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deep models are trained exclusively on idealized synthetic datasets (such as AWGN-only channels), their
classification performance degrades severely when confronted with physical hardware non-idealities.

To ensure robust generalization, modern training pipelines incorporate comprehensive data
augmentation strategies, injecting stochastic CFO shifts, phase rotations, Rayleigh fading profiles, and
additive colored noise during the training cycle. Furthermore, domain adaptation techniques and adversarial
training frameworks enable neural networks to map radio signals from diverse propagation environments
into a shared, domain-invariant latent feature space.

From an implementation standpoint, deploying deep AMC algorithms on Software-Defined Radio
(SDR) platforms (e.g., USRP, HackRF) and tactical edge devices necessitates stringent adherence to size,
weight, power, and cost (SWaP-C) constraints. High-parameter deep models require significant memory
bandwidth and computational throughput. Consequently, model optimization techniques-including INT8
post-training quantization, structural network pruning, and knowledge distillation from large teacher
networks into lightweight student models-are vital. These techniques enable real-time inference latencies on
the order of several milliseconds on embedded tensor accelerators (such as NVIDIA Jetson or FPGA-based
neural processing units) without compromising classification fidelity.

Conclusions. 1. Machine learning and deep neural network algorithms provide a transformative
methodology for Automatic Modulation Classification, overcoming the prohibitive computational overhead
of likelihood-based tests and the sensitivity of hand-crafted feature-based methods under severe channel
impairments.

2. Hierarchical deep architectures-specifically Residual CNNs, CLDNN hybrids, and Self-Attention
Transformers-demonstrate superior classification performance directly on raw 1/Q time-series samples and
time-frequency distributions, achieving robust discrimination across complex analog and digital modulation
schemes at low Signal-to-Noise Ratios.

3. Successful operational deployment in cognitive radio, electronic intelligence, and special
communication systems hinges on training with augmented non-ideal channel conditions and applying
model compression techniques (quantization and pruning) to satisfy strict real-time SWaP-C requirements on
embedded software-defined radio platforms.
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3aBAaHHAM. TpaauIiiitHi CTATUCTUYHI METOIM MOTPEOYIOTh JOCTATHBOTO 00CATY (DAKTHYHUX NAaHMX, SKI HE
3aBXKAM JIOCTYIHI Ha PiBHI OKpeMoro rocmojapcrBa. OIHUM 13 NEPCHEKTHBHUX MiAXOIB 10 PO3B’sI3aHHS
i€l mpoOJIeMu € BUKOPUCTAHHS OaleCOBCHKMX MEPEXK - IMOBIpHICHHX TpadiyHMX MOJENeH, IO IalTh
3MOry (opMaTi3yBaTH €KCIIEPTHI 3HAHHS, OI[IHIOBATH HEBH3HAYCHICTh Ta aHAII3YBAaTH MOMJIMBI HACHIJIKH
pi3HHX clueHapiis [1, 2].

Mertoto pobGotu € po3poOsieHHS OaileCOBCHKOI Mepeki Ui HMOBIPHICHOTO IMPOTHO3YBaHHS DiBHA
BPOXKAMHOCTI KYKYpPYJ3U Ta JOCHIJDKEHHS 3MIHM KWMOBIpHOCTEH Ti pIBHIB 3aJ€XHO BiJl TOTOJHHX 1
arpoTeXHOJIOTIYHUX YMOB.

Jlnst moOynoBu Mozeni oOpaHO Taki (DaKTOpW: TeMIEpaTypHUU PEXHM, KUIBKICTh ONaAiB, PIBEHBb
a30THOTO XUBJICHHs Ta (piTocaHiTapHUI CTaH MOCiBiB. BUXiTHOIO 3MIHHOI MOJENI € «YPOXKANHICTEY, SKa
Ma€ TPU JUCKPETHI CTAaHHW: HU3bKA, CEPEIIHS Ta BUCOKA.

Jlnist BpaXyBaHHS B3a€MO3B 3Ky TOTOAHUX (DAaKTOPIB 1 3MEHIICHHS KUTBKOCTI YMOBHHMX IMOBIPHOCTEH y
MOJIeJTi BBEJICHO MPOMIKHMI BY3011 «Bosorozade3neueHns». TeMrepaTypHuii pekuM Ta OINajd BU3HAYAOTh
CTaH BOJIOT03a0e3IeueHHs, a BOJIOro3ade3nedeHHs, a30THE )KUBIICHHS Ta (PiTOCaHITapHUI CTaH BILTUBAIOTH
Ha KIHIIEBY 3MiHHY «YPOXKalHICTb».

CtpykTypy 3amponoHoBaHO1 0aiieCOBCHKOT Mepexi HaBeAeHO Ha puc. 1.

