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Pedepar/aHoTanis:

1. BOJIOKOHHO-OIITAYHI KaHAJIX JIEXKATh B OCHOBI JIOKAJILHUX KBAHTOBUX MEPEXK, IIPOTE BiJIbHUI NPOCTIP MIPOIIOHYE
aZIbTEPHATUBY /17151 6€3IPOTOBOTO 3B'I3KYy Mi’K Ha3€MHMMU CTAaHLiSIMU Ta aBialiiiHumu niaargpopmamu. Ha Bigminy
Bifl cTallioHapHUX cepenroBulll, aTMOoCchEepHi KaHaiy MifaloThCsl BIUIMBY TypOYJIEHTHOCTI, 1110 BUKJINKAE
CTOXaCTUYHi (PiIyKTYyallil I0Ka3HMKA 3aJI0MJIEHHS i BiANOBigHI nedopmarlii popmu npomeHsi, 6J1yKaHHS IIPOMEHS
HABKOJIO OCi IOIMUPEHHS Ta CUMHTWIIALiL BB TypOyJI€HTHOCTI Ha KBAHTOBUY CTaH CBITJ/IA Y
KBa3iMOHOXPOMATUYHIN MOJIi BUBHAYAETHCS €(PEKTUBHICTIO MPOXOKEHHSI — BiIHOIMEHHSIM iHTEHCUBHOCTI, SIKa
[IOTpanuiIa B allepTypy npuiimMayda, 4o 3arajbHoOi iHTEHCUBHOCTI IpoMeHs. ToMy po3nois iMoBipHOCTI
edekruHOCTI npoxokeHH (PIETI) € k/11040BUM /171 XapaKTePUCTUKY KaHailiB. [Tonpu 1e, y HayKoBii JiTeparypi
3aJIMIIAIOTHCS] HEBUPIIIEH] MUTAaHHS: BiICYyTHICTb KpUTepiiB Bubopy mogenen PIEII Ta irHOpyBaHHS YacOBUX

KOpeJISLiii IpY PO3NOBCIO/>KEeHH] Kpi3b TypOyIeHTHY aTMocdepy. Y 11bOMY JOCIIiIPKeHHI BU3HAYeHO MeXi



