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HOW MAY SIGNAL LOSS BE DECREASED AND ENCRYPTION IMPROVED BY QUANTUM
ENTANGLEMENT IN SATELLITE COMMUNICATION

Abstract: Satellite communication is a critical component of global connectivity, enabling data
transmission across vast distances for applications such as telecommunications, navigation, and broadcasting.
However, signal degradation due to atmospheric interference, scattering, and attenuation presents a
significant challenge to maintaining reliable communication. This study explores the role of quantum
entanglement in mitigating signal loss and improving encryption in satellite communication systems. By
leveraging quantum key distribution (QKD) and quantum error correction techniques, secure and efficient data
transmission can be achieved. Various strategies, including adaptive beamforming, higher frequency bands,
satellite relays, and real-time atmospheric monitoring, are examined to enhance communication reliability. The
integration of quantum communication with advanced signal processing techniques demonstrates potential
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improvements in data integrity, reduced latency, and enhanced security. Furthermore, the study investigates
the impact of deploying higher frequency bands and optimizing transmission through real-time atmospheric
monitoring to counteract signal attenuation. The findings highlight the transformative potential of quantum
technology in modern satellite networks, offering a pathway to the next generation of secure and efficient
communication. While challenges such as atmospheric disturbances and technical complexities remain,
continued advancements in quantum technologies and real-time optimization strategies hold promise for
overcoming these obstacles. Future research should focus on refining quantum protocols and addressing
implementation challenges to fully realize the benefits of quantum entanglement in satellite communication
systems.

Key words: communication signals, atmospheric interference, quantum communication, prediction
models, signal degradation, error correction.

Introduction

Communication signals are essential for transmitting information across vast distances,
enabling global connectivity in various fields such as telecommunications, satellite navigation,
broadcasting, and the internet [1, 2]. They facilitate real-time communication between individuals,
businesses, and governments, ensuring the smooth exchange of data, voice, and multimedia
content. In critical sectors like aviation, defense, and emergency response, reliable communication
signals play a vital role in coordinating operations and ensuring safety [3-5]. Advances in signal
transmission technology have revolutionized industries, enhancing efficiency, security, and
accessibility in modern society. Without strong and stable communication signals, global
infrastructure, economic activities, and everyday interactions would be significantly disrupted.

Communication signals degrade over long distances due to atmospheric interference,
scattering, and attenuation. Atmospheric interference occurs due to weather conditions such as rain,
snow, fog, and humidity, which absorb and scatter signals, leading to degradation (known as rain
fade) [6,7]. Additionally, disturbances in the ionosphere, influenced by solar activity, can cause signal
refraction and dispersion, especially at lower frequencies [8]. The troposphere also contributes to
interference through temperature and pressure variations, leading to signal bending and turbulence
[9]. Scattering occurs when signals interact with atmospheric particles, causing redirection and loss
of strength. Rayleigh scattering happens when the signal's wavelength is much larger than air
molecules, resulting in weak but widespread dispersion [10]. Mie scattering occurs when signal
wavelengths are comparable to water droplets or dust, leading to stronger disruption [11]. Non-
selective scattering, caused by larger particles like clouds and aerosols, uniformly scatters signals
in all directions, further weakening their intensity. Attenuation refers to the gradual weakening of
signals as they travel through the atmosphere. This is primarily due to absorption by atmospheric
gases like water vapor and oxygen, which affect microwave and infrared frequencies[12].
Additionally, free-space path loss occurs as signals spread out over long distances, naturally
reducing their power. Multipath effects, where signals reflect off surfaces such as buildings or
mountains, can distort and weaken transmissions. These factors lead to reduced signal strength,
increased bit error rates, and loss of quantum entanglement, as well as signal fading, disruptions,
and higher latency. Increased energy consumption and limited performance of free-space optical
and quantum communication further impact efficiency [13-15]. Ultimately, these challenges result in
compromised data integrity, higher operational costs, and reduced feasibility of secure and long-
distance transmissions.

To mitigate signal degradation in satellite communication, several strategies can be
employed, including adaptive beamforming, error correction techniques, using higher frequency
bands, deploying satellite relays and quantum repeaters, and utilizing weather prediction models
and real-time atmospheric monitoring to make proactive adjustments in transmission parameters,
reducing disruptions caused by adverse conditions. These combined approaches enhance the
resilience and efficiency of satellite-based communication networks.

Methods

To address signal degradation and enhance encryption in satellite communication through
guantum entanglement, a multifaceted approach was employed. The study integrates quantum key
distribution (QKD), quantum error correction, and advanced signal processing techniques to improve
data integrity and transmission efficiency. QKD protocols, such as BB84 and E91, were analyzed for
their effectiveness in secure key exchange, while error correction methods, including Shor’s code
and surface codes, were examined to mitigate quantum decoherence and noise. A novel adaptive
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beamformer, designed using the minimum variance distortionless response (MVDR) criterion
combined with kernel techniques, enhances signal quality by dynamically adjusting the phase and
amplitude of multiple antenna elements. The performance of higher frequency bands, such as Ka-
band (26-40 GHz) and optical wavelengths, was assessed to minimize atmospheric interference,
while satellite relays were deployed to extend signal reach and reduce degradation through inter-
satellite laser communication and Al-driven signal processing. Additionally, real-time atmospheric
monitoring and prediction models were utilized to predict disturbances like rain fade and ionospheric
turbulence, allowing for proactive transmission adjustments. By leveraging quantum entanglement
and advanced signal processing, this study aims to enhance satellite communication reliability,
reduce latency, and strengthen encryption, paving the way for the next generation of secure global
communication networks.

Discussion and Results

Mitigation Strategies for Signal Degradation in Satellite Communication

Adaptive beamforming

Adaptive beamforming is a signal processing technique that optimizes the direction and
strength of transmitted or received signals by dynamically adjusting the phase and amplitude of
multiple antenna elements. It helps improve signal quality by focusing energy toward the intended
receiver while minimizing interference from other sources. This technique is widely used in satellite
communication, 5G networks, radar systems, and quantum communication to enhance signal clarity,
increase efficiency, and reduce power consumption [16]. By continuously monitoring the signal
environment and making real-time adjustments, adaptive beamforming ensures reliable data
transmission even in challenging conditions such as atmospheric interference or multipath effects.
Its ability to provide high-precision directional communication makes it essential for secure and high-
performance wireless networks. A novel adaptive beamformer is designed using the minimum
variance distortionless response (MVDR) criterion combined with kernel techniques. This approach
requires inverting a low-dimensional Gram matrix rather than a high-dimensional sample covariance
matrix, greatly reducing computational complexity [17]. Compared to single-constraint adaptive
beamforming, multi-constraint adaptive beamforming offers greater adaptability to varying
environments. However, the multi-point optimal and precise array response control (MOPARC)
method, despite being an effective multi-constraint approach, is sensitive to the presence of the
desired signal. To enhance the robustness of multi-constraint adaptive beamforming, we introduce
a novel algorithm that integrates the MOPARC method with interference-plus-noise covariance
matrix (INCM) reconstruction [18]. A sparsity-based adaptive beamforming (ABF) approach is
proposed for efficiently processing coherent signals using polarized sensor arrays (PSA). By
reorganizing the data, this method leverages the spatial sparsity of observed signals, converting it
into row-sparsity within a waveform-polarization composite matrix [19]. Adaptive beamforming
methods have suffered significant performance degradation when even small discrepancies have
existed between the actual and assumed array responses to the desired signal. These mismatches
have frequently occurred in practical scenarios due to violations of fundamental assumptions about
the environment, signal sources, or sensor arrays. This issue has been patrticularly critical when the
beamformer’s training data snapshots have contained desired signal components, making the
adaptive array highly sensitive to model inaccuracies and array imperfections. Even when the array
response to the desired signal has been precisely known, performance degradation has still occurred
if the number of training samples has been too small. To address these challenges, a novel approach
is introduced to robust adaptive beamforming, which has been capable of handling unknown
mismatches of any type in the array response of the desired signal. This method has been developed
for the most general case, accommodating an arbitrary-dimensional desired signal subspace,
making it applicable to both rank-one (point source) and higher-rank (scattered source or fluctuating
wavefront) models [20, 21].