Fhytosanitary
Status

Temperature Precipitation Nitrogen Nutrition

Moisture Supply

Pucynok 1. Cmpykmypa baiieco8cbkoi mepexci 0Jisi npOSHO3Y8AHHSA PONCAUHOCMI KYKYPYO3U

Jlnst By3JiB Mepeki BHUKOPHCTAaHO JUCKPETHI CTaHW. TeMIeparypHUl PEeXHUM XapaKTepPH3yeThCs
CTaHaAMH «CHPUATIMBUI) Ta KHECTIPUATIMBUI», OMAIH - «JOCTaTHI» Ta «HEJIOCTAaTHI», BOJIOro3a0e3neueHHs
- «JIOCTAaTHE» Ta «HEIOCTaTHE». A30THE JKUBJICHHS TOMAUIIETHCS Ha «IOCTATHE» Ta «HEIOCTATHE», a
¢biTocaHITapHUIA CTaH - Ha «JOOPU» Ta «HECTIPUATIUBUID.

Ha mnouatkoBoMy etami mapamMeTpd YMOBHHMX pPO3MOJUTIB IMOBIPHOCTEH 3ajaBajiicd Ha OCHOBI
eKCIepTHHX OLiHOK. J{s1 By3na «Bosoro3abesnedeHHs» BUKOPUCTAaHO HaBeIeHI B Tab. 1 3HaUCHHS.

Tabauys 1. Ymoeni timosiprocmi cmanis 8ysna « Bonocozabesneuenusy

TemneparypHui 0 HocraTHe Henocratne
naau
peKuM B0JIOro3a0e3ne4eHHs B0J10r0o3ade3ne4eHHs
| CnpustnuBuii || JocraTHi || 0,95 || 0,05 |
| CrpustiuBui || HenocraTHi || 0,40 || 0,60 |
| Hecnpustousuit || JloctatHi || 0,55 || 0,45 |
| Hecnpusarnusuii || Henocrarni || 0,10 || 0,90 |
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st By3nma «YpoxkaitHICTh» 3a YMOBHU JOCTaTHBOT'O a30THOTO JKMBJICHHS Ta J00pOro (hiToCaHITapHOTO
CTaHy €KCIIePTHO 33aJJaHO YMOBHI HMOBIpHOCTI, HaBeIeHI B Ta0II. 2.

Tabauys 2. Ymo6Hi tiMOGIDHOCIE PIBHIB YPOICAUHOCI 3AIEHCHO 8I0 8010203A0e3NeUeHHS.

| BoJiorozadesneyenns || Hu3sbka BpoxkaiinicTh || Cepennsi BpokaliHicTh || Bucoka BpoxkaiiHicTh |
| Jlocratne | 0,05 | 0,25 | 0,70 |
| Henoctarne | 0,35 | 0,55 | 0,10 |

Mopenb peanizoBaHo B mporpamHomy cepeposuini GeNle Modeler. [lns gocnimkeHHs ii peakmii Ha
3MiHY BXIJJHUX YMOB IIPOBEJICHO CIICHapHUU aHaii3. B 000X cleHapisx a30THE >KUBJICHHS BBAXKAJIOCH
JIOCTAaTHIM, a (iTOCaHITApHHUI CTaH MOCIBIB - JOOpUM. BiAMiHHICTD MiX CIIEHAPISIMH TOJISITalia B MOETHAHHI
TEMIIEPaTypPHOTO PEKUMY Ta KUIBKOCTI OMaliB.

VY mepuiomy creHapii 3aaBanucs CHPHUATIMBUA TEMIEPATYPHHUA PEXHUM 1 JIOCTATHS KiJIBKICTh OIaJIiB
(puc. 2). 3riiHO 3 eKCIEePTHUMHU OIIHKaMH, HMOBIPHICTh IOCTAaTHHOT'O BOJIOT03a0€3MEYCHHS 32 IIUX YMOB
ctanoBuTh 0,95. ¥V pe3ynbraTi 0all€COBCHKOTO BUBEACHHS OTPUMAHO TaKHil PO3MOJLT iIMOBIpHOCTEH PiBHIB
ypoxaitHocTi: Hu3bKa - 0,065, cepemns - 0,265, Bucoka - 0,670. Omke, HAMOLIBII IMOBIPHUM € BUCOKHH
piBEeHb ypOKalHOCTI.

O Temperature O Precipitation O Nitrogen Nutrition O Fhytosanitary Status
favorable 0% sufficient 0% sufficient 100% || good 100% ]
unfavorable 100%| g insufficient 100% . insufficient 0% = unfavorable 0%

O Moisture Supply
sufficient 10%|]
insufficient90% =

\o Com Yield

low  32%[
average 52%
high  16%|| @

Pucynok 2. Pezynomamu 6aiieco8cbko2o 6ugedenHs 3a NepuiuM CYeHapiem

Y npyromy cueHapii 3ajaBajucsl HECHPUSATIMNBUN TEeMIEpAaTypHUH PEXHUM 1 HEIOCTATHA KUIbKICTh
onafaiB (puc. 3). IMOBIpHICTb AOCTaTHHOIO BOJIOro3abe3neueHHs B 1bOMY BHMaiKy cTaHoBuTh 0,10. 3a
pe3yiabTaTaMu 0aileCOBCHKOTO BHBEJEHHS OTPHUMAaHO HMOBIPHOCTI HH3BKOTO, CEPEIHBOTO Ta BHUCOKOTO
piBHIB ypoxaitHocTi BiamosigHo 0,320, 0,520 ta 0,160. Takum ynHOM, 32 HECTIPUATIUBUX MOTOJAHUX YMOB
HalOUIbII IMOBIPHUM CTa€ CEpeAHIM piBEeHb YpOXailHOCTI, a HMOBIPHICTb BHCOKOTO pIBHS 1CTOTHO
3MEHIIYEThHCS.