3aCTOCOBHOCTI iCHYI0UMX MOJIEJIeH MIJIIXOM IOPiBHSIHHS iXHIX IPOTHO3iB 3 YMCEJIbHUMU CUMYJISLISIMU Ha 6a3i
MeToy Ha30BUX €KpaHiB i3 pO3PiIKEHNM CIIEKTPOM, OLIiHIOIOYUM TOYHICTb 32 JOIIOMOT'0I0 CTaTUCTUKU
KosmoropoBa-CmupHoBa. MoziesioBaHHS B pe>KMMax Bif] c1abKOi 10 CUJIbHOI TypOYyJIEHTHOCTI 110Ka3aJo, 10
iHTEHCUBHICTb TypOyJIEHTHOCTI BU3Haudae yuuie nucnepcito PIET], He 3miHIOI0uM CyTTEBO ii popmy. HaTomicTb
aCMMETPis PO3IOLiNY CUIIbHO 3aJIEXXUTH Bifl pO3MIPY anepTypu: Mali aliepTypu AaloTh [O3UTUBHY aCUMETPIIO, TOI
SIK BeJIMKIi arnepTypu 3MilyIOTh XBiCT y 6iK HMXKUMX 3HaUY€Hb (HeraTuBHA acMMeTpis). BisblicTh aHAMITUYHUX
MOJ€eJIEN He 3[aTHI BIITBOPUTH LieY nepexiz,. Basiganisg NpunyieHs, Ha SKAX [PYHTYIOTbCS aHAJIITUYHI MOZEI,
BUSIBUJIA, 1O 3MIlllEHHS [IEHTPY IPOMEHS 3aJIeKUTh Bif, nedopmaliii iioro ¢popmu, a po3nogin sorapudmis nisoceit
HE € TayCCOBUM. MU TaKoX BUSIBUWIN CUCTEMATUYHY ITOXUOKY crienudikallii MoJiei, ska € HacliKOM IPUIIYILEeHHS
IIpO ifeasnizoBaHy Kpyropy abo eJinTuyHy (popmMy IIPOMEHS, 10 He 3[aTHA [10BHICTIO BiITBOPUTH MOTO CKJIaLHI
nedopmauii. Lle cnpoleHHs cuCTeMaTUYHO 3Milllye nepe6adyBaHi CTATUCTUYHI MOAM Ta cepenHi 3HayeHHs PIETL
Jlns ycyHeHHs Liei Ipo6siemMu 3alpOBaZP)KEHO METOJ, y3TOIKEHHSI MOMEHTIB €(DEKTUBHOCTI IPOXOKEHHSI, SIKU
nepenapameTpusoBye pi3nyHO OOrPYHTOBaHI MOeJli Yyepes Nepilli MOMEHTH e(peKTUBHOCTI IIPOXOI KEHHS.
3acTocyBaHH4 Lijjei TEXHIKM 1O MOJ€JIi KpyrOBOTO IIPOMEHS 3HaYHO IMTOKpallye CTaTUCTUKY KosmoropoBa-CMUpHOBa
MOPiBHAHO 3 iHIIMMM Nifxonamu. Emnipuyna mogesns Ha 6a3i 6eTa-po3noiny NeMOHCTPy€e HalBUIY Y3TOIKEHICTD
i3 maHMMU y 6iNbIIOCT] pekKMUMIB, OCKIJIbKY BOHA Kpallie BpaxoBye Bapialii acumeTpii, 3yMOBjIeHi po3Mipom
anepTypu. Buxonsuy 3a MeXi CTaTUYHUX OINUCIB, po3po6JieHo KoHLenjto nsoyacosoro PIEI], mo xapakTepusye
CIiJIbHI po3nofiny epeKTUBHOCTI MPOXOAKEHHS K (YHKIII0 4aCOBOTrO iHTEpPBAy MK iMIIyJIbCaMU 3 ypaxyBaHHSIM
rinoTe3u 3aMoposkeHoi TypOyneHTHOCTi Telnopa. BBegeHo ycepeHeHUH 3a allepTypoio pafiyc MpoCTOPOBOi
KOTepEeHTHOCTI, 1]0 KiJIbKiCHO BU3HA4Ya€ 3CYB BiTPY, [IpY SIKOMY KopeJisuii cnianaioTs 1o exp(-1). Lei pagiyc MmoxkHa
arpoOKCHUMYBATH JIiHIMHOIO 3aJIEXKHICTIO Bif, po3mipy aneptypu npuiiMmaya. Ha ocHoBi Liei popmarnizauii ouiHeHO
CTIiMKiCTh KBAHTOBOI 3aIlJIyTaHOCTi Ta HEKJIACUYHOCTI: X04a 3aIJIyTaHiCTh MiX iMITyJIbCaMu 30€piraeTbCs MNpOTIroM
IeCSATKIB MislicekyH], epeKTUBHICTb KBAHTOBOI I1aM’sITi 0OMe>Ky€e MTPaKTUYHE BUKOPUCTAHHS JUCKPETHUX 3MiHHUX
KiJIbKOMa MisticeKyHgamu. [IpoTOKoIN afanTUBHOI CEJIEKIii 3 ICKPaBUMU KJIACUYHUMU iMITyJIbCAMU IO3BOJISIIOTh
30epiraTy HEKJIACUMYHICTD Yy NOJiOHMX YaCOBUX BiKHAX, 10 OOIPYHTOBYE AOLIIBHICTh YACOBOTO KOJYBaHHS B
MeperKax BiJIbHOTrO npocTopy. [1lincyMoBytoun, po60Ta yCcyBa€e HEOJHO3HAUYHOCTI B ONKUCi aTMOC(EPHUX KBAHTOBUX
KaHaJliB, BCTAHOBUBILY PO3MIp anepTypu NpuiiMaya sk BUSHaYaJbHUI IapaMeTp AJ1s Bubopy mogeri. Cepef,
(}i3snYHO OOI'PYHTOBAHUX MOJieJIeil KpYTrOBUI IPOMEHb i3 Y3TO/I>)KEHHSIM MOMEHTIB IEMOHCTPYE HalKpallly TOUHICTb,
X04a [oTpedye YMCeNbHOro iHTerpyBanHs. Cepey, ycix Moziesiel, eMIipuyHa 6eTa-MOJENb € ONTUMAIbHUM
[IPaKTUYHUM PillleHHSM 3aBASKY aHAJIITUYHOTO BUPA3y B 3aMKHYTIM opmi Ta mapameTpusauii uiie n1soma
IepHmuMu MOMeHTaMH, €(PEeKTUBHO BPaxOBYIOUM BUIIAJKOBY IIPUPOAY KaHaly. Xoya aTMocdepHi KaHanu
3a0€e31e4yI0Th 3Ha4Hi YaCOBi BiKHA [1J1 IPOTOKOJIiB, TOBHE PO3KPUTTS NIOTEHIia/ly 3al/IyTaHUX CTaHiB BUMarae