Error correction techniques

Error correction techniques are essential in communication systems to detect and correct
errors that occur during data transmission, ensuring accurate and reliable communication. These
techniques are particularly important in satellite communication, where signals are affected by
atmospheric interference, scattering, and attenuation [22]. One common method is Forward Error
Correction (FEC), which adds redundancy to transmitted data, allowing the receiver to detect and
correct errors without requiring retransmission. Techniques such as Hamming codes, Reed-
Solomon codes, and Low-Density Parity-Check (LDPC) codes are widely used in satellite links and
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deep-space communication [23-25]. Another approach is Automatic Repeat Request (ARQ), which
relies on acknowledgments and retransmissions. If an error is detected, the receiver requests the
sender to resend the corrupted data, ensuring data integrity. A more advanced method, Hybrid ARQ
(HARQ), combines FEC and ARQ, correcting minor errors through FEC while requesting
retransmission for more severe errors [26]. This approach enhances efficiency and is commonly
used in modern communication networks, including 4G, 5G, and satellite systems. In gquantum
communication, Quantum Error Correction (QEC) is used to protect quantum information from
decoherence and noise. Quantum codes, such as Shor’s code and Surface codes, enable the
detection and correction of errors in entangled qubits, making them essential for secure quantum
key distribution (QKD) in satellite-based quantum networks [27, 28]. Error correction techniques play
a crucial role in maintaining data integrity, reducing signal degradation, and improving
communication efficiency in satellite systems. By minimizing transmission errors and ensuring
reliable data exchange, these methods contribute to the development of more robust and secure
communication networks.

Using higher frequency bands

Using higher frequency bands is an effective strategy to improve satellite communication by
reducing signal degradation caused by atmospheric interference, scattering, and attenuation. Higher
frequency bands, such as the Ka-band (26-40 GHz) and optical wavelengths (infrared and visible
light), offer several advantages over lower frequency bands like C-band (4-8 GHz) and Ku-band (12-
18 GHz) [29]. One major benefit of higher frequency bands is their increased data transmission
capacity. Higher frequencies allow for wider bandwidths, enabling faster data rates and more efficient
communication, which is essential for applications like high-speed internet, 5G networks, and
advanced satellite broadcasting. Additionally, signals in these bands experience less congestion, as
lower frequency bands are often overcrowded due to extensive use in telecommunications and
broadcasting [30,31]. Despite these advantages, higher frequency bands are more susceptible to
atmospheric absorption, particularly due to rain, humidity, and cloud cover, leading to a phenomenon
known as rain fade [32]. To mitigate this issue, techniques such as adaptive beamforming, site
diversity, and error correction protocols are implemented to maintain stable signal quality. Optical
communication, which operates in even higher frequency ranges, can bypass many traditional
interference problems but requires precise alignment between satellites and ground stations [33]. In
summary, using higher frequency bands enhances data capacity and reduces congestion in satellite
communication. However, their increased sensitivity to atmospheric conditions requires advanced
signal processing and mitigation strategies to ensure reliable and efficient transmission.

Deploying satellite relays

Deploying satellite relays is a crucial strategy for improving long-distance communication by
extending signal reach and minimizing degradation. In satellite communication, direct transmission
over vast distances can lead to signal loss due to free-space path loss, atmospheric interference,
and scattering. Satellite relays help overcome these challenges by acting as intermediate nodes that
receive, amplify, and retransmit signals to their intended destinations. One of the main advantages
of satellite relays is enhanced coverage, allowing signals to be transmitted over longer distances
without significant loss. This is especially beneficial for global broadband services, intercontinental
data transmission, and space exploration missions [34]. Additionally, relays improve communication
reliability by reducing latency and maintaining stronger signals in areas where direct transmission
would be inefficient or impossible. Satellite relays are essential in multi-satellite constellations, such
as the Starlink and OneWeb networks, which provide continuous global coverage by forming
interconnected satellite links. In quantum communication, relay satellites play a key role in
distributing entangled photon pairs over long distances, enabling secure quantum key distribution
(QKD) [35]. Despite their advantages, deploying satellite relays comes with challenges, including
higher costs, increased complexity, and potential signal delays. However, advancements in inter-
satellite laser communication, Al-driven signal processing, and autonomous satellite networks are
helping to optimize relay efficiency [36, 37]. In summary, deploying satellite relays significantly
enhances signal reach, communication reliability, and global connectivity, making them essential for
modern telecommunications, deep-space missions, and secure quantum networks.

Weather prediction models and real-time atmospheric monitoring

Weather prediction models and real-time atmospheric monitoring play a crucial role in
maintaining reliable satellite communication by helping mitigate signal degradation caused by
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atmospheric interference. Weather prediction models use advanced algorithms, satellite
observations, and meteorological data to forecast atmospheric conditions such as rain, humidity,
fog, and solar activity, which can affect signal propagation [38]. By anticipating adverse weather
conditions, communication networks can implement proactive measures, such as adjusting
transmission power, switching frequency bands, or rerouting signals through alternative satellites.
Real-time atmospheric monitoring provides continuous updates on atmospheric turbulence,
ionospheric disturbances, and cloud cover, allowing for immediate adjustments in satellite
operations. For example, in Ka-band and optical communication, where signals are highly
susceptible to rain fade and cloud cover, real-time monitoring helps optimize data transmission by
dynamically adjusting beam direction or applying error correction techniques [39]. Additionally, [40].
This approach is especially beneficial for military communications, remote sensing, and global
broadband services, where uninterrupted connectivity is critical.

Conclusion

The integration of quantum entanglement into satellite communication presents a promising
solution to signal degradation and security vulnerabilities. By employing quantum key distribution
and error correction methods, secure transmission with reduced signal loss becomes feasible.
Adaptive beamforming, higher frequency bands, and satellite relays further strengthen
communication reliability. While challenges such as atmospheric interference and technical
complexity persist, advancements in quantum technologies and real-time monitoring approaches
can significantly enhance efficiency. This study underscores the potential of quantum entanglement
to revolutionize satellite communication, ensuring robust and secure global connectivity. Future
research should focus on optimizing quantum protocols and overcoming practical implementation
barriers to maximize the benefits of this emerging technology.
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CNYTHUKTIK EAW’IAHbIQTAFbI KBAHTTbIK LLATACY APKblJlbl CUTHANAbIH XXOFANYbIH KANAW
A3SAUTYFA XSHE WWNDPIIAYObI XKAKCAPTYFA BOJIA[lbI

CnymHukmik 6alnaHbiC — meNneKkoMMyHUKayus, Haeuzauusi xeHe xabap mapamy CUSKMbI
KocbiMwanap ywiH depekmepdi arnbiC KawbIKmbIKKa Xibepyae MmyMmkiHOik 6epemiH xahaHObIK 6alinaHbiCmbIH
MaHbI30bl Kypamdac beriei. Analida, ammocgbeparnbik Kedepainep, walibipay XoeHe osicipey HemuxeciHoe
cueHanobiH Hawapnaybl ceHimOi balnaHbicmbl cakmayda eneyri KubiHObikmap myobipadsl. byn 3epmmey
crnymHukmik badinaHeic xyltenepiHoe cuaHas XofasyblH a3alimy xoHe wugprayobi xakcapmyoda K8aHMMbIK
wamacyO0biH periH 3epmmetdi. KeaHmmeik kinmmepdi mapamy (QKD) xeHe keaHmmbiK Kamenepdi my3emy
adicmepiH KondaHy apKbinbl Kayincia xoHe muimoi 0epekmepdi macbimandayra Kos XXemkizyae 6osadsbl.
batnaHbicmbiH cerimMOinieiH apmmbipy ywiH adanmuemi coynerik niwiHoey, Xofapbl Xuinikmi duana3oHdap,
CrIYMHUKMIK pefiefiep XoHe HaKmbl yaKbimmarsbl ammoceparsibl MOHUMOPUHE CUSIKMbl  apmyprii
cmpameeusinap Kapacmebipblnalbl. KeaHmmbiK 6alinaHbicmbl 03biK cuaHanldapdbl eHOey oadicmepimeH
bipikmipy OepekmepliH mymacmbifbiH xakcapmy, Kidipicmi a3almy xeHe Kayincizdikmi apmmbipy
mymkiHOi2iH kepcemedi. COHbIMEH Kamap, 3epmmey Xofapbl Xuinikmi duana3oHO0apObi naltidanaHy XoHe
HaKkmbl yakbim pexumiHdeai ammocgheparblK MOHUMOPUHE apKbiilbl Cu2Har arcipeyiHe Kapcbl Kypec ywiH
bepinimM0i oHmMaunaHobipy ocepiH 3epmmeldi. AnbiHFaH Hamu)xesiep 3amaHayu CriymHUuKmik Xxeninepde
K8aHmMMbIK MeXHOI02USIHbIH mpaHcghopMayusinsIk aneyemid kepcemedi, Oy kerneci 6ybIHHbIH Kayirci3 xeHe
muimOi 6alinaHbicbiHa o awadbl. Ammocgbeparbik Kedepainep MeH mexHUKarsbIK Kypoesinikmep cusikmal
KUbIHObIKMap cakmarFaHbiIMeH, K8aHMmbIK MEeXHO/o_uANap MeH Hakmbl yakblmmarbl OHmalnaHObIpy
cmpameeusinapblH o0aH opi dambimy byn kedepeinepdi xeHyze ymim 6epedi. bonawak sepmmeynep
KeaHMmMbIK rpomokondapdbl xemindipyse xoHe CcrnymHUKmiK 6alnaHbic xylenepiHOe KeaHMMbIK
wamacyOblH apmbIKWbIIbIKMapbIH MOJIbIK XYy3e2e acbipy YWIiH eHaidy macersiesnepiH wewyae barbimmariybl
Kepex.

TyliH ce30ep: KOMMYyHUKaUUsINbIK cugHandap, ammocgeparsbik kedepeinep, keaHmMmbiK 6aliniaHbic,
bomkay modernblepi, cueHandbiH 0egpadayusicel, kKamesnepdi myzemy.
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KAK MOXHO YMEHbLUUTb MNOTEPKO CUTHANA U YNYUYLLUTb LWUM®POBAHMUE C MOMOLLLIO
KBAHTOBOW 3ANYTAHHOCTU B CNYTHUKOBOWN CBA3U

CriymHukoeasi c853b £85151emcsi 8axHeULWUM KOMIOHEeHmMOoM erobanbHoU ces3u, obecrniedusasi
rnepedayy 0aHHbIX Ha bonbwue paccmosiHUA Ot makux fpUIoXeHul, Kak mesekoMMyHUKauuu, Haguaayus
u paduoseuwjaHue. O0Hako yxyOweHue cueHana u3-3a ammMmoCcQEpHbIX MOMeX, PacCesHUs U 3amyxaHusi
co3daem 3HadyumersbHble rpobnems Ons noddepxxaHus HadexHou ces3u. B OaHHom uccnedosaHuu
udyyaemcsi posib K8aHmMoeoU 3arlymaHHOCMU 8 CHUXEeHUU [omepb cuz2Hana U Mo8bIeHUU YPOBHS
wugbposaHusi 8 cucmemax CriymHUKoeol cesi3u. Vcrionb3oeaHue K8aHmMo8020 pacripedenieHusi Kiodeu
(QKD) u memodoe keaHmMosoU Koppekyuu owubok noseonsgem 0obumbcsi 6e3onacHol U 3ghgpekmugHoUl
nepedayqu OaHHbIX. Paccmampusatomcs pasfiudyHbie cmpameauu, ek/odYass adanmusHoe ¢hopmuposaHue
nyya, 6osee BbICOKUE YacmomHble OuarnasoHbl, CryMmMHUKOBbIE PEempPaHCImopbl U MOHUMOPUHE
ammocghepbl 8 pexXUMe peasnbHO20 8peMEHU, Ors 08bIeHUs Ha0exXHoCmUu ces3u. MIHmeapauyusi keaHmoegou
ces3u ¢ nepedosbiMu Memodamu obpabomku cuzsHaroe OeMoHcmpupyem nomeHyuasabHbIe Yry4YleHUs
uesiocmHocmu 0aHHbIX, COKpaueHue 3adep>xek U rnosbiweHue bezonacHocmu. Kpome moeo, uccriedogaHue
paccMampueaem e/usiHue UCrosib308aHusi 6oree 8bICOKUX YacmomHbix Ouana3oHo8 U onmumu3sauyuu
nepedayu OaHHbIX C [MOMOWMBIO MOHUMOPUH2a ammocghepbl 8 pexXume pearibHo20 6peMeHU Ors
npomusodetlicmeusi 3amyxaHuto cueHana. [llonyyeHHble pe3ynbmambl r1od4epkusarom npeobpasyrowjul
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rmomeHyuas KeaHmMoB8bIX MEeXHO/I02Ull 8 COBPEMEHHBIX CIYMHUKOBbIX CemsiX, OMmKpbigasi nymb K
cnedyrouemMy rmokoneHuro 6esonacHol u a¢ghghekmugHoU ces3u. Xomsi npobremMbl, makue Kak ammocgepHble
B803MYLWEHUST U MEXHUYECKUE CIIOXHOCMU, CoOXpaHsitomcs, dasibHelwee pa3sumue K8aHmMOo8bIX mexHosoaull
U cmpameauli onmumu3dayuu 8 peaslbHOM 8peMeHuU Oaem Hadexdy Ha ux rfpeodosnieHue. bydyuue
uccnedosaHusi O0/mKHbI ObimMb COCPEeGOMOYEHbI Ha COBEPWEHCMBO8AHUU K8aHMOBbLIX [MPONOKO/I08 U
peweHuu npobnem eHedpeHusi, 4mobbl 8 MonHOU Mepe peanu3oeamb fpeumMyuecmsa KeaHmosou
3anymaHHOCmu 8 cucmemax CriymHUKo8oU Cesi3u.

Knrouyeeble crioea: KOMMYHUKaUUOHHbIE CU2Haslbi, amMOCeEPHbIE OMexu, KeaHmosasi Ces3b,
modernu npoeHo3uposaHusi, degpadayus cuzHana, ucrnpasseHue owubok.
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NMPUPOOHbIE MATEPUAJblI KAK HOBbIE BbICOKOTEMMEPATYPHbBIE NMOKPbITUA

AHHOMauyusi: PaspabomaHo obopydosaHue nonuz2oHa Ons uccriedoeaHusi mernsioobmeHa 8
npupoOBHbIX Nokpbimusix. Co3daHa nomoyHasi nuHUs Onsi HaHeceHuUs NoKpbimul. B kadyecmee npupodHbix
mamepuarnos 8blbpaHbl K8apuumbi, epaHumel U meweHumsl. Co30aH MEepPMOUHCMPYMEHmM C
OemoHayuoHHoU cmpyel U pa3pabomaHa mMexHOMo2usi Nosy4YeHusi MopouwKoe OpobrieHUeM 8 3aMKHYmMoM
obnéme. [opernka umeem asmomMamu4yeckoe ycmpolcmeo 0ns yrpasneHus: pexumom pabomsi. [Mopowku
20mosusuck 8 ghopmMax U3 7IUNMUYEeCKUX rNosepxHocmel ¢ pasiudyHbIM 3KCyeHmpucumemom. TexHonoaus
ysernuyugaem 6bixo0 mnopowka knacca (0+2)x10° M u nosbliwaem cmerneHb YNPOYHEHUS MOPOWKa.
Asmomamuyeckoe ycmpolicmeo ycmaHasnnugaem onmumarbHoe paccmosiHue 00 MOKpbimusi, hopmupyem
onmumarbHOe MAMmMHO pacmekaHusi cmpyu. TexHonoeaus npedycmampusaem 8bi6poc 800kl Ha MOKPbIMUE.
lMonepeyHasi ckopocmpb y4acmka 80CriaMeHeHUsI CruH08020 0emoHayuoHHO20 hakerna onpedesnisiemcs u3
HaKrioHa K obpa3sytoujed criupasibHozo cieda. Mimeem mecmo cmabunusayusi 20peHUs 3a CHem mopMOXeHUS
Ha nokpbimuu. MccredogaHusi ¢ MOMOWBIO 2osioepaghudeckol UHmMepghepoMempuu rokasaso, Ymo OHO
rone3Ho Ol MPO2HO3UPOBaHUsT pa3pyweHusi NoKpbimus. [okpbimus ¢ mpeMsi menioebiMu UCMOYHUKaMu
npedcmaensiem cobol 3kpaH, noaowaruull 80J/HbI  hakena mepmMouHcmpymeHma. [lokpbimue
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