[TopiBHSHHS pe3ynbTaTiB MOJETIOBAHHS HaBEEHO B Ta0I. 3.

Tabauys 3. Po3nodin imogipnocmetl piHi8 ypodsCatiHOCMi 3a Pi3HUX CYeHapiis

| Cran ypo:kaiinocri || CnpusiTauBi yMOBH || HecnpusiTiimBi yMoBH |
| Husbka | 0,065 | 0,320 |
| Cepenus | 0,265 | 0,520 |
| Bucoka | 0,670 I 0,160 |
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O Temperature O Precipitation O Nitrogen Nutrition O Fhytosanitary Status
favorable 100% || sufficient 100% ] sufficient 100% L] good  100% (]
unfavorable 0% E insufficient 0% A insufficient 0% i unfavorable 0% =

O Moisture Supply
sufficient 95% ||
insufficient 5% w

0 Value
low=0065 |

average = 0.265
high=067 [

Pucynox 3. Pe3ynomamu 6aticco8cvko2o usedeHnts 3a Opyeum cyeHapiem

Pe3ynbraTi clieHapHOTO aHalli3y AEMOHCTPYIOTh, IO 3alpollOHOBaHa MOJEIb BifoOpakae 3MiHY
HMOBIpHICHOTO pO3MOALTY pIiBHIB YpOXKaHOCTI 3ajJeXHO Biax morogHux ymoB. llpum mepexoxmi Big
CIPUATIMBOTO JI0 HECIPHUITIMBOIO TEMIIEPATypHO-BOJIOTICHOIO PEXHMY HMOBIPHICTH BHCOKOTO pPIBHS
BpokaiiHOCTI 3MeHmyeThess 3 0,670 mo 0,160, Tooto Ha 0,510, abo 51 BimcoTkoBwii MyHKT. BomHodac
IMOBIpHICTb HU3BKOTO piBHSA 301IbIIyETHCS 3 0,065 10 0,320, a cepennboro — 3 0,265 o 0,520.

[IpakTryHa IIHHICTH 3alIPOIIOHOBAHOTO MIJXOAY IMOJIATAE B MOXIIMBOCTI aHAJI3yBaTH albTEPHATHUBHI
CIieHapii Ta OLIHIOBATH WMOBIPHICHI HACHIJKH 3MIHHM TOTOJHUX 1 arpoOTEXHOJIOTiYHUX yMOB. Lle cTBOproe
NEPEeAyMOBH [UII BHUKOPHCTaHHsS OaileCOBCHKOI Mepexi SK KOMIIOHEHTa IHTENEKTYaJlbHOI CHCTEMH
HIATPUMKH MIPUUHATTS PilllIeHb Y CUIbCHKOTOCIIOAAPCHKOMY BUPOOHMIITBI.

BonHouac oTtpumaHi pe3ynbTaTd € IMONEPEeIHIMH, OCKUIBKM YMOBHI HMOBIPHOCTI Ha IIbOMY e€Tamil
BHU3HAYEHO EKCIEePTHO. BOHM XapakTepu3yroTh MOBEAIHKY MOOYIOBaHOI MOAENi, aje cami Mo cobi He
MIATBEPKYIOTh TOUHICTh IPOrHO3YBaHHA (PaKTHUYHOI BpoxkaiHOCTI. [loganeii nocnikeHHs nepeadadyaroThb
YTOUHEHHs MapaMeTpiB Mepeski 3a (paKTUYHUMHU TaHUMH IPO MOTOJHI YMOBH, arpOTEXHOJIOTIYHI 3aX0AH Ta
BPOKalHICTh KyKYpY/I3H, @ TAKOK OLIIHIOBaHHS IPOTHOCTUYHOT SIKOCTI MOJETI.

Takum yrHOM, po3pobieHa OaiiecoBChka Mepeka 3abe3neuye dopMaiizallifo eKCIEepPTHUX 3HAHB 1 J1a€
3MOTY JIOCHII)KYBAaTH WMMOBIPHICHI HACHAKM 3MIHM TIOTOJHUX YMOB JUIS BpOXKaHOCTI KyKypyA3H.
3anponoHOBaHUN MigXiJ] MOXe OyTH OCHOBOIO Ui IOJAIBIIOIO CTBOPEHHS IHTEIEKTyaJbHUX 3aco0iB
MIPOrHO3YBAHHA Ta MIATPUMKHU IPUHHATTS PillIEHb B arpapHOMY BUPOOHUIITBI.
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