II0JI0JIAHHS TEXHOJIOTIYHUX 6ap’epiB y 306epiraHHi KBaHTOBOI iH(popMallii.

2. Fiber links form the foundation of local quantum communication networks, yet free-space optical links offer a
scalable alternative for expanding these networks through wireless connections between moving ground-based
stations and airborne platforms. Unlike controlled fiber environments, free-space channels are subject to
atmospheric turbulence that induces stochastic refractive-index fluctuations, causing beam wandering,
deformations, and intensity fluctuations known as scintillation. The impact of turbulence on the quantum state of
light prepared in a quasi-monochromatic mode is captured by transmittance — the ratio of intensity collected by
the receiving aperture to the total beam intensity. Consequently, the probability distribution of transmittance
(PDT) is central to atmospheric channel characterization. However, theoretical gaps persist regarding the
interpretation of optimal analytical model selection and the inability to account for temporal correlations within
this framework. This research establishes the range of applicability for existing PDT models by comparing their
predictions against numerical simulations based on the phase screen method with a sparse spectrum approach,
assessing accuracy via the Kolmogorov-Smirnov statistic. Simulations spanning weak-to-strong turbulence
regimes reveal that turbulence strength primarily governs PDT variance without significantly altering its shape.
Conversely, skewness exhibits high variability and sign reversals depending on the receiving aperture size:
apertures much smaller than the beam width yield positive skewness, while larger apertures shift the tail toward



lower transmittance values (negative skewness). Most analytical models fail to capture this transition due to rigid
skewness behavior. We also validated the models' underlying assumptions, finding that the beam center is not
consistently independent of shape deformation and that the logarithms of the beam’s semi-axes deviate from a
joint Gaussian distribution. Furthermore, we identify a model misspecification bias arising from idealized circular
or elliptical beam shapes that fail to capture complex beam deformations. This simplification systematically shifts
the predicted statistical mode and mean values of the PDT. To resolve this, we introduce the transmittance-
moments-matching technique that reparametrizes beam-shape based models in terms of first transmittance
moments. Applying this technique to the circular beam model produces superior Kolmogorov-Smirnov statistics
compared to other physics-based alternatives. However, our empirical beta distribution model demonstrates the
best overall performance across the majority of tested regimes due to its ability to naturally account for aperture-
driven skewness variations. Moving beyond static descriptions, we develop a two-time PDT framework to
characterize joint transmittance distributions as a function of pulse time separation, utilizing the Taylor frozen
turbulence hypothesis. We introduce an aperture-averaged spatial coherence radius that quantifies the wind-
driven displacement at which transmittance correlations decay to exp(-1), demonstrating linear scaling with
receiving aperture size. This formalization provides a statistical foundation for analyzing temporal quantum
channel behavior. Building on this, we quantify entanglement and nonclassicality resilience: while discrete-variable
entanglement persists for tens of milliseconds, practical protocols remain constrained by quantum memory
efficiency to several milliseconds. Adaptive selection protocols utilizing bright classical pulses to probe channel
transmittance successfully preserve nonclassicality over similar intervals, rendering time-bin encoding strategies
feasible for free-space quantum networking. In conclusion, this work resolves ambiguities in atmospheric channel
characterization by establishing receiving aperture size as the governing parameter for model selection,
superseding turbulence strength. Among physics-based models, the circular-beam formulation with
transmittance-moments-matching demonstrates superior predictive accuracy, though its reliance on numerical
integration limits broad application. Consequently, the empirical Beta-distribution model emerges as the optimal
practical choice, providing a closed-form analytical expression parameterized by only two moments and
effectively capturing aperture-driven skewness variations. While atmospheric channels support practical temporal
windows for time-bin encoding, unlocking the full potential of discrete-variable entanglement protocols requires

addressing storage limitations inherent in current quantum hardware.
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