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AHHOTaAUMA

B pabore mpeacTaBiieHbl IPUMeEPHI PEIleHNsT aKTyaJbHBIX 3aJa4 9JIeKTPOC-
BSI3U C HCIIOJIb30BaHUEM TeXHOJOTUU IIPOTPAMMHO-OIIPeae/IsIeMbIX Pagu0CH-
crem (IIOP). [lna kaskmoro mpuMepa omnucaHa mpobsaema u poab IIOP B ee
pertierun. IIpuBeneHO cpaBHEHNE OCHOBHBIX XapPaKTEPUCTUK U CTPYKTYPHI
anmnapaTHbIX cocTaBadmonux IIOP, KoTopble MCIIOJIB3YIOTCA B PACCMOTPEH-
HbIX TpuMepax. IIpeacraBieHbl Pe3yabTAThI PAOOTHI C OTJIAMOUHBIM MOXIY-
aem ajia poccuiickoit mukpocxeMmbl IIOP 1288 XK1T mo ciuieHapuio geMOH-
CTPAIIMOHHOTO BapuaHTa (PYHKIITMOHUPOBAHUA.
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Abstract

The paper presents examples of solving urgent telecommunication tasks
using the technology of Software-defined radio systems (SDR). The
problem and the role of SDR in its solution are described for each example.
The comparison of the main characteristics and structure of the hardware
components of the SDR, which are used in the considered examples, is
given. The results of the work with the debugging module for the Russian
microchip 1288HKI1T according to the scenario of the demo version of
functioning are presented.
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BeepeHue

C IOMOIIbIO TeXHOJOTHUY PAAUOCBA3Y CETONHSA PerraeTcss MHOMKe-
CTBO 3a/ia4, OT IPEIOCTaBJICHUS YCIAYT CBA3HU IJIs IPaKIaHCKOr0 Ha-
ceJIeHUs 10 BOEHHBIX 3a7au obecrieueHns: 6e30IIaCHOCTHY T'OCyIapcTBa.
B cBsA3u ¢ pasBuTHEM HAYKU U TeXHUKU B IIeJIOM, a TaKKe C POCTOM
moTpebHOCTel UeJOBEeKa PeryJsipHO BO3SHMKAIOT HOBbIe 3amaun. Mx
pelieHne, KaK IIPAaBUJIO, IIPEJIIoJaraeT TIIAaTeJIbHYI0 IIPOPadOTKY
ugen m paspaboTKy HoBoro ycrpoiicrsa. Ogumakxo emie B 1984 roxy
KOMAaHI0I aMepuKaHCKUX MHKeHepoB ObLia mpeaigoxxkena uges I10P,
crmocoOHasA pellaTh pasHbIe 3a7aul B padHble MOMEHTHI BpeMeHU 6e3
U3MeHeHUsI KOHCTPYKIIMU CUCTEeMBbI, a U3MEHss ee IlapaMeTphl HUC-
KJIIOUUTEJbHO IIporpaMMHubIMU MeTogamu [1]. Takue pertienus npej-
II0JIaTal0T, BO-IIEPBLIX, IIPOTPAMMHYI0 HACTPONKY YaCTOThI OIIOPHO-
ro reHepaTopa M IIapaMeTpoB ITU(PPoBOTro (GUILTPA, UTO IIO3BOJISAET
IIPOTPaMMHO YIIPABJATH Pad0oUueil YacTOTON W MOJIOCON HMPUEeMHOTO
TpakTa. Bo-BTOPBIX, MOAYAANNA/IeMONYIANNA CUTHAJIA TOXKE pea-
JIu3yeTcA IPOrpaMMHO.

CrpykTypHasa cxema coBpeMeHHbIX npueMHbIX IIOP BKIIOuaer
caenyIolie 3JIeMEeHThI: aHTEeHHAa, II0JOCOBOM aHAJIOTOBBLINT (PUJIBTD,
YCUJIUTENb, aHaJIoro-rugpoBoit npeodbpasosaressb (AIIII), mpeobpaso-
BaTeJb 4YaCTOTHI U TU(MPOBOM PUABTD C U3MEHAEMbIMU KO3(hPUITUEH-
ramu. Ha Beixoge IIOP ¢opmupyrorcsa nmupposbie OTCUETHI CUTHAJIA
¢ KOHKPETHO! YacTOTO! AMCKpeTU3ali, KOTOphIe najee IO OIIpe-
IeJIeHHOMY MHTep(delicy mepeaaioTcsa BRIUUCIUTEILHOMY YCTPOMCT-
BY, Hampumep, KomaboTepy (II9BM) nasa o6paboTKku 1 u3BJIeUEHUA
noJyes3noii napopmanuu. Ilepenaromnias IIOP oTrHocuTeIbHO IIPpHEM-
HOM obJj1ajlaeT 3epKaJbHON CTPYKTYPOH IOCJIeIOBATEIbHOCTU (DYHK-
IMUOHAJBbHBIX 0;10KOB. Ha BX0om Takoil cucTeMbl uepe3 KOHKPETHBIN
uHTep(delic mocTymaT OTCUeThl IIU(GPOBOr0 CUTHAJIA OT UCTOUHUKA
curgaja. C momMoIIpio IIpeodpasoBaTesd YacTOThl U ITU(pPOo-aHaJo-
rosoro npeobpaszoBanus (IIAII) popmupyercs aHAJIOTOBBIA CUTHAJI,
KOTOPBINI 3aTeM (PUJIbTPYeTCA, YCUJIUBAETCA U IiepemaeTca B apup
C UCIIOJIb3OBaHMEM IepeAarolieii aHTEeHHBI.

Wcnomuenne coBpemenubix IIOP mpeacrasiser coboii, Kak IIpaBU-
J0, mHTEerpasbHyI0 cxemy (MC), BBITOTHAIONIYIO (QyHKIIMY Tpeodpa-
30BaHUS YaCTOTHI, (DMJIbTPAIIUY CUTHAJA 1 (POPMUPOBAHIA OTCUECTOB
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IJIA UX gajgbHennier 00padboTkr. OCHOBHBIM IMapaMeTpaMi TaKUX CH-
CTEM SIBJISTIOTCA YaCTOTa JUCKPETU3aIl[UU, PA3PATHOCTh, padounii au-
alasoH YacToT, IITUPUHA MOJIOCHI, YyBCTBUTEAbHOCTL. AILII mpeobpa-
3oBaTes s MOTyT ObITh MHTerpupoBaubl B IC IIOP 6o mpeacTaBieHbI
oTaeabHbIMEU crernuanusupoBanubiMu VIC. [[1a nepBuuHO 06paboT-
Ku curHajyia u B3aumojenictBusa 1IOP ¢ ycrpoiictBamm majibHeMHIen
00paboTKM peasusyIoT pa3JnyHble MHTEeP(ENCchl Ha 0a3e mMporpaMMu-
pyeMbIX JornuecKux mHTerpaabHbIx cxeM (IIJIMC) uim mpoireccopos.

OcHoOBHOII 3atauelt JaHHON PAOOTHI ABJIAETCA JEeMOHCTPAIIUA aK-
TYaJIbHOCTU M3YyYEeHUS U PA3BUTHUA TE€MblI IPOTPAMMHO-OIIpeeIsae-
MBIX paguocucTeM. [Jisg 3TOro B IepBoOiil yacTu pabOTHI IpeicTaBe-
HBbI pellleHUs aKTyaJbHBIX 3a/lau dJeKTPOCBA3U C MCIIOJIb30BaHUEM
npeumyinects Texuogoruu IIOP. Bo BTopoii yacTu mpuBeieH KparT-
KHil 0030p aIapaTHOW YacTd yCTPOMCTB, KOTOpPhIE IIPUMEHAIOTCS
B IIpeJICTaBJEHHBIX pPeIlleHuAX. B TpeTbeil yacTu paccMaTpPUBAOT-
cA mpakTuueckue Bolrpockl nmpumeHeHusa IIOP ma 6ase oTeuecrt-
BEHHO! MHMKPOCXeMbI ITU(POBOTO UEThIPEXKAHAJIBHOTO IIPUEeMHUKA
IIOP 1288XKI1T npoussoacta AO HIIII «3JIBUC», uTo ocobeHHO
AKTyaJbHO B YCJOBUAX OTPAaHUUYEHUSA IIOCTABOK B P® Mmrpocxem
UMIIOPTHOTO IIPOou3BOJcTBa. K coKaeHUI0, POCCUMCKUE PeIleHUd
YacTO yCTYNIAIT 3apy0eKHBIM B KaUueCcTBe U KOJUUECTBE IIPeJOCTaB-
JIIeMOT'0 B IIOMOIIL paspaboTUMKy AeMOHCTPAI[MOHHOTO U BCIIOMO-
raTeJbHOTO IIPOTPAMMHOT'O O0ecIlieueHn A, TEXHUYECKON JOKYMeHTa-
IIUU, IIPUMEPOB, a TaK:Ke BO3MOYKHOCTEHN CONPAKEHUSA C APYTAMU
almnapaTHBIMM U HNPOTrPaMMHBIMHE IIaTopmamu. B xome paspabor-
KU YacTO BO3HMKAIOT TeXHUUYECKUE BOIIPOCHI, UTO BBIHYMKIAeT 00-
paIaTbCcsa 3a IMOMOIMIbI0 B TeXHUYECKYIO MOAAEPIKKY IPeANPUATHA
JIJIsI IPOSICHEHUS 0co0eHHOCTer paboTwl magenud. B Hacroamei pa-
0oTe MPUBOAUTCA ONMUCAHME 3alTyCKa M HACTPOUKHU JeMOHCTPAI[UOH-
HOTO ITpuMepa, chOpMUPOBAHHOE B Pe3yJbTaTe TAKOTO B3aWMMOJeli-
CTBUSA. ITU CBEJEHUA MOTYT OKa3aThCA MOJIE3HBIMU AJIA OCBOEHUA
aTOr0 000PYIOBAHUSA.

MOP B cucrtemax cea3u

Ceromusa aKTUBHO SKCILIYaTHUPYIOTCA KAaK HOBEHIIINE CeTU COTO-
Boii cBaA3u (CCC), Tak U ceTu cTapuIinx IOKOJIeHUI. ITO 00yCa0BIIe-
HO B IIEPBYIO OUepeab OTCYTCTBUEM HEOOXOAMMOCTH B BBICOKOM CKO-
POCTH Iepenavu JaHHBIX B OIIPEEJIEHHBIX 3alauax. B cBA3U ¢ aTUM
MOJIePHU3AIIUs 1, CJIeJI0BATEeIbHO, YBEJIUUYEHNE CTOMMOCTHA U CJIOMK-
HOCTH TaKHX ceTell HeoIlpaBaaHHO. Takas TeHAeHIIUA U OCOOeHHOCTD
TEeXHOJIOTUHA COBPEMEHHBIX CeTell ITPeAIIoJiaraioT OJHOBPEeMEeHHOe HC-
IIOJIb3OBaHME YacTOT B IIIMPOKOM auarasoHe ciekrpa: ot 800 MI'm mo
2,6 I'T 1 pasiIMuHBIX CJOMKHBIX cUTHaJIOB. [lanbHeliIiee pa3BuTHe
CCC cmocobcTBYyeT elrie 00JIBIIIEMY YBEJIUUEHUIO JaHHOTO A1UAaIla30Ha.
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s mogmep:kanusa paboToCIIOCOOHOCTH ceTeit HeOOXOIMMO OCYIITeCTB-
JISITh PETryJIAPHBLINT MOHUTOPUHT COCTOSTHUS Pagnod(dupa, 1 B KauecT-
Be YVHHUBEPCAJbHOT'O PeIleHusa JaHHOUM 3aJadll BBUJY CBOUX OCOOEH-
HOCTell Mo:KeT OBbITh 3(h(heKTUBHO MUCHOJIb3oBaHA TexHogorusa I1OP.

B pa6ore [2] nmpenacraBiieHo anmnapaTHOe pellleHue AJisI MOHUTO-
punra curaajoB CCC Broporo (2G), Tperbero (3G) m 4eTBEpPTOroO
nmokosieHuil (4G). IlaHHOe pellieHUe BBITOJIHEHO Ha 6ase nByx UC:
R820T2 u RTL2832U. YcrpoiicTBO MPUHUMAaET CUTHAJLI B AUATIa-
3oHe 24—1750 MI'm; mupuHA IOJIOCHI CHUTHAJA MOMKET HOCTUIaTh
3 MTI'11, yyBCTBUTEIBHOCTD ITpUeMHUKA — 3 MKB. Oco6eHHOCTBIO JaH-
HOM paspabOTKU SIBJIAETCSI COBMECTUMOCTH C IIPOrPaMMHBIMHU aHa-
ausatopamu tpadpukra. Tax, B xome paboThl TOMUMO (pU3MUIECKUX
ImapaMeTpPoOB CHUTHaJIa B pe3yJibTaTe ero o0paboTKM MOTYT OBITh IIO-
JIy4eHbI HEKOTOpPbIe CJIy:KeOHbIe maHHble. PazpaboTaHHOE yCTPOM-
CTBO MOJKeT OBITh MCIIOJIb30BAHO CIENUAJbHBIMU OPTaHAMU MAJIS
KOHTPOJIA IIPAaBOMEPHOT0 HMCIIOJIb30BaHMEM UYaCTOTHOTO pecypca,
a TaK:Ke CaMUMMU OIllepaTopaMU CBA3U OJA JOCTHUKEHUA CTaOUJIb-
HOTO KaueCTBEHHOT'0 paAMOKaHaJja 3a CueT IIPOrPaMMHOI IepeHa-
CTPOIiKOI 000pymOBaHUA.

Kpome monumTopumura pagmuosdpupa IIOP moryr OGbITH MCHOJb-
30BaHbI IJIs aHa/M3a 0e30IacHOCTU IPOTOKOJIOB B3aMMOIEHCTBUA
ycrpoiictB B CCC. Tak, B pabore [3] mpeacTaBieHO onucaHue IIPO-
IeAypbl aTaKW Ha CeTh IepeJadyd JaHHBIX 3a CUET yA3BUMOCTEM
mpoTokoga GSM. ATaka CTPOUTCA II0 IIPUHITUITY «YeJIOBEK Iocepe-
nuHe». Takada cxeMa IIpefmoJiaraeT IMOJy4YeHUe MaHHBIX 3JI0YMbIIII-
JIEHHUKOM OT MCTOUYHUKA, UX NPOCIYIIWBAHUE, M PETPAHCJIAINI
agpecary. IIpu 5TOM UCTOYHUK U aJpecaT He IIOJ03PEeBaIoOT O CyIIle-
CTBOBAHUU MOCPeNHUKA. [Ipy HATUYUU CIIEINAJIbHBIX CPEJCTB 3JI0-
YMBIIIJIEHHUK MOYKET paclindpoBaTh KOHPUIEHIIMAJIbHbBIE 10JIb30-
BaTeJbCKIe JaHHbIe U MCII0JIb30BAaTh X B cBOUX Ienax. Poas ITIOP
B 9TOM CJIy4ae 3aKJUYaeTcsd B IIPOCJYIIMBAHUU paauoddupa c Ie-
JIBIO OIIpeieJIeHUSI YaCTOTHI HeCYIIIero CUTHAJIA U CJIYKeOHBIX ITapa-
meTpoB 6asoBoit crannuu (BC), maimyuarrieii curaajg HanboabIIeH
MOIITHOCTH. KaK TOJIBKO OIIpefieeHbl BCe CIIy:KeOHbIe mMapaMeTphI
rakoit BC, 3/1I0yMBINIIJIEHHNKOM BBITIOJIHSAETCS HACTPOMKA ITOAeNhb-
HOM BC ¢ aHAJIOTMYHBIMHU CJIYKEeOHBIMI JaHHBIMU U 00Jiee BHICOKOM
MOIITHOCTBIO CUTHAJIa. B COOTBETCTBUHU ¢ OCOOEHHOCTAMU ITPOTOKOJIA
GSM MoOmMIBHBIE TEPMUHAJIBI Aa0D0OHEHTOB IIOIKJIIOUAIOTCA K CeTH Ue-
pes BC ¢ HanboJjiee MOIITHBIM CUTHAJOM B 30HE CBOEH PaJMOBUAMMO-
ctu. [{na ¢opmupoBaHusa curtasa noageabHol BC Takke UCIOIBL3Y-
ercsa IIOP, ¢opMmupymoiiasa curaaa Ha TpeOyeMoil HecyIlei yacTore.

CCC nmaroro noxkoseHusa (5G) cerogus ABIAOTCA HamboJee mMpo-
rpeccupyIoNiuM 1 00Cy:KAaeMbIM HaIIpaBJeHUEeM B o0JjiacTu 6ecipo-
BOJHOH IIepemayvl JaHHBIX. ITO, B YACTHOCTH, O0YCJIOBJIEHO OYPHBIM
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pasBUTHEM TEXHOJOTUM WHTEPHEeTAa Bellei: ToJabKOo B Poccuu chop-
MYJUPOBaHA IeJib BRINYCKA MUJJIMApPAA YCTPOMCTB MHTEpPHETa Be-
mieit [4] ® 2025 rogy. OcHOBHBIMU TPeOOBaHUA K ceTAM 5G ABIIAETCA
BBICOKas CKOPOCTh mepenaumn maHHBIX (mo 20 I'6ut/c), 3HAUUTEb-
HadA IJIOTHOCTEL yerpoiicTs (10%/KM?) u HuU3KHe 3aJep:KKU Iepena-
yu curHaja (o 1 mc). iaa obecrieueHudA KejJaeMbIX IIOKasaTeJsiei
B HOBBIX CHCTE€MaxX AKTHUBHO HCIOJIB3YIOT TEXHOJOTHUIO IPOCTPAH-
crBenHoro pasueceHuss MIMO (Multiple Input Multiple Output) —
pasmelieHre cpady HEeCKOJbKUX NpPHUeMOoIepenaloluxXx aHTeHH Ha
ycTpoiicTBe. B pabore [5] mpencraBieHa aHTeHHAs cucTeMa U3 8 aJie-
MEHTOB, pacCUMTaHHAasA Ha auamnas3oH 3,4—3,6 I'T'm, nisa aboHeHTCKUX
ycrpoiictB. Curuan ¢ auTeHH obpabarsiBaerca yeTbipbMma [IOP (mo
onHomy Ha kKaxayio napy anteHH) NI USRP 2943R. 9to ycTpoii-
CTBO TpeJCTaBJIgeT COO0M IMPOTrpaMMHO-OIIPeesIaeMblil IpueMoIie-
pelaTunK, OeMCTBYIOINIUN B AualasoHe curuajgos g0 6 I'T'm. Asto-
pBI paboTHI [5] 9KCcIepUMEHTAJNBHO ITOKA3aJd, YTO UX YCTPOMUCTBO
MOKeT paboTaTh Ha CKOPOCTHU Ilepenadym AaHHBIX 275 MOwut/c ¢ ua-
CTOTOU BOBHUKHOBEHUS OMTOBBIX OO0k BER = 1-1072 mpu oTHO-
menun curnaj/mrym (OCI) 15 1B u cnocobe moxyasamuu 64QAM.

0630p mokaswiBaeT, uro IIOP maxomuT mpuMeHeHUe IJA PeIlie-
Husa pasanuHblx 3amady CCC. IlepcneKTUBHBIM pasBUTHUEM AAaHHOU
TEeXHOJIOTUY MOXKET OKa3aThbCs pean3aliis CUCTEeM aJallTUBHBIX aH-
TeHHBIX peIeToK (AAP), uTo 0cOOeHHO aKTyaJabHO AJA OyIYIITUX Ce-
Tel, TPeOYIMINX BBICOKYIO CKOPOCTDL Hepenadul MJaHHBIX C MCHOJIb-
30BaHMEM CBEPXBBICOKUX UYACTOT. JTO, B UACTHOCTU, MOKET OBITH
peanamns3oBaHo ¢ mcioJsib3oBaHueM poccuiickor MC 1288XKI1T, mo-
3BOJIAIONIEN co3maTh cuctemy AAP u3 32 s1eMeHTOB.

CeTu mHTEpHeTa Belllell MCIOJb3YIOTCSA OJSA aBTOMATU3AI[UU
1 Mu(POBU3AIUY OBITOBBIX ¥ MPOM3BOACTBEHHBIX ITPOIECCOB U IPEJI-
CTaBJISIOT cO00II MHOXKECTBO Pa3HOOOPAa3HBIX JATUNKOB, CEHCOPOB,
CUETUYMKOB U KOHTPOJLJIEPOB, OCHAII[EHHBIX IPHUeMOIIepeIaloIuM pa-
nuomonayJsaeM. JlaHHBIE C YCTPOMCTB arperupyioTcsa 1 o6padaThIBaioT-
cA MPOrpaMMHO-alIapaTHBIMU cpeAcTBaMu. dPPeKTUBHOCTD TaKUX
CHCTEM 3aKJI0UYaeTCs B BHICOKOM aBTOHOMHOCTU PabOThI CHCTEMBI,
KOoTopas JOCTUraeTcs Cpedu IIPOUYero 3a CueT KPaTKOBPEMEHHBIX
U CPABHUTEJBHO PEIKUX CEAHCOB CBS3U.

B KpymHBIX IIPOMBINIJIEHHBIX ITPOEKTaX KOJUYECTBO YCTPOMCTB
B CETH MOKET JOCTUTATh HECKOJBKUX COTEeH Ha OJHOM OOBEKTe.
BBuay BbICOKOII MJIOTHOCTU YCTPONCTB, HECMOTPS HA OTHOCUTEJIHHO
peIKIe ceaHChl CBA3YW, BOBHUKAIOT KOJJIM3UIM CUTHAJIOB, UTO IPUBO-
IUT K IoTepe naHHLIX. B padore [6] mpeacTaBiaeHbl pe3yIbTaThbl UC-
cJaeNOBaHMA HAJOKEHUS PA3HBIX YacTel IIaKeTOB B CETH CTaHIap-
ta LoORaWAN npu pasianuysoii MOIIHOCTH cUrHayioB. 3agaueii IIOP
B 9TOM CJIy4yae ABJIAETCS (DOPMUPOBAHNE IIOMEXH IIyTeM IprueMa CUT-
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HaJa ¢ ogHOro ycrpoiictBa LoRaWAN, ero ¢puiasrpanum, ycuieHus
U Iepeaaymn ¢ HacTpamBaeMou 3ajep:kkoii. Takoi moaxonm o0ycIoB-
JIeH 3aKPBITOCTHI0 IMpoToKoga LoRaWAN, B cBA3U ¢ UeM MCIIOJIb-
30BaHMNE yCTPOIMCTBA Ha 0ase MaHHOTO CTaHAApPTa B KauecTBe I'eHe-
paTopa IoOMex’ OKa3bIBaeTcsA HeollpaBAaHHBIM. l[IpuMeHeHHe Ke
rexuosoruu 1IOP B mamHoIl 3aaue MO3BOJIAET OeTAJBHO U IIJIABHO
HaCTpauWBaTh JKeJaeMbIil curHaj. ABropamu padoTs! [6] mosryueHno,
YTO IPU OOHAPYKEHUHN KOJIJIN3UUA B CETU II0 Pe3yabTaTaM ee BO3-
IefcTBUSA MMeeTCS BO3MOMKHOCTh PACCUUTATDH 3aJePiKKYy IOMEXH,
a BMeCTe C 9TUM BOCIIpOM3BecTU 00Jjiee TOUHYIO MOJIeJIb TPacchl pac-
IPOCTPAHEHUA CUTHAJA. ITO MOXKET OBITh YUTEHO IIPU N00aBJIEHUU
HOBBIX YCTPOMCTB B CETh C IIEJIBIO IIPEAYIIPeKIeHUs BO3SHUKHOBE-
HUSA HOBBIX KoJmuauii. B pabore [6] Tak:Ke mpuBeaeHbI pe3yJbTa-
THI CPABHEHUA C JAHHBIMU JPYTUX KUCCJIEIOBAHUI.

B pabore [7] mpencraBiieH MPOEKT pacipeneeHHON CeTu MHTep-
HeTa Belllel, IpeJHasHAUeHHONU AJA IIepefaduyr MHAOPMAIIUU MerK-
Iy ycTpoiicTBaMu, paborammiumu Ha 6asze mpoTokosoB LoRaWAN,
ZigBee, Wi-Fi u Bluetooth. B aTtux TexHOJIOTUAX MCIOJB3YIOTCH
pasinyHble YaCTOTHBIE AMANA30HBLI M CIIOCOOBI MOAYJISIIUU CUTHA-
Jaa. Oco6eHHOCThIO CeTU ABJIAETCS 3HAUUTEJIbHOE PACCTOAHUE MEXK-
Iy YCTPOMCTBAMM: COTHU U ThICAYU KUJIOMETPOB. [lJisa mepemauu Ha
TakoM OOJIBIIIOM PACCTOAHUU MCIIOJIb3YeTCs CIeNaJIU3UPOBaHHBIN
npoTokoJa S-MIM, npenpHasHaYeHHBIN AJ1A OPraHU3aU CIIyTHUKO-
BOTO KaHaJa c¢Ba3u [8]. B manHOM cTaHmapTe AJid Iepegadyu pagmno-
CUTHAJIOB UCIIOJIb3yeTcsa S-auamnason: 2—4 I'T'. [Iaa npuema u obpa-
00TKU Pas3IMYHBIX CJIOKHBIX CUTHAJIOB Ha 0a3e OJHOTO yCTPOICTBA
ucnoansyercsa IIOP Ettus USRP E310 B xauecTBe miaio3a MeXKIy
Ha3eMHOU CeThI0 YCTPONCTB MHTEPHETA Belleil U cIyTHUKOM. [ua-
Ma30H pabouymxX YacTOT JaHHOTO ycTpoiicTBa coctaBader (0 MI'm —
6 I'T';, MmakcuMaabHaA MIUPUHA KaHaa paBsHa 56 MI't, mepBuuHas
obpaboTKa ocyirecTsiaseTca ¢ ucrnoab3oaHueM IIJIMC Xilinx ZYNQ
7020 u agByx sgep mpoiieccopa ARM Cortex A9 ¢ TakToBO#T uacTo-
Toii 866 MI'nm. Ilna mpoBepKu paboTOCIIOCOOHOCTH CHUCTEMbI aBTO-
pamu paboTsl [7] 6bLT IPOBeZeH SKCIEePUMEHT IO Ilepenaue (aiiia
KOH(pUTrypanmuu B BOCXOIAIEM HaIpaBJIeHUU MeKAY IBYMS YCTPOM-
crBamu Ettus USRP E310, ogHO 13 KOTOPBIX SMYJIMPOBAJIO PaboTy
mpreMolepesaTdKa CIyTHUKA, a APyroe — IJII03a HA3eMHOUN ceTu
WHTepHeTa Belei. /g mMUTAIMU KaHaJla CBA3U WMCIIOJb30BAaJICS
arrernoaTop 30 n1Bb. CpegHAsa CKOPOCTh Ilepefauyud HAHHBIX B 3TOM
cJydae oKasajlach paBHa 5 KOuT/c.

B pabore [9] mpeacraBiieH NPOeKT KOMOMHUPOBAHUSA ITPOBO/I-
HOI TPAHCIIOPTHO# CeTu CBSA3U Ha 6a3e BOJIOKOHHO-OITUYECKOro Ka-
0esnss (BOK) u GecripoBOAHOI CeTH AOCTyIIa AJIA PasIMYHBIX THUIIOB
ycrpoiictB. Pyuknusa IIOP B Takoil cucTeme 3aKJII0UaeTcs B IprueMe
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U mepeaaye paauOCHUTHAJIAa KJIMEHTCKOTO YCTPOICTBa BHE 3aBUCHU-
MOCTHU OT WCIIOJIb3YEMOT'0 3TUM YCTPONCTBOM ITPOTOKOJa. OCHOBHAA
uaesd 3aKJIIOUAETCA B OPTaHM3aIuy BBICOKOCKOPOCTHOTO KaHaJa CB-
3U MEXKJAY YCTpPoWCTBaMU Ha OOJIBIIIOM PACCTOAHUU. ITO JOCTHUTA-
eTcA IIpeoOpa3oBaHMEM pPaAMOCUTHAJIa CHAYaJa B 3JIEKTPUUECKYIO,
a 3aTeM B onTmueckyo (opmy u mepenaueir ero uepes BOK. Ilpe-
UMYIIlecTBa Iepefaum OaHHBIX ¢ mcrosb3doBanuemM BOK cmocobcer-
BYIOT IOCTHKEHUIO JKEeJIaeMOro pesyJibTaTa. AmapaTHoe pelieHue,
ImpeaJjlaraeMoe aBTOpaMu, IIPeACTaBIAeT co00H ycTpoiicTBO Ha Oase
MukpokouTposuiepa STM, uerTbipex mpueMonepegaTUMKOB CHUTHA-
JoB muamnasoHa 2,4—2,5 I'T'm u yeTwsIpex mpeoOpasoBaTesieil 4acTo-
Tel. TaKo#l MOAXON K anmapaTHOUW peajm3anuy OKasbIBaeTca Oojiee
9KOHOMUYHBLIM U T'MOKUM BapHUaHTOM II0 CPaBHEHUIO C MCIIOJb30BAa-
HueM rotoBbIxX pemnenuii IIOP B mamnom ciayuae. Ilpumepamu uc-
MMOJIb3OBAHMUSA TAKOW CHCTEMbI MOMKET OBITH yBeJHWUeHHUe IIJIOIaau
pasBepThIBaHUA ceTu Ha 6a3e TexHosorum Wi-Fi, ynamenHoe ympas-
JeHue o0opyaoBaHMEeM HA IMPOMBIIIJIEHHBIX 00beKTaxX ¢ 0co00 omac-
HBIMU YCJIOBUAMM, NOCTUKEHNE HU3KUX 3aJeP:KEK pacIipocTpaHe-
Husa curHaia. [nsa moxepuusanuu cetu VHTepHET IpeAJioKeHHOe
pelieHre MOKeT OBLITH 3aJeMICTBOBAHO IIPM PasBePTHIBAHUU CeTel
tuna FTTx u PON.

IIOP moryT ObITH MPUMEHEHBI AJIs PelleHus OO0MIMX 3amau pa-
IVOCBA3U UM WMCIIOJB30BAHBI B CHCTEMAX PAa3JIMUYHOTO HAa3HAYEHUA.
Takx, B pabore [10] mpeacraBieH ajJropuTM OOHAPYKEHUS IIOMEXU
B KaHaJie CBA3W, OCHOBAHHBIN Ha ITPAaBUJIBLHOM BBIOOpE ITOpPOTa IPHU-
HATUSA PeIllleHnsd O HAJWYUKM CUTHaJa Ha BBIXOJle MPUEeMHOII aHTeH-
HbI. AnmnapatHada uactb IIOP B ganHoii paboTe npencrasiisieT co00i
ycrpoiictBo NI USRP-2954R, o6iazmaroiiee caeayoIuMyI XxapaKkTe-
PUCTUKAMM: YaCTOTHBIA nuamnas3oH go 6 I'l'm, mupuHAa mOJ0Ckl CUT-
Hasa po 160 MI'ti, makcumanabuaa gactora ALl — 200 MBgI16/c.
B cBoeii pabore [10] aBTOpHI ncnionb3yioT IIOP ogHOBpEeMeHHO B Ka-
YyecTBe MepefaTuMKa U IIPpUEeMHUKa CUTHAjIa, a TaKiKe reHepaTopa
noMexu U mryma. BHyTpu aToro ycrpotictBa choOpMUPOBAHHBIN CUT-
HaJI IIOCTYIIaeT Ha BXOJ IIPUEMHUKA, T'e IIEPEHOCUTCA HAa HECYIIYIO
yactory 10 MTI'm, mpeoOpasyeTcss B aHAJOTOBYIO ()OPMY U YCUJIH-
BaeTcsa. IIpyHnMaeMblii CUTHAJ TaKiKe YCUJINBAETCSA, MEePEeHOCUTCS
Ha IPOMEKYTOUYHYIO IIOHMIKEHHYIO YacTOTy, IIpeobpasyeTrca B 1ud-
poByI0 hopMy U IepemaeTcA ycTpoicTBy obpaborku — II9BM. [Ina
OIIEHKU Pe3yJIbTaTOB pabOThI IIPEAJIOKEHHOTO AJTOPUTMA aBTOPHI
[10] memoHCTPUPYIOT 3aBUCUMOCTN BEPOATHOCTU JIOKHOU TpPEBOrHU
OT MOIITHOCTH IIOMEXH.

B pa6Gore [11] npexacraBiieH MeTO paclio3HaBaHUA cmocoba Mo-
OYJAANUYA TIPUHATOTO CHUTHAJA C IIPUMEHEeHUeM TeXHOJIOTUU Hel-
poHHBIX ceTeir u IIOP. Poas IIOP B manmoi#l paboTe 3aKJII0o4aeTCs
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B ()OPMUPOBAHUU CUTHAJOB C PA3JIUUYHBIMHU CIIOCO0AMU MOJIYJIS-
WY ¥ MaHUINYJIAINKU, a TaKiKe IIpueMe IepeJaBaeMbIX CUTHAJIOB
B IIIMPOKOM CHEeKTpe YacToT. B KauecTBe alapaTHOTO PeIleHUud
aBTopamu ucmnoJsbsyercsa Ettus USRP B210. 9to ycTpoiicTBo mIpea-
cTaBJfgeT co00ii MPOTrpaMMHO-OIpPeneIIeMblii IpueMonepesaTUnK
curHayoB B guanaszone (0 MI'm — 6 I'T't ¢ mmupuHOI IOJIOCHI KaHa-
Ja go 56 MI'ti, BRarouaromiuii 4 Kanaja (2 aaa npuema u 2 IJIsd 1Ie-
penaum). HacTpoiika ocyIiecTBIAAETCA C IIPUMEHEHUEM ITPOTrPaMM-
noro uactpyMeHTa GNU Radio. IIpuHsiThIe OTCUETHI Pa3IUYHBIX
CUT'HAJIOB oOpabaThIBaloTCs pa3pabOTaHHBIM aBTOPAMU AJITOPUT-
MOM, OIIPeAeJAIIIUM CI0C00 MOAYIANNU OTAEILHOTO MIPUHATOTO
curHajyia. PeaansoBaHHas cucTeMa ¢ BePOATHOCTHIO He HuKe 0,95
pasanuaer 24 crmocoba MOAYJIAIUU.

Ha »sTo0i1 :Ke siieMeHTHOII 6a3e peain3oBaH 0J0K IU(PPOBOI 00-
paboTKU M yIpaBJIeHUS PAAUOJOKATOPa CUCTEMBI ad3pPOJIOTHUYECKO-
ro paamos3oHAUpoBaHMA, onucaHHbIN B [12]. UC AD9361 BKJIIO-
YyeHa B IIPUEMHBLIA TPaAKT Ha Ipome:kyTodHou uactore 400 MI',
a JajJpHelmnIas o6paboTKa CUTHAJIOB, YIIPaBJeHNe 1 B3aMOJIEHCT-
BHe ¢ KoMnbioTepoM 1o cetu Ethernet BpimosHsAeTcA cpeacTBaMu
ZYNQ 7020.

Texuonorua IIOP mupoxko mpuMeHAeTcCs B 3aJadax PaguoJIo-
kanuu. Hanpumep, B pabore [13] npexacraBiieHbl pe3yabTaThl pas-
paboTKM BeTPOBOTO IIpodaiijiepa MJIM PaJUOJJOKATOPa IapaMeTpPOB
BeTpa AJid mojayueHud npoduiisa BeTpa Ha BeicoTax oT 200 m gmo
4 kM. Y maHHOTO PagMOJIOKaTOpa U3JIyUYeHNe 30HAUPYIONINX Paguo-
UMOYJbCOB U MPUEM OTPAKEHHOTO CHUTHaJa OCYIIEeCTBJISETCA Tpe-
Ms pasHECEHHBIMU B HPOCTPAHCTBe (Pa3MPOBAHHBLIMHU AHTEHHBLIMU
perieTkaMu. PagmosiokaTop MPpUHUMAET OTAeJbHO Ha KaKIyIO0 aH-
TeHHY OTPa’K€HHBIM HAa PasHBIX BBICOTAX OT HEOJHOPOIHOCTEH aT-
mocdepsl curHas. JlambHelnasa KoppeadanuonHaa o0padoTKka aTUX
CUTHAJIOB IIO3BOJISIET OIIPENeINTh IOPHU30HTAJIBHBIN BEKTOP CKOPO-
CTU BeTpa Ha pasHBIX BhIcoTaxXx. PaszpaboTunku mpodaiiaepa UCIOIb-
3oBasn 4-kaHaabHBIN Moaysb IIOP Pentek 7642 ¢ 14-paspagHbIiMu
AIIIl u mu(ppPOBLIM IEePEHOCOM CUTHAaJIa C IIPOMEKYTOUHOM YacTo-
el (IIY) 60 MI'tt Ha HyJIEBYIO YacTOTY.

W3 mpencraBieHHBIX BapuaHTOB ucmnoab3oBanua IIOP B pe-
IMeHuAX 3a7Ja4 PaguoCBA3W BUAHO, UTO TaKHe CUCTeMbl d3((deK-
TUBHBI B UMUTAIIUU PA3HOOOPA3HBIX CJIOMKHBIX CHUT'HAJIOB, a BMe-
CTe C TeM U SMYJUPOBAHUU PA3JIUUYHBLIX PeaJbHBIX CUCTEM CBA3U.
Brei6op moaxopsamiero ycrpoiicrBa IIOP cmocobGcTByeT sKOHOMUU
cpeacTB Ha pas3paboTKy MaKeTa, a MCIOJb30BaHUNE CHeInan3u-
poBaHHOTO mporpamMmmuoro obecmeuenusa (I10) mgnasa Bsammopgencrt-
BUA C TAKUM YCTPOMCTBOM JIOIIOJHUTEJHHO YIIPOIIaeT U YCKOPS-
eT IpoIrecc pa3paboTKuU.
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IIOP maxomuT mpuMeHeHUe W B CCTeMax HaBuranuu. B pabGore
[14] mpexncTaBieHo pellieHMe IJIA OIIPEeIeHUS MECTOIOJIOKEHUA MO-
OMJIBHBIX YCTPOMCTB B MOMEII[eHUU IIPU IIOMOIIM MMeloleiicsa oec-
IIPOBOJHOM JIOKAJBbHOU ceTm Ha 0ase cranmapra Wi-Fi. Ilpuniun
paboThI 3aKJIIOYAETCS B HAKOILJIEHUU JAHHBIX O TEKYIIeM COCTOAHUU
KaHaja IIyTeM npmeMa M 00pabOTKM MHUJIOT-CUTHAJOB C TOMOIILIO
IBYX PasJIMYHBIX aJITOPUTMOB MAIIMHHOTO 00yueHus. B pesyabTaTe
(opmupyercs HaOOpP BpeMEHHBIX M YaCTOTHBIX IMapaMeTpPOB CUTHA-
JIOB B 3(ppe, Ha OCHOBAHUU UETro JesIaeTCs BEPOATHOCTHOE 3aKJII0Ue-
HUE O TEKYIIeM MEeCTOIIOJ0KEeHNN UCTOUHNKA aHAJIN3UPYEeMOTO CHUT-
Haya. IIpumenenue IIOP 00yc/ioBJIeHO BO3MOYKHOCTBIO BBIJEJICHIS
OTHENbHBIX HmogHecymux n3 caokuoro OFDM-curunana (Orthogonal
Frequency Division Multiplexing — mysbTHIIEKCHPOBAHUE C OPTO-
FOHAJBHBIM pasfesieHrueM IIOJHecyHinX). AnmapaTHas peaan3amus
npencraBiaser coboit mpuemonepematunk NI USRP 2932. Ycrpoii-
ctBOo yHKIMoHUpyer B aumamnaszone 400 MI'n—4,4 I'T'n ¢ kamaia-
Mu ¢ mupuHON mojockl 1o 20 MI'n. Koudurypamua ycrpoiicTBa
1 00paboTKa CUTrHAaJa OCYIIECTBJIAETCS NPOrPAMMHBIMU METOJAMU
¢ ucnoab3zoBanuem [IOBM. [[na mepemaum DJaHHBIX Ha KOMOBIOTEP
npenycmoTpen uHTepdeiic Gigabit Ethernet. B pesyabraTe skcie-
pUMeHTOB aBTOpaMu paboTsl [12] mosryueHo, YTO IIOTPEeIIHOCTh OIl-
peneeHus MECTOMOJIOMKEHUA B IIOMEIeHUN IIPU HAJIUYUU TOJBKO
onuo# Toukm mocryna Wi-Fi mocrturaer 0,67 m.

B pa6ore [15] mokasano, uto TexHosorus IIOP moxxeT ObITH Ipu-
MeHeHa B 3aJauvax CIYTHHUKOBOW HaBuramuu. ABTopaMu paspabo-
TaH NPUEeMHUK CIIYTHUKOBBIX HABUTaI[MOHHBIX CUTHAJOB Ha 0ase
NC R820T2 u RTL2832U. O6paboTka B IIpeACTaBJICHHOM IIpHMe-
pe ocyirnectBaderca cpeacrBamu [I9OBM. Ilpumenenue IIOP B mo-
TOOHBIX 3aJadax O0yCJIOBJIEHO pasHOOOpasueM CYIIEeCTBYIOIINX Ha-
BUTAIIMOHHBIX CHCTEM UM BMECTE C dTHUM IITMPOKOTO CIIEKTPa YacToT.
Hna nemoHCcTpanum paboTOCIIOCOOHOCTY aBTOPAMU IIPEJI0KEHHOTO
pelIeHusi BBIIIOJIHEH PAJ 9KCIEPUMEHTOB II0 IIpueMy u obpaboTke
peanbHOTOo curHaya cucrembl GPS. B pesysbrare OBLIO 3aKJIIOue-
HO, UTO MOKA3aTeJI1 CUCTEMBI COIIOCTABUMBI C COBPEMEHHBIMMU IITH-
POKO HCIIOJIB3YIOIIUMUCS YCTPOHCTBAMU IIOTPEeOUTE el CIIyTHUKO-
BBIX HABUTAIlMOHHBIX YCJIYT.

IIpeacraBieHHbIe TPUMEPHI JEMOHCTPUPYIOT YHUBEPCAJIbHOCThH
rexHoJoruu IIOP He TOJIBKO B 3HAYEHUM YaCTOTHOTO pecypca, Hc-
IMOJIb3yeMOT'0 YCTPONCTBOM II0 Ha3HAYEHUIO, HO U YHUBEPCAJIbHOCTD
B IPUMEHEHUU B PA3JIUYHBIX 00JIaCTAX PaANOCBA3U. AKTYaJIbHOCTD
U3YUYeHUs U PA3BUTUS 3TOU TEXHOJOTUM TaKKe IIOAKPeILIAeTCA TeM,
YTO OHA HAXOAUT IIPUMEHEeHIe He TOJBKO B CAMBIX HOBBIX, IIEPCIIEK-
TUBHBIX ¥ Pa3BUBAIOIINXCS HAIPABJIEHUAX, HO U B KJIACCUUYECKUX
3ajjauyax paarOCBSI3U.
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AnnapartHasa peanu3sauus NOP

B Tabauiie 1 cBeeHBI OCHOBHBIE XapPaKTEPUCTUKM BCEX ammapar-
HBIX peasmsaniuii TexHosoruu [IOP, KoTopble ObLIM TpPEACTABJIEHBI
B IIpeabIayIieM nyHKTe. Ha ocHOBaHWM 3TUX IPUMEPOB MOKET OBITH
chopMUPOBaHO IpeACTaBIeHNE O HanboJiee NCII0Ib3yeMO apXUTEK-
Type TAaKUX YCTPOUCTB.

Taoaunma 1. XapakTepucTuKU pasjanduHbIX ycrpoiicts IIOP

Table 1. Characteristics of various SDR devices

Nuanazon| Makcumaab- | Koaunue-
Y cTpoiicTBO YacTOT, | Has NIMPUHA | CTBO Tun HCHOJHEHU ST
I'Tix KaHaJga, MI'l| kaHaJI0B

RTL-SDR 0,024-2,2 3,2 1 ncC
NI USRP 2943R| 1,2-6,6 40 2 Cmern. IC + ITJIMC
Ettus USRP nC + IIJIUC +
E310 0,07-6 56 4 IIporeccop
NI USRP-2954R| 0,01-6 160 2 Cumern. IC + IIJIXIC
Ettus USRP uC + IIJIUC +
B210 0,07-5,6 56 4 IIporeccop
NI USRP 2932 | 0,4-4,4 20 2 Croern. IC + IIJIVIC

YerpoiictBo RTL-SDR mpeacrasiisieT cob60ii KOMOMHAIIUIO IIPU-
eMHHKA PaJuOYaCTOTHBIX CHUIHAJOB CIYTHHKOBOI'O TEJEeBUIEHMUS
Ha 6aze MIC R820T2 u memopyaaropa Ha 6aze MC RTL2832U.
B 2012 rony Oblmum 3aMedYeHBI CKPBIThIe Bo3MosxkHocTH MC
RTL2832U, mos3Boadolnue OIU(MPOBLIBATHE CUTHAJ B IIMPOKOM
crexkTpe yacToT!. B ¢Bsizu ¢ aTUM ObIJIO pa3paboTaHO CIelnaaIbHOe
IIO B KauecTBe mpomuBKu MukKpocxeMmMbl RTL2832U, mosBossrio-
IIee IPeBPaTUTh HIPUEMHUK CIYTHUKOBBIX CUT'HAJIOB TeJEeBUIeHU
B moJiHOIleHHYI0 nmpueMuyio IIOP. CtpyKTypHasa cxema yCTPOICT-
Ba R820T2 npexacraBiena ma puc. la.

IIpuemHUK 00JiajaeT YyBCTBUTEJIbLHOCTBIO —97,5 nBM u BBIIOJI-
HseT (GUJIbTPAINI0, YCUJIEeHNE U IIePEHOC Ha ITPOMEIKYTOUHYIO YaCTO-
Ty CUTHaJIOB B Auamnasone 42 MI'ii—1,766 I'T'1. ITo ymoauaHuio BO3-
MOJKHBI HECKOJIbKO BAPHUAHTOB IIPOMEKYTOUHON 4acToThl OT 4,063
mo 4,57 MTI'm.

CrpykrypHas cxema gpemoxayiadatopa RTL2832U mpencraBiena
Ha puc. 10.

! My Journey Into SDR Software Defined Radio. Available at: https://
www.wirelesshack.org/my-journey-into-sdr-software-defined-radio-part-1-
introduction.html (mara obpamenus: 16.02.2022).
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85-95 nb
K ycrpoiicTBy
% % 00paboTKu
(RTL28320U)

v 0.042-1.766 I'Tnx Iomoca: 6-8 MI'

Bremrnuit YupaBiaseMblit
OIIOPHBI —» reHepaTop
reHepaTop c DAITY

Puc. 1a. CtpykrypHas cxema ycrpoiictBa R820T2:
MITY - manomymamui yeunaurenb; @AY — cuctema dasoBoit
aBTOMNOICTPOMKM YaCTOTHI, BKJIIOUAIOINAA B ce0sd AeJUTEeJIU YaCTOThI
u GuabTp HuKHUX vactor (PHY)

Fig. 1a. Block diagram of R820T2:
MIITY — low-noise amplifier (LNA); ®AITY — phