IHTEHCUBHOCTI J1Ja3ePHOTO HaKauyBaHHSI.

KmouoBi cioBa: roniomerp, s/ilepHIil MarHiTHUI pe30HaHC, ra30Ba KOMipKa, OIITHYHe HaKadyyBaHHd, KoTyiika [exsmroubiia, Jlapmoposa
4acToTa.
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PO3POBKA METO/IIB MOHITOPHHTY TA OITUMIBAII MIIBEMHUX JPEHAKHUX CUCTEM 3
BUKOPUCTAHHSM BE3/IPOTOBUX CEHCOPHUX MEPEJK TA YJIbTPAIINPOKOCMYTOBUX AHTEH
(c. 26-36)

Kabi Yelikbay, Pramod Kumar, Ruslan Kassym, Tansaule Serikov, Maxsat Orunbekov, Ainur Turdy, Marzhan Temirbekova,
Arai Tolegenova, Akmaral Tlenshieva, Makbal Kassymova

Ie mocmimkenns 3ocepeizkeHo Ha onrTuMizaitii yasrpammporocmyroBux (YIIC) anTeH, siki € KpUTHUHO BaKJIUBUMU B CYYaCHUX CUCTE-
Max 3B’sI13Ky 3aB/ISIKH iX MUPOKoMY jianazony yactot (3,1-10,6 I'Tir) i BucokuM MOKIMBOCTSIM Tiepeiavi JaHuX. Y TOCiPKEHH] PO3TISIIAETh-



cs1 pobieMa ONTUMI3all] KJIIOYOBUX MapaMeTpiB aHTeHU, TAKUX sIK 3BOPOTHI BTPATH, IIKOBE TIOCUJIEHHS Ta e)eKTUBHICTh BUIIPOMIHIOBaHHS,
a Takosk 3abesredeHs eneproeeKTHBHOCTI Ta IOBroBigHOCTI Mepexki. Tpaauiiiini metoau onrtumisartii, aki sk LEACH-C, yacto He B 3M03i
36aaHcyBaTH 11 (haKTOPH, MO TPU3BOAUTD 10 HEOTTUMATBHOI TPOLYKTUBHOCTI.

[I[o6 BupimuTy 1o mpobiemy, 6yio pospobieno neiipomepexy Generalized Position-based Optimization Neural Network (GPON)
st ontumizarii YIIC anrenn. 3aificHero ominKy MeTony TiOpuaHOi HeiipoHHOI Mepeski Ha octosi mozunii (ITHM), nopisusBmmM fforo
MPOAYKTUBHICTD 3 icHylounMu asropurMamu, Brmodaioun LEACH-C, anroputm Firefly, HFAPSO, FA-ANN i HWOABCA. Mogeas GPON
3MeHInIIa 3BOPoTHI BTpaTu 10 25,5 nb Ha 3,5 I'Ti i mokparnuia mikose nocusienns 1o 4,2 1b i, 36epiraioun eeKTUBHICTH BUIIPOMIHIOBaHHS
Ha 92 %. Hamaku, PAN mpoeMOHCTpPYBaB TIOKPAIEHHS 3aJIHITKOBOI eHeprii Ha 15—25 % i MOoM0BKIB TepMiH cay:k6u Mepeski Ha 20 % mo-
piBistio 3 LEACH-C.

I1i BrocKOHAIEHHST BiOYIUCs 3aBIAKHI iHTErpaiii nepegoBux MeToiB Heiipornoi Mepexki B GPON i eheKTHBHOMY BUKOPHCTAHHIO O3H-
wiitnnx garux y ITHM, mo 3a6esnedye GiibIn TOUHY Ta aaliTUBHY ONTUMI3aIlio. 3AaTHiCTh 30aJaHcyBaTH JAeKiIbKa TIOKa3HUKIB POLYKTHB-
HOCTi OTHOYACHO — TIe TPO6IeMa, 3 IKOI0 6OPOITHICS TIOTEPEIH] MOIEN — € KII040Boto ocobmusicTio. Lleit Gamanc Mae BUpilIaIbHe 3HAYEHHS
st YIIC anTeH y cucteMax 3B's13KY, Jie TIPOAYKTHBHICTD Ta eHeproeheKTUBHICTD € JKUTTEBO BaKJIMBUMU. BUCHOBKH 0COOJIMBO aKTyasIbHi 1J1st
MPaKTHYHIX 3aCTOCYBaHb Y 6€3[POTOBUX CEHCOPHUX Mepekax, MOOLIbHOMY 3B'SI3Ky Ta paflapHUX CHCTEMAX, 1[0 BUMAraioTh JOBTOCTPOKOBOI
HAIITHOCTI MepesKi Ta ONTUMAJILHOI TPOYKTUBHOCTI aHTEHN.

KmouoBi cioBa: yibTpamupokuii riamazon, onrtuMizaiis antern, GPON, eneproedekTHBHICTD, IOBTOBIYHICTb MEPEXKi, HEIPOHHI MEPEKi.
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MO/IEJIb PO3POBKU BUCOKOE®EKTUBHOI MIKPOCMYKKOBOI AHTEHU MIMO HA OCHOBI
MJIOCKOI MOCJIIOBHOI PENIITKU 3 842 EJIEMEHTAMM JIJII CUCTEM 3B’SI3KY 5G (c. 37-49)

Syah Alam, Indra Surjati, Lydia Sari, Yuli Kurnia Ningsih, Suryadi, Teguh Firmansyah, Zahriladha Zakaria

Texnouoris MIMO (Multiple Input Multiple Output) saiiicHioe 3HauHuii BHECOK y PO3BUTOK crcTeM 3B's13Ky 5G 31 36iablIeHHAM
MPOIYCKHOI 3[aTHOCTI Mepeski Ta e(heKTUBHOCTI BUKOpUCTaHHS ciiekTpy. Y cucremax 5G rexuosioris MIMO no3BoJisie BAKOPUCTOBYBa-
TH KiJIbKa aHTeH Ha 6a30BUX CTAHIAX 1 IPUCTPOSIX KOPUCTYBaUiB, 3a6e3MMeuyiour OHOYACHY BiIIIPABKY Ta IPUITOM JaHUX MO TEKLIBKOX
kananax. Ile 103BoJIsIe 3HAYHO TiABUIUTH TIPONYCKHY 3AaTHICTD i HaAiiiHicTh 3’€iHanHs1, 0COOJNUBO Y CePEAOBUINAX 3 BUCOKOIO IiJIb-
HicTIo KopucTyBauiB. Kpim Toro, texuosoris MIMO migrpumye peasizaiio TeXHOJOTiT (GOpMyBaHHS AiarpamMy CHPSIMOBAHOCTI, sTKa
(oxycye curHa B IEBHOMY HAIPSMKY, 3HIDKYE MEPENIKOAM i TOKPAILYE TIOKPUTTS Ta SIKICTh CUTHAIY, 10 POOUTD 11 OMHIM 3 KIF0Y0-
BUX (hakTOpPiB /IS MiBUIIEHHS MBUIKO/II Ta BiAryKy cucteM 5G. TakuM 4MHOM, aHTEHU 3 IMHUPOKOIO CMYTOIO TIPOTTYCKAHHS, BUCOKUM
koedirientoM nocunents Ta epexrusHictio MIMO MaoTh BUpilaibHe 3HaUeHHs ISt T ATPUMKHN cucteM 3B’a3Ky 5G. Y maniii po6ori
MPOTIOHYETLCS BUCOKOeheKTUBHA MiKpocMy»kkoBa anTena MIMO Ha ocHOBI MOCJTiIOBHOT TIIOCKOI PEITiTKN 3 8X2 eeMeHTaMHU, 10 TTpa-
o€ Ha pesoHaHcHiil yacrori 3,5 I'Tix suis cucrem 38’s13ky 5G. [l pery/oBanis Koedimienra BigGUTTS Ta CMYTH MPOITYCKAHHs aHTeHN
MPOIIOHYETHCSA BUKOPUCTOBYBATH CIipaJbHuil muteid i ¢igepry BcTaBKy, a as 36ijabiienis koedilienra MOCHAEHHS — MOCTITOBHY
mrocky pemnitky. Jlis migrpumkn cuctemu 3B’s13ky MIMO 3ampornonoBana anTena po3jijiena Ha Ba pi3HUX MOPTH Ha TEeBHiil BijicTawHi.
Buxozstan 3 pe3y ibraTiB BUMipIOBaHb, 3alIPOTIOHOBAHA aHTEHA MAE BUCOKY e(eKTHBHICT, PO IO CBI[YNUTH MUPOKA CMYTa ITPOILYCKAHHS
680 MTI (3—-3, 68 I'Tir) Ta Bucokuii koedirient nocusnennst 17,8 1b 3a pesonancuoi yacroru 3,5 I'T. Kpim Toro, 3arpornonoBana anteHa
Ma€ BUCOKUI B3a€MHMUIT 3B’I30K i po3Hecens, po 1o cBiguats 3navennus ECC i DG, axki cranosaats 0,001 1 9,99 nb Bignosimmo. /lana
poboTa TPeICTaBIISE PIllEHHs [IJisl TPOEKTYBAHHS BUCOKOE(hEKTUBHOI MiKPOCMYKKOBOT aHTEHH, 10 MOKe OyTH peanizoBaHa B SIKOCTI
MpUIMaIbHOT aHTEHU JIJIst cucTeM 3B’s13Ky 5G.

KnrouoBi cioBa: MiKpOCMYy’KKOBa aHTEHA, BUCOKMIT KoedillieHT mocuaenHs:, cucteMma MIMO, mtocka anTeHHa pernritka, cucrema 5G.
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OIITUMIBAIIIA PO3NOALIEHUX AKYCTUYHUX JATUYHMKIB HA OCHOBI BOJIOKOHHO-OIITUYHUX
TEXHOJIOTIIA (c. 50-59)

Askar Abdykadyrov, Nurzhigit Smailov, Akezhan Sabibolda, Gulzhaina Tolen*, Zhandos Dosbayev, Zhomart Ualiyev, Rashida Kadyrova

Ile nocmimxenus nocaimkye podnopiseni akycruani natranku (PA/]), 3acHoBani Ha BOJIOKOHHO-ONITUYHUX TEXHOJIOTISX, 30CEPEKYIOUNChH
Ha BIUIMBI TUCKY Ha Binomenus curHasn/mrym (BCII), piBui mymy Ta nominyioui 3pymenss yactotu. Cuctemu PA/l mmpoko BUKOpHCTO-
BYIOThCS JIJIsI MOHITOPUHTY 1H(PACTPYKTYpH 3aBIsIKK CBOII 31aTHOCTI (hiKcyBaTH aKyCTUYHI CUTHAIU Ha BEJMKHUX BIZCTAHSIX, 110 POOUTD iX
ieaIbHUMU IS CeiCMIYHOTO MOHITOPUHTY Ta MOHITOPUHTY TPYOOIPOBOIB.

Jlocmimkennst BUBYAE, sIK KOJUBAHHS TUCKY BIUIMBAE HA MPOAYKTUBHICTH PA/l, 30kpemMa Ha SKiCTh CUTHAJIY Ta 3MEHINEHHS HIymy. Y
TaKKX TPOTpaMax, SIK BUSABJIEHHS BUTOKIB y TPYOOIPOBO/I Ta ceiicMiuHMii MOHITOPUHT, 3MIHM TUCKY MOKYTH TIOTIPHINTH YiTKICTh CHTHALY
Ta YCKJIAMHUTH BUSBJIEHHST aHOMaTiil. PO3yMiHHS 1IbOTO 3B’I3KY € KJIIOYOBUM JIJIs1 OTTUMi3aitii mpoaykruuocti PA/] i migBuinienns edbekTus-
HOCTIi cucTeMu.

Ekcrniepument 3minoBas tuck Big 0,1 at™ 110 5 aT™, okasdyiouw, mo migsuiierss tucky migsuuiuno BCII 3 10 1b no 48 ab, 3menmmio
urym 3 10 16 o 7 b i spymuno gominyrouy yacrory 3 0,5 It 1o 3 T, Anasniz Dyp’e 1aB 3po3yMiTH 11 3MiHU YaCTOTHOTO CrieKTPy. Biibii
BUCOKUI TUCK CTUCKAE CePeIOBUIIE, TIOKPAIIYIOUH i30JIs11i10 curuany ta mokpairyioun BCIII, ogrouacHo aMeHInyoun nryM. 3cyB YaCTOTH €
PE3yJILTaTOM 3MiHU IIBUKOCTI MOIUPEHH aKyCTUYHOT XBUJI TTi/{ BUCOKUM THCKOM, TIAKPECTIOI0UN HOro posib B 06po0ili curHaiy.

KiiouoBuit BUCHOBOK MOJIATAE B TOMY, 1[0 BUIHE THCK 3HAYHO TTOKPAILYE SKICTh CUTHAIY Ta 3MEHINYE MIYM, TOKPAILYIOUU MTPOAYKTUB-
nicts PA/I. 3cyB yacToTu MoKpaniye MOKJINBOCTI BUSBJIEHHS HABKOJUIIHLOTO cepenopuiia. L1i pesynabsratu € ninaumu 1y goxatkis PA/L y


Lenovo
Rectangle


CepeoBUIIAX i3 KOTUBAHHSIMU THCKY, SIK-OT MOHITOPHHT TPYGOIPOBO/IIB, [Ie BUCOKA SIKICTh CUTHAIY Ma€ BUpinIanbHe 3HaueHHs. [lokpariena
TOYHICTH CHTHAY Ta 3PYIIEHHs 9acTOTH poOsATh cucteMu PAJL Gibln HaMiHHIME [UIs1 TPUBAJIOTO MOHITOPUHTY Ta CIIPUAIOTH TOYHOMY BHU-
ABJIEHHIO aHOMaJIiil.

KimouoBi cioBa: BOJIOKOHHO-ONTUYHI TEXHOJOTi1, PO3MOAieHi aKyCTHYHI JATYNKH, CEHCMITYHIIT MOHITOPUHT, MOHITOPUHT iH(dpa-

CTPYKTYPH.
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BU3HAYEHHS XAPAKTEPUCTUK KOHIEIITY AJTbHOTO IMTPOTOTUNY MIKPOITPOIIECOPHOT
PECYPCO3BEPITAIOUOi CUCTEMHU PEJEMHOTO 3AXUCTY (c. 60-69)

Alexandr Neftissov, Ilyas Kazambayev, Lalita Kirichenko, Dnislam Urazayev, Andrii Biloshchytskyi, Omirzak Abdirashev

OG’e€KTOM JIOCIIKEHHS € KOHIIENTYaJbHUI TPOTOTUII MIKPOIPOIIECOPHOI pecypcosdbepiraiouoi cucreMu peseiiHoro saxucty. B panunii
yac peJedHui 3axucT 3abe3rnedye HauiiiHy it eeKTUBHY PoOOTY eJeKTPOMEPEK, MpoTe TpaauiliiiHa apXiTeKTypa € 3anaTeHTOBAHOIO, 10
He JI03BOJISIE TIPOBOAUTH PEMOHT Ta 3aMiHy IONIKO/DKEHUX jetaineil 6e3 yuacti daxisis komnanii. Tomy peseiinuii 3aXuct i3 BiAKPUTOIO
apXiTEKTYPOIO € JOCUTh aKTyaJIbHUM MUTAHHSIM, TPOTE TPOGJIEMA TIOJISITA€ B IOTPHMAHHI BIUMOT JI0 PeleHOro 3axucty. [IpoBeneHo omiHKy
nporokoiiB nepemavi ganux nRF ta ESP-NOW, natunkiB XoJma it BUMipIOBaHHST BEJIMYUHU 3MiHHOTO CTPYMY I IMiZIBUIIEHHS TOYHOCTI
natyukiB. ExcriepuMenTasibHa repeBipka mokasana, mo nporokoian nRF ra ESP-NOW BizmnoBizaioTs BuUMoram 1o/io 3aTpUMKH Ta HaliltHOC-
i, ipoTe mpotokoa NRF € GiibIin miAXOASIMM 3aB/ISKN CBOIH THYYKOCTI Ta 3/[aTHOCTI MO0 aH s neperikox. OTpuMani aaHi MoKasasiu, 1o
Haii6ibI eheKTMBHUMU YMOBaMU € BIJICYTHICTD TepPeniKko/l Ha Bigcrani 15 MeTpiB BiJi MOJeMy Ta HasiBHICTb MEPEIIKo/l Ha BicTaHi 5 MeTpiB
Bizt MozieMy. ExcriepuMenT 3 BUSHAUEHHSI XapaKTePUCTUK AATYUKIB X0J11a MOKAa3aB TOUHICTh BUMIPIOBAHHS CTPYMY IIPU 3aaHUX 3HAYEHHSIX
CTPYMiB po3aMuKanHs it 3amukanust. Onnak Bin He € Tounnm (12,45 %) 1uist sacrocyBannst B pesieiinomy 3axucti. Toxk 3actocyBanHs 3MiHHIX
3HAYEHb CTPYMIB PO3MUKAHHS it 3AMUKAHHSI € GiIbIl eeKTHBHIM, a TOYHICTD Hocsitae 6,92 %. B pesysibrari 6yJ10 BIU3HAYEHO TEPMIH CIIYKOU
natyrka XoJia, i HaBiTh micsst 10 MibHOHIB po3aMuKaHb Yac nepeOyBaHHsl B PO3IMKHYTOMY CTaHi 3aUIIaBcs HeaMiHHUM. TakuM YnHoM, Oysia
3HaiiieHa anpokcuMyioda (HYHKILS AU BU3HAUYEHHS aMIUITY /I CTPYMY B 3aJIe5KHOCTI Bifl yacy 1epeOyBaHHs B PO3IMKHYTOMY CTaHi. 3 iHIIOro
60Ky, raT4nKu X0JIa MOKYTh CTPasKAATH Bijl TEMIIEpaTypHOro Apeiidy it BUMaraioTh moAajbIiiol onTuMisaiii /s 3abe3nederHst MOBHOI Ha-
miiiHocTi. OOMesKeHHIM JOCIIKeH S € [iarma3on ctpymy Bia 0 1o 800 A.

KmouoBi cioBa: peseiinuii 3aXuCT, FePKOH, aTYNK XO0JJIa, MATHITHE TI0JIe, BIIKPUTA apXiTeKTypa.
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PO3POBJIEHHSI MATEMATUYHUX MOJIEJIE TEILJIONTPOBIJIHOCTI JIJIsI EJJEMEHTIB IIPUCTPOIB 3
BKJIIOUEHHSIMU (c. 70-79)

B. L. T'aBpum, E. A. /I:xymens, O. /1. I'pumaii, C. I. Kavan, B. 0. Maiixep

Po3riisiHyTO HpOILIeC TEIVIONPOBIIHOCTI ISt i30TPOITHOTO CEPeIOBHUIIA, 110 MICTUTh 4y’KOpi/iHe HAIliBHACKPI3HE BKJIIOYEHHS], Ta HAPIBAETHCS
JIOKQIBHO 30CEPEUKEHUM TETTIOBUM MOTOKOM. JIJIsl BCTAHOBJIEHHSI TEMIIEPATYPHUX PEKUMIB eDEKTHBHOI POOOTH €JIEKTPOHHKX TIPUCTPOIB PO3PO-
6J1eHo JiiHiiiHy 1 HesiHiiHY MaTeMaTi4Hi Moie)Ti BUBHAYEHHST TeMIlepaTypHoro 11oJist. KoedilieHT TennonpoBigHocTi HeoAHOPIAHOT KOHCTPYKILT
MOJIAHO SIK 1[iJIe, 3 BAKOPHCTAHHIM ACUMETPIYHIX OMMHIUYHUX (DYHKIIIH, 1[0 aBTOMATHYHO 3a6e3Meuy€e YMOBH i/1eaIbHOTO TEIIOBOTO KOHTAK-
TY HA [OBEPXHSX CTUKY MaTepiauis. Ile mpuBoauTh 10 pO3B’sA3yBaHHsI OZAHOIO PiBHSIHHS TEILIONPOBIAHOCTI 3 PO3PUBHUMHU TA CHHTYJISIPHUMEI
koedimientamu. [[s mineapusaitii HemiHiiiHOI KpailoBOi 3a/1a4i 3aPOBAJKEHO JiiHeapu3yiouy (GYHKIMHI. Y 3aMKHYTOMY BUIJISIIi OTPUMAHO
AHAJITUYHO-YMCIOBI PO3B’A3KM JIiHIIHOT 1 HestiHiliHOT KpaiioBux 3a1ad. [[Jist TEPMOUYTIMBOIO cepe/loBUIa BUOPAHO JIHIHHY TeMIepaTypHy
3JIEKHICTD KoedillieHTa TEIIONPOBITHOCTI KOHCTPYKLIMHIX MaTepiasiB. ¥ pe3yJbraTi OTPUMAHO aHAJI THYHO-YMCIOBUIT PO3B'SI30K, SIKUIT BU3HA-
Yae PO3IIOILJI TeMIIepaTypHu y IIboMy cepeoBulii. Ha 11iii ocHOBI BUKOHAHO YMCJIOBUIT €KCIIEPUMEHT, Pe3yJIbraTh AIKOTo rpadiyHo BigoOpakeHi Ta
MHATBEP/IKYIOTH AIEKBATHICTD PO3POOJIEHNX MATEMATIYHIX MOJETIEN peabHOMY (hi3UUHOMY HPOIIECY.

MarepiaioM MJIaCTUHU Ta BKJIIOYEHHS BUCTYNAIOTh KPeMHiil Ta cpibao. OTpuMani pesysbrati s UX MarepiasiB 3a JiHiiiHOIO i He-
JIHITHOIO MOJIeJUIIO BiAPi3Hs0ThCst HAa 7 %. HesHauHa ixX BiIMIHHICTD TIOSICHIOETBCSI TUM, 1[0 3HAYEHHST TEMIIEPATYPHOTO KoehillieHTa TeIo-
MPOBiZHOCTI € HeBeanKUMU. Po3pobiieni Mo/iesi 1al0Th 3MOT'y aHaJli3yBaTH HaBeAeHl cepesoBUINa M0/0 iX TEPMOCTIKOCTI. YHACHINO0K, cTae
MOKJIMBUM i MiIBUIIMTH, & KOHCTPYKIi 3aXUCTUTHU Bijl [IeperpiBaHisi, sike MOJKe IIPUBECTH /[0 BUXO/LY 3 JIa/ly OKPEMUX BY3JIiB Ta iX eJleMeHTiB
i 1JI0TO €JIeKTPOHHOTO TIPUCTPOIO.

KmouoBi cioBa: TepMOCTiliKicTh KOHCTPYKIIii, UyKOPi/iHe HAIiBHACKPi3HE BKJIIOYEHHS, 1/1eaJIbHUIl TEeNJIOBUN KOHTAKT, KOHBEKTUBHUI
TEMIO0OMIH.
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PO3POBJIEHHSI METOZY BUBHAYEHHS KOE®IIIEHTA BOJIOTONPOBIIHOCTI IPYHTIB 3EMJISIHOTO
MMOJIOTHA 3 YPAXYBAHHSAM €BPOIENCBKUX ITIJIXO/IB I CTAHIAPTIB (c. 80-89)

A. B. By6euna, JI. I1. Bouaapenxo, €. I. Ksaranze, B. B. Crboskka, A. B. Isko
OG6’'e€KTOM JI0CTIIZKEHD € TEOPETUKO-METOANYHI THAX0AN 10 BU3HAUYEHHS Koe(illieHTa BOJOTOIPOBIIHOCTI IPYHTIB 3eMJISTHOTO TOJIOTHA.

OcnoBauil Gokyc poboTH CIIPSMOBaHUIT Ha BpaXyBaHHs €BPONEHCHKUX IAXO/IB i cTaHAApPTIB TP PO3POOICHHI METOLYy BUSHAUYEHHS Koedi-
11iEHTA BOJIOTOIIPOBI/THOCTI I'PYHTIB.




VY xoni mociazkeHb po3pobJeHo MeTojl BUsHaueHHs KoedilienTa BoJOTOnpoBiHocTi IpyHTiB Ky, 1m0 xapakrepusye audysiiinuii pyx
BOJIM, Yepes (inbrpatiitnuii koedirient Ky, pospaxoBaHuil BiIMOBIAHO 10 €BPONEHCHKIX BUMOT 32 IaHUMU JTaGOPaTOPHUX BUIIPOOYBaHb.

3anponoHoBaHuii MeTozi Ga3yeThesl HA MaTeMaTUYHIH MOjIesi, OTPUMaHiil Ha OCHOBI AMdEPEHIiaIbHOTO PIBHIHHA 3MiHK BOJOTOCTI B
rpyHTi. Moziesb 0cobJiBa THM, 110 HA BIIMIHY BiJl iCHYIOUHX, PYX BOIU MOJIETIOBABCST 3HU3Y BBEPX, 10 Bifl06paskae MpoIiec BOJOTOHAKOI-
YeHHsI B HIZKHIX IapaX 3eMJISTHOTO MOJIOTHA Bijl IPYHTOBUX BOJ 200 BEPXOBOJKH.

OTpuMaHO rapHe y3ro/ZKEHHS MaTeEMATHYHOI MOJIEJ 3 IAHMMI {HITMX aBTOPiB (BifHOCHA MOXMOKa He mepesuimia 12.98 %).

B po6ori oTpuMano npsamy 3ajiesKHiCTh Mixk KoedillieHToOM BoJIOronpoBiaHocTi IpyHTiB Ki i iX nmoyaTkoBoio BoJsoricTio Wy ta obepHeny
3aJIEKHICTD Misk K{ 1 TIOBHOIO BOJIOTOEMHICTIO IPYHTIB Wiip. 3aJe3KHOCTI OTPUMAHO B Jialma3oHi 3MiHU TOYaTKOBOI BoJiorocti rpyuty W Bin
0.08 110 0.15 Ta Wyp Bizx 0.15 10 0.5. Beranosiieno, 1o 3HadeHs KoedilienTa BoJOTonpoBiaHocTi rpyHTiB Ky 361abl1yioThes Bin 4,64 1106 10
3,81 -10 M2 /rox mpu 36iabIIEHH] IX TOYATKOBOI BOJIOTOCT Ta MPHU 3MEHIIeHHi TOBHOI BOJIOTOEMHOCTI.

3 TOYKH 30Dy iHKEHEPHOI TPAKTHKK TOPOKHBOTO OYLyBaHHSI, 3alIPOTIOHOBAHUIT METO/I IA€ MOKJIMBICTH TIPOTHO3YBATH CE30HH] 3MIHH BO-
JIOTOCTI TPYHTIB 3eMJISTHOTO MOJIOTHA, BUBHAYATH MIIHICTD JOPOKHBOT KOHCTPYKILi. Ile 103B0Jse npuiiMaTi 06rpyHTOBaHI IPOEKTHI PillleHHs
IO/IO BJIAIITYBAHHS JIPEHAKHIX CHCTEM Ha aBTOILISIXAX 331751 MO/IOBKEHHS CTPOKY IX €KCILTyaTyBaHHs.

KmouoBi cioBa: BOJIOTiCTh IPYHTY, KOEDII[i€EHT BOJIOTOIPOBIHOCTI TPYHTY, 3€MJISTHE TIOJIOTHO, TOPOKHS KOHCTPYKITis.
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BU3HAYEHHS POBOYNX XAPAKTEPUCTUK CUCTEMM ITIJITIOPY MOBITPS B ABAPIMHOMY JIIOKY
HA BA3I CTPYMHNHHUX BOJIOTA30BUX EKEKTOPIB (c. 90-99)

C. O. I'punuax

OG6’'e€KTOM IOCITIIKEHb € CTPYMUHHI BOAOTa30Bi €5KEKTOPU B cHCTeMi 3abe3Iieden s POTUIIOKEKHOI Oesnekn Kopabuis. [Tpobiema, 1o
BUpiIIyBasacs, — IIPU TOXKEXKI B paifoHi BUXO/y 3 aBapiiiHOro mpuMillieHHs cy/iHa HeGe3IIeuHo MiABUIILYETHCA TEII0BA €HEPrist 1 BeJuKa Kijlb-
KIiCTh JINMY MOMUPIOETHCS 110 MPUMIIIeHHaX cyana. [[i YMHHrKn BUMaraioTh HeraifHol repMeTusanii aBapiiiHoro npuMilieHus, o o6MexKye
onepaTUBHUIL JOCTYI aBapiliHUX KOMaH/ B IPUMIlIEHHs. BeTaHoBIEHHSA CHCTEMH MICIIEBOTO MANOPY MOBITPS B aBapiiHOMY JIIOKY Ha (asi
CTPYMUHHUX BOAOTa30BUX €KEKTOPIB J03BOJKUTH €KPaHyBaTH TEIJIOBY €HEprilo i JoKaiisyBaTu ANMOBI rasu B aBapiiinoMy npuminienti 6e3
iforo repmeTusaltii /s 3a6e3neyeH s onepaTUBHOIO AOCTYIY aBapilHuX KOMaH/ A0 Hboro. JlocsriyTi HacTyIHI OCHOBHI pe3yJIkTaTi — Iiji-
TBEP/UKEHO eKCIIEPUMEHTAILHUM METOZIOM a/IeKBATHICTh TEOPETUYHUX JOCTI/PKEHD TIPOIIECiB JIOKAi3allii IUMOBHX Ta3iB B aBapiliHOMY IpH-
Mintenni 6e3 fioro repmerusarii. locaikysana npobaema GyJsia BUpilieHa IUIsIXoOM ONTHUMI3allii MPoIeciB: MBUAKOCTI 3MiHM HATYPaIbHOTO
MoKazHKKa MocaabjaeH s cepeloBUINa TIijl Yac 3allycKy MiCIleBOI CUCTeMU MiAOPY MOBITPst B aBapiiiHoMy JIIOKY Ha (6asi cTpPyMUHHUX BOJO-
ra3oBUX €KEKTOPiB; e(heKTUBHOCTI 3HUKEHHS TeMIIepaTypy HarpiThX rasis B HazOyA0Bi pu poOOTI cHCTEME MAIOPY HOBITPs B aBapiiioMy
JIOKY Ha 6asi cTPyMUHHKX BOJOTA30BUX €KeKTOPiB. OcOOMUBICTIO OTPUMAHNX PE3YJIbTaTiB CTaio (GopMyBaHHs MOBITPAHOI 3aBiCH, OTPUMAHOT
MIJISIXOM BiZtGOPY YaCTUHU BHCOKOTEMITEPATYPHUX IMMOBHX Ta3iB y KOPITYCH CTPYMHUHHUX BOIOTa30BUX €KEKTOPIB, IX TEIIOMACOOOMIHHOT 06-
POOKM Ta BUBOMLY Ha3a/l y TOTIK. [e cTBOPUIIO yMOBH, IPH SIKMX €KPAHyBaHHSI TETIIOBOI eHepril BinOyBaeThest 3 edekrnsHicTio 85-88 %. Cdhe-
pa Ta YMOBH TIPAKTUYHOTO BUKOPUCTAHHST OTPUMAaH| PE3YJIBTaTiB — CyIHOOYIYBAHHS Ta IIPOEKTYBAHHS POTUTIOKEKHOI CYTHOBOI GE3MeEKH.

KiiouoBi cioBa: Bajora3oBuii CTpPyMUHHUNA €KEKTOP, aBapiiiHuii JIOK, HaTypaJbHUIl MOKa3HUK TOCIabIeHHs] CepeioBUINa, TEIIoBa
eHepris.
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MIMO (Multiple Input Multiple
Output) makes a major contribution to
5G communication systems by increasing
network capacity and spectrum efficien-
cy. In 5G, MIMO enables the use of mul-
tiple antennas at base stations and user
devices, allowing simultaneous sending
and receiving of data over multiple paths.
This significantly increases data through-
put and connection reliability, especial-
ly in environments with high user density.
In addition, MIMO technology supports
the implementation of beamforming, which
Jocuses signals on a specific direction,
reduces interference, and improves signal
coverage and quality, making it one of the
keys to achieving faster and more respon-
sive 5G performance. Therefore, anten-
nas with wide bandwidth, high gain and
MIMO performance are crucial for sup-
porting 5G communication systems. This
paper proposes a high-performance MIMO
microstrip antenna based on a series pla-
nar array with 82 elements operating at
a resonant frequency of 3.5 GHz for 5G
communication systems. A spiral stub and
a feed inset are proposed to control the
reflection coefficient and bandwidth of the
antenna while the series planar array is
proposed to increase the gain. To support
the MIMO communication system, the pro-
posed antenna is separated into two differ-
ent ports with a certain distance. From the
measurement results, the proposed antenna
has high performance indicated by a wide
bandwidth of 680 MHz (3-3.68 GHz) and
a high gain of 17.8 dB at a resonant fre-
quency of 3.5 GHz. In addition, the pro-
posed antenna has high mutual coupling
and diversity indicated by ECC and DG of
0.001 and 9.99 dB, respectively. This work
provides a solution to design a high-per-
Jformance microstrip antenna and can be
implemented as a receiving antenna for 5G
communication systems

Keywords: microstrip antenna, high
gain, MIMO system, planar array, 5G
system
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1. Introduction

5G communication systems require more sophisticated
and diverse antennas than previous generations to support
various technological advancements, such as MIMO and
millimeter wave (mmWave) [1-3]. MIMO (Multiple Input
Multiple Output) is a technology that plays a key role in 5G
communication systems. The main advantage of MIMO in
5G is its ability to significantly increase capacity and data
rates without requiring more frequency spectrum. By using
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multiple antennas on the transmit and receive side, MIMO
allows simultaneous data transmission over multiple paths,
reducing interference and increasing spectral efficiency [4, 5].
In addition, MIMO can improve signal coverage and reliabil-
ity by using techniques such as beamforming, which focuses
the signal toward a specific user. This is especially important
in delivering a faster and more stable experience for users
in sub-urban areas [6]. According to [7], the resonant fre-
quency for 5G communication systems is categorized into
three bands: high, middle, and low. One of the recommended
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frequencies for 5G communication systems is 3.5 GHz, which
is included in the middle band category and dynamic environ-
ments, such as urban or high-mobility areas [8].

Furthermore, microstrip antennas offer several import-
ant advantages for 5G applications, particularly in terms of
integration, size, and performance [9, 10]. Due to their thin
and lightweight design, microstrip antennas can be easily
integrated into portable devices such as smartphones and
IoT devices, as well as into network infrastructure such as
base stations [11, 12]. They can also be manufactured in
arrays, enabling the implementation of MIMO and beam-
forming technologies, which are essential for increasing the
capacity and transmission speed in 5G networks [13, 14]. In
addition, microstrip antennas can be designed to operate at
a wide range of frequencies, including high frequencies such
as mmWave used in 5G, while maintaining good efficiency.
Their relatively low production costs and ability to be print-
ed on a variety of substrates also make them an economical
and practical choice for widespread 5G deployment. How-
ever, microstrip antennas have certain drawbacks, such as
narrow bandwidth, low gain, and limited directivity. The
primary parameters that indicate an antenna’s performance
include the reflection coefficient, bandwidth, gain, and radi-
ation pattern. Therefore, antennas with wide bandwidth and
high gain are crucial for supporting wireless communication
systems such as Wi-Fi, 4G, and 5G. Moreover, high-perfor-
mance antennas with multiple input multiple output are es-
sential to facilitate communication between the transmitter
and receiver, especially for 5G communication systems.

However, the gain obtained is still low at around 7.8 dB.
Based on the literature review [15—20], the limitation of pre-
vious works is that the proposed antenna still has low gain,
narrow bandwidth and does not support MIMO. Therefore,
an antenna with wide bandwidth, high gain and MIMO
support is needed as a solution for receivers in 5G communi-
cation systems. In addition, MIMO technology supports the
implementation of beamforming, which focuses signals on a
specific direction, reduces interference, and improves signal
coverage and quality, making it one of the keys to achieving
faster and more responsive 5G performance.

3. The aim and objectives of the study

The aim of the study is to propose an antenna configured
with two different ports separated by a certain distance in
order to support MIMO capabilities.

To achieve this aim, the following objectives are accom-
plished:

— to produce a design and model of a microstrip antenna
that operates at a resonance frequency of 3.5 GHz with a
bandwidth of 200 MHz for a 5G communication system;

— to produce a design and model of a microstrip anten-
na with a high gain >12 dB that operates at a frequency of
3.5 GHz for a 5G communication system;

— to validate and measure microstrip antennas that can
be used in MIMO communication systems with low mutual
coupling §91<-20 dB.

2. Literature review and problem statement

4. Materials and methods

Several previous studies have explored and proposed
microstrip antennas for 5G communication systems us-
ing various techniques, including fractal designs, arrays,
and parasitic elements. Furthermore, in a study presented
by [10], microstrip antennas with wider bandwidths were
achieved by incorporating parasitic elements placed above
the radiating elements. However, the antenna’s gain re-
mained low, necessitating further improvement. Previous
work [15] proposed a fractal antenna for 5G communication
with MIMO configuration operating at a resonant frequen-
cy of 3.5 GHz. However, the gain of the proposed antenna is
still low at about 3 dB. Another work [16] proposed a ten-el-
ement MIMO array antenna that operates at a resonant
frequency of 3.5 GHz. However, the bandwidth of the pro-
posed antenna is still low at about 200 MHz. Moreover, the
previous work [17] presented a wideband microstrip antenna
operating at a resonant frequency of 3.35-3.95 GHz with a
2x2 element MIMO array. However, the gain of the proposed
antenna is only 12.6 dB. Another study by [18] proposed a
microstrip antenna array with four elements operating at a
resonant frequency of 3.5 GHz, achieving a bandwidth of
0.7 GHz and a gain of 9.24 dB. Nevertheless, the increase
in bandwidth was accompanied by a decrease in gain, indi-
cating an inverse relationship between bandwidth and gain.
In addition, previous work by [19] proposed a microstrip
antenna using an array with 4x2 elements with a bandwidth
of 0.6 GHz and a gain of 12.2 dB. However, the proposed
antenna does not support MIMO communication systems.
Other findings describe MIMO microstrip antennas based
on vertical and horizontal configurations with 2 ports op-
erating at resonant frequencies of 3.5 GHz and 6 GHz [20].

The object of the study is 5G communication systems.
The main hypothesis of the study is as follows. A high-per-
formance MIMO microstrip antenna based on a series
planar array with 8x2 elements operating at a resonant
frequency of 3.5 GHz; will improve the capabilities of 5G
communication systems.

The proposed antenna is designed using an FR-4 sub-
strate with a dielectric constant of 4.3, tan delta of 0.0265
and thickness of 1.6 mm. The radiation element of the an-
tenna is represented by a rectangular patch placed on the
top layer of the substrate while the bottom layer functions
as a ground plane. The antenna is connected directly with
a brass connector using a microstrip line with an imped-
ance of 50 ohms. The evolution and models of the proposed
antenna are shown in Fig. 1. The antenna is designed and
simulated using EM simulation based on HFSS 15.0.

Fig. 1 shows that the proposed antenna is developed in six
models. Model 1 proposes an antenna with a single element that
operates at a resonance frequency of 3.5 GHz, which is repre-
sented in Fig. 1, a. Furthermore, model 2 and model 3 propose
two-element and four-element array antennas based on a series
configuration with a spiral stub shown in Fig. 1, b, c.

Model 4 proposes an eight-element array antenna by add-
ing an inset fed to the antenna patch while model 5 proposes
an array antenna with 8x2 elements configured based on the
horizontal planar shown in Fig. 1, d, e. The last model propos-
es an array antenna with 8x2 elements configured as MIMO
using two ports separated by a certain distance represented
by Fig. 1, f. The addition of the spiral stub and fed inset aims
to reduce the reflection coefficient while adding the number
of elements on the array antenna aims to increase the gain.
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Fig. 1. Evolution of the proposed antenna: a — single-element; b — 2-element array; ¢ — 4-element array; d — 8-element array;
e — 8x2 element planar array; f— MIMO planar array

5. Results of the design and realization of the proposed
antenna

5. 1. Design of a series array antenna

At the first stage, the antenna is designed with a rectan-
gular patch to operate at a resonant frequency of 3.5 GHz.
The length and width of the antenna patch are represented
respectively by W, and L,, which are determined based on
the following equation [21]:

Wp=;8, )
2 Zr
o
Lp :Leff _AL’ (2)
Ly=—>—, ®)
2]‘0J83ff
1
er+1 er—1 hlz2
fy =ty [1”2%} ) (4)
(. +0.3)(%+0.264)
A, =0.412 )

(8. —0.258)(¥+0.8)

In this context, W, and L, denote the width and length
of the patch, respectively; f, signifies the resonance frequen-
cy, & indicates the substrate’s permittivity, &,/ refers to the
effective permittivity of the substrate at a specific resonance
frequency, A stands for the substrate’s thickness, and Ay

accounts for the fringing field’s edge effect on the patch. In
addition, microstrip lines are suggested for managing the
impedance and reflection coefficient of the antenna. The size
of the microstrip line is significantly affected by the input
impedance and the chosen resonant frequency. In this study,
the input impedance is set to 50 ohms. The dimensions of
the microstrip line can be calculated using the following
equation [22]:

B-1-In(2B-1)+

2h
W, =— - , 6
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287 r
2
B 60m
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In this context, W, represents the width of the mi-
crostrip line, m is constant, Z, denotes the antenna’s im-
pedance, and B stands for the impedance constant. The an-
tenna’s impedance is 50 Q, matching the impedance of the
connector used. Additionally, the length of the microstrip
line (L,) is % of the wavelength (4,), calculated using the
following equation [21]:

L=Y, ®)
A

" )

8
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The structure and simulation results of an antenna with
a single element are shown in Fig. 2.




A
v

M copper
Grass
Substrate

S11 (dB)

— . Single element |

-20 ' — :
2.5 3 35 4 45

Frequency (GHz)

b
8
6 L
s
gt
|
— . Single element
0 i ; :

25 3 35 4 45
Frequency (GHz)

c
8
6 A
£ ¥
3 |
2y |
— - Single element I
0 1 L L

2.5 3 3.5 4 4.5
Frequency (GHz)

d

Fig. 2. Model of a single-element antenna: a — design of
a single element; b — simulation of Sj4; ¢ — simulation of
VSWR; d — simulation of gain

Fig. 2, a shows the dimensions of W, and L, being
26 mm and 22 mm, respectively. In addition, the length and
width of the microstrip lines represented by L, and W, are

13 mm and 3 mm. The dimensions of the ground plane are
shown by W, and L, where the width and length are 35 mm
and 29 mm. Furthermore, the simulation results of Sy,
VSWRin Fig. 2, a, b show that the antenna has been operat-
ing at a resonance frequency of 3.5 GHz with Sy; —11.34 dB
and VSWR 1.74. The gain of the single-element antenna
is shown in Fig. 2, ¢ where the peak gain at a resonance
frequency of 3.5 GHz is 5.8 dB. However, the bandwidth
obtained from the single-element antenna is still narrow
at 40 MHz (3.48-3.52 GHz). Therefore, optimization is
required to increase the bandwidth of the proposed antenna.

The second stage is to optimize the single-element an-
tenna into a series array antenna with two elements. The
purpose of adding elements is to increase the gain while the
bandwidth of the antenna is optimized with a spiral-shaped
stub. The structure and simulation results of an array anten-
na with two elements are shown in Fig. 3.

Fig. 3, a shows the structure of an array antenna with
two elements, where the dimensions of Wyand Lg are 32 mm
and 71 mm. Moreover, spiral stubs are proposed to connect
between elements with lengths Ly, Ly and L3 of 6 mm, 7 mm
and 6 mm. Furthermore, the width of the spiral stub is rep-
resented by Wjand Wy where the width is 3 mm and 1 mm,
respectively. The simulation results of S;; and VSWR for
an array antenna with two elements are shown in Fig. 3, b, ¢
where S is —16.79 dB and VSWR is 1.33 at a resonance fre-
quency of 3.5 GHz. The bandwidth obtained from the anten-
na array with two elements is 400 MHz (3.2-3.6 GHz) with
a peak gain of 7.82 dB. This finding shows that the spiral
stub and the addition of elements succeed in increasing the
bandwidth and gain of the proposed antenna. However, the
gain obtained is still low so further optimization is required.
Therefore, the gain of the proposed antenna is optimized by
increasing the number of elements of the array.

The third stage is to increase the antenna gain by opti-
mizing the antenna array into four elements. The structure
and simulation results of an array antenna with four ele-
ments are shown in Fig. 4.

Fig. 4, a illustrates the design of a four-element array
antenna, with Wy and L, of 32 mm and 142 mm, respectively.
The array elements are linked by spiral stubs that extend
in opposite directions. Furthermore, the simulation of Sy
and VSWR shows that the antenna has high performance
with Si; and VSWR of —29.28 dB and 1.07 at a resonance
frequency of 3.5 GHz as shown in Fig. 4, b, c. The band-
width obtained from the antenna array with four elements
is 300 MHz (3.3-3.6 GHz) with a peak gain of 9.9 dB at a
resonance frequency of 3.5 GHz as illustrated in Fig. 4, d.

The fourth stage is to optimize the antenna array with eight
elements to increase the gain. Furthermore, an inset feed is
proposed to control the resonant frequency of the antenna rep-
resented by W; and W, with dimensions of 7 mm and 1 mm, re-
spectively. The length and width of the ground plane represent-
ed by W, and Ly are 32 mm and 310 mm as shown in Fig. 5, a.

The simulation of Si; and VSWR of the array antenna
with eight elements illustrated in Fig. 5, b, ¢ shows that
the antenna has been operating at a resonance frequency
of 3.5 GHz with S;{ of =26.37 dB and VSWR of 1.10. The
bandwidth obtained is 300 MHz (3.3-3.6 GHz) while the
peak gain is 10.82 dB at a resonance frequency of 3.5 GHz as
shown in Fig. 5, d. Furthermore, the simulation results of Sy
and the gain of the entire antenna model shown in Fig. 6, a, b
are proposed to evaluate the optimization of the proposed
antenna, respectively.
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Fig. 6, a illustrates that the reflection coefficient of
the proposed antenna gradually improves from -11.23 dB
to —26.27 dB at a resonance frequency of 3.5 GHz. This result
indicates that the optimization using an eight-element array
antenna, spiral stub, and inset feed effectively enhanced the




antenna’s performance in terms of the reflection coefficient by
up to 134 % compared to a single-element antenna.
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Additionally, the bandwidth of the proposed antenna
expanded by 650 %, from 40 MHz (3.48-3.52 GHz) to
300 MHz (3.3-3.6 GHz). This demonstrates that the pro-
posed antenna meets the specifications for the 5G communi-
cation system operating within the 3.4-3.6 GHz frequency
range. Moreover, Fig.6,b shows that the antenna’s gain
increases as the number of elements in the antenna array is
increased, with a gain improvement of 78 % from 5.8 dB to
10.82 dB at a resonance frequency of 3.5 GHz.

However, the gain of the proposed antenna remains be-
low the desired target >12 dB. Thus, additional optimization
is necessary to enhance the antenna’s gain.

5. 2. Design of a MIMO series planar array antenna
with 8x2 elements

In order to increase the gain, the antenna is configured
as a series planar array with 8x2 elements. The elements of
the antenna array are connected with impedance matching
based on T-stubs while the antenna elements are optimized
with slits on the right and left edges of the patch. The struc-
ture of the series planar array antenna and the simulation
results are shown in Fig. 7.

Fig. 7, a shows the elements of the antenna separated by
a certain distance represented by d,=21 mm, which is deter-
mined based on the following equation [22]:
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where d, is the distance between elements, A is the wave-
lengthoftheantennaand cisthespeed oflight (3x10% m/s).
It should be noted that the distance between the ele-
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ments of a planar array antenna greatly affects the gain.
Furthermore, microstrip lines with stepped impedance
are used as impedance matching between elements of
the antenna array represented by Z;=50Q, Z,=70.7Q
and Z3=100 Q. The width of the transmission line dictates
itsimpedance, which can be calculated using the following

equation [21]:
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Fig. 7. Model of a series planar array antenna: @ — design of an 8x2 element planar array with a spiral stub and inset fed;
b — simulation of Syy; ¢ — simulation of VSWR; d — simulation of gain




The width of the microstrip line with stepped imped-
ance is represented by Wy=3 mm, W;=1 mm and W,,=2 mm
while the length is represented by L/~33 mm, L;~8 mm,
Ly=23mm, L,=12mm and L.=17 mm. The dimensions
of the ground plane indicated by W; and Lz are 82 mm
and 353 mm, respectively. Furthermore, Fig. 7, b shows that
the bandwidth of the proposed antenna increases from

300 MHz (3.3-3.6 GHz) to 600 MHz (3-3.6 GHz). In ad-
dition, the peak gain of the antenna also increases from
10.82 to 16.09 dB at a resonant frequency of 3.5 GHz as
shown in Fig. 7, ¢. These findings indicate that the proposed
antenna has met the specifications for a 5G communication
system with a bandwidth of <200 MHz and a gain of >12 dB
at a resonant frequency of 3.5 GHz.

- Wg -
'y
Planar
array
d,
=
v A P2
M Copper | Grass Substrate
a
g 20 m Emm ®m  Upward C ]
" = T - .
e - - - wamw 1 - -
[ o o N N ’

-20 16 e ol - w
% - LN K.
@ -30 + =!-. L] =W
= Loy N O [
w -40 |-.-.=- 512_ ol ol of u
o o EEEH |

£ =

S -60 -/,—wﬂm\ o 8 s
nl" 70 [ SZ‘IW -‘u, e
w /‘\ i

80 + "\l i 4t

-90 - _:gﬂ L Y o Plannar Array 8x2 "]

= 5 e
100 ) . 3 5 . M!MO Plannalr Array 8x2
2.5 3 3.5 4 4.5 25 3 35 4 4.5
Frequency (GHz) Frequency (GHz)

b

c
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The next step is to optimize the antenna with a MIMO
configuration that is directly connected to port 1 and port 2,
respectively. It should be noted that the distance
between the antennas at each port greatly affects
the mutual coupling of the MIMO configuration.
Mutual coupling shows the independence of the an-
tennas when both works simultaneously. The mini-
mum standard for mutual coupling is §91<—20 dB at
the specified resonant frequency.

Furthermore, to support the 5G communication
system, the antenna is configured in MIMO with
2 different ports represented by port 1 (P1) and
port 2 (P2) as shown in Fig. 8, a. The structure of
the series planar antenna array is connected to P1
and P2, respectively. In order to control the inde-
pendence of the two antennas with high mutual
coupling, the antennas are separated by a certain
distance represented by d,,=21 mm. The dimensions
of the ground plane are represented by W and L,
which are 164 mm and 353 mm, respectively.

The simulation results illustrated in Fig. 8, b
show that the antenna has been operating at a
resonant frequency of 3.5 GHz with Sy; and Sy
around -20dB and —-60dB with a bandwidth
of 650 MH (3-3.65 GHz). This finding indicates
that the antenna has a bandwidth that meets the
criteria for the 5G communication system and has
high mutual coupling with S51<—20 dB. In addition,
the gain of the antenna with MIMO configuration
also increases from 15.98 dB to 16.78 dB as shown
in Fig. 8, ¢. This shows that the proposed antenna
has met the specifications for 5G communication
systems where the gain is >12 dB. The next stage
is to fabricate and validate the performance of the
proposed antenna through a measurement process
in the laboratory.

5. 3. Validation and measurement of the pro-
posed antenna

The antenna is fabricated using an FR-4 substrate
where the radiating element is located on the top
layer while the bottom layer functions as a ground
plane as shown in Fig. 9, ¢. Validation of the near-field
performance is carried out through a measurement
process using a Vector Network Analyzer (VNA) with
a frequency range of 2.5-4.5 GHz, a frequency step
size of 0.01 GHz and a temperature of 25°, which is
connected to the antenna (AUT) via port 1 and port 2
with a coaxial cable as shown in Fig. 9, a.

The measurement setup consists of an antenna under
test (AUT), which functions as a transmitter (7x) connected to
an RF generator while a reference antenna is placed as a receiver
(Rx) connected to a spectrum analyzer and separated based on
the Fresnel zone where d;=2D?/A [20]. The antenna is placed
on a rotator that rotates clockwise from 0—360° with a step size
of 1°. The far-field characteristics of the proposed antenna are
observed based on the antenna’s radiation pattern when trans-
mitting and receiving electromagnetic waves.

A comparison of the simulation and measurement re-
sults of Sy and Soy in Fig. 10, a show that the fabricated
antenna has the same performance as the simulated antenna
where Sy is around —20 dB while Sy is around —40 dB at
a resonance frequency of 3.5 GHz. The bandwidth of the
fabricated antenna is 680 MHz with a frequency range

B Port 1

of 3-3.68 GHz. This finding shows that the measurement
results are in line with the simulation results.
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Fig. 9. Measurement process of the proposed antenna:

a — measurement setup for near-field validation;

b — measurement setup for far-field validation in an anechoic chamber;

¢ — fabrication of the proposed antenna

The subsequent phase involves assessing the perfor-
mance of the MIMO antenna by examining the Envelope
Correlation Coefficient (ECC) and Diversity Gain (DG)
parameters. The ECC quantifies the correlation between the
two antennas operating in tandem within a MIMO config-
uration. Typically, the ECC value lies within the range of
0 to 1, with a threshold of <0.5 generally accepted for MIMO
antenna designs. The ECC can be calculated using the fol-
lowing equation [20]:

|S11*S12+521‘522 2 .
(1'|S11|2 ‘|‘5‘21|2)‘(1'|522|2 ‘|S12|2)

ECC= 12)

Diversity Gain (DG) characterizes the capability of an
antenna system to mitigate the effects of multipath fading.



The DG value reflects the system’s ability to enhance or
sustain the signal quality relative to noise by combining
signals from multiple antennas rather than relying on a sin-
gle antenna. For MIMO antennas, the diversity is typically
represented by a DG value of <10 dB [18]. The DG can be
calculated using the following equation [20]:

DG =10/1-(ECC)’.

Fig. 10, b shows that the fabricated antenna has ECC
and DG of about 0-0.001 dB and 9.99-10 dB in the res-
onant frequency range of 2.5-4.5 GHz. This finding indi-
cates that the proposed antenna has high independence and
diversity. Additionally, high diversity gain contributes to
better data throughput and coverage, making the antenna
system more efficient in delivering consistent performance
in challenging conditions, such as urban environments or
areas with obstacles.

To validate the independence and mutual coupling of
the proposed antenna, a comprehensive observation of the
electric field concentration by EM simulation is proposed
as shown in Fig. 11, a. The electric field of the proposed
antenna is observed at a resonant frequency of 3.5 GHz
and shows that the resulting mutual coupling is low as in-
dicated by the highest electric field only at the antenna at
port 1 (P1) and does not distribute the electric field to the
antenna at port 2 (P2).

Furthermore, the beamforming of the proposed an-
tenna is shown in Fig. 11, b where the main lobe radiates
electromagnetic waves to the front of the antenna while
the side lobes radiate to the top, bottom and back of the
antenna. Furthermore, the radiation pattern of the sim-
ulation and measurement process illustrated in Fig. 11, ¢
shows a straight and similar result where the maximum
radiation is at an angle of 0 with a transmit power of
about 17.8 dB. This finding indicates that the proposed
antenna has operated optimally at a resonance frequency
of 3.5 GHz and supports MIMO for 5G communication
systems. Moreover, a comparison of bandwidth and gain
for the development models of the proposed antenna is
shown in Tables 1, 2.
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The bandwidth and gain enhancement of the antenna
can be determined using the following equation:

BW=(

Optimized BW — Initial BW )

Initial BW

_ (Optimized Gain— Initial Gain)

Gain

Initial Gain

x100 %, (14)
x100 %. 15)
Table 1

Comparison of bandwidth for the proposed antenna models

Model Frequency range (GHz) | Bandwidth (MHz)
15" model 3.48-3.52 40
20 model 3.2-3.6 400
34 model 3.3-3.6 300
4™ model 3.3-3.6 300
5" model 3-3.6 600
6" model 3-3.65 650
Table 2
Comparison of gain for the proposed antenna models
Model Frequency range (GHz) Gain (dB)
15 model 3.48-3.52 5.8
204 model 3.2-3.6 7.82
3" model 3.3-3.6 9.9
4™ model 3.3-3.6 10.8
5t model 3-3.6 16.09
6" model 3-3.65 17.8

Based on equation (14) and equation (15), the increase in
gain and bandwidth is obtained by calculating the difference
between the bandwidth and gain of the antenna with the ini-
tial condition and the optimized condition. In this study, the
initial bandwidth and gain used are single-element antennas
while the bandwidth and optimization gain are obtained
from MIMO array antennas with 8x2 elements.
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Fig. 10. Performance of the proposed antenna: @ — comparison of the simulation and measurement results of S;; and S,1;
b — envelope correlation coefficient and diversity gain based on measurement results
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6. Discussion of performance validation of the proposed
MIMO antenna

Based on the measurement process, the comparison
of the bandwidth of all the proposed antenna models is
shown in Table 1. Based on Table 1, the bandwidth of the
antenna with model 1 increases significantly from 40 MHz
to 400 MHz in model 2 and 300 MHz in models 3 and 4.
Furthermore, in models 5 and 6, the bandwidth increases to
600 MHz and 650 MHz. From the measurement results, it
is found that the bandwidth of the antenna increases up to
1,525 % compared to the single-element antenna.

Furthermore, evaluation is also done by observing the
gain of the proposed antenna. The gain comparison of the
entire antenna model is shown in Table 2. Based on Table 2,
the antenna gains increase in line with the addition of the
number of elements of the antenna array. In model 1, the an-
tenna gain is 5.8 dB while for model 2, model 3 and model 4,
the antenna gains increase to 7.8 dB, 9.9 dB and 10.2 dB,
respectively. Furthermore, in model 5 and model 6, the an-
tenna gains increase to 16.09 and 17.8 dB.

Overall, the gain of the antenna increases up to 206.8 %
compared to the single-element antenna. This finding shows
that the evolution of the antenna has successfully improved
the antenna performance by producing high gain. In addi-
tion, the MIMO performance of the antenna is shown with

high mutual coupling §»1<-20 dB. From the measurement
results, a mutual coupling Sy; of —40 dB was obtained in the
frequency range of 2.5 4.5 GHz. MIMO performance is also
indicated by high diversity with a diversity gain of 9.9 dB
and a low correlation of 0.0001. This finding shows that the
antennas have high independence and do not affect each
other when working together.

From the results obtained, the proposed antenna has a per-
formance with wide bandwidth and high gain compared to pre-
vious works [15—18]. In addition, the proposed antenna also has
the capability for a high-performance MIMO system compared
to the previous work [19], which proposed an antenna for a 5G
communication system that does not support MIMO systems.

However, there are certain limitations, such as the rel-
atively large antenna dimensions and its operation being
restricted to a single resonant frequency. Consequently, fu-
ture research efforts will focus on minimizing the antenna’s
dimensions and enhancing its performance across multiple
resonant frequencies, enabling its application in other com-
munication systems like 4G, Zigbee, and Wi-Fi.

7. Conclusions

1. From the measurement results, it was found that the
proposed antenna has operated at a frequency of 3.5 GHz



with a wide bandwidth of 680 MHz. The bandwidth of the
antenna has successfully met the standard requirements for
a 5G communication system where the minimum bandwidth
is <200 MHz.

2. The gain of the proposed antenna was successfully
increased gradually using a series planar array with 8x2 ele-
ments. From the measurement results, a gain of 17.8 dB was
obtained. This finding indicates that the proposed antenna
has met the target with a gain of >12 dB for a 5G communi-
cation system.

3. The proposed antenna has been successfully developed
with a two-port MIMO configuration operating at a reso-
nant frequency of 3.5 GHz. From the measurement results, it
was found that the proposed antenna has a high mutual cou-
pling with S5 of =40 dB with ECC 0.001 and DG 9.99 dB.
This finding indicates that the proposed antenna has met the

thorship or otherwise, that could affect the research, and its
results presented in this paper.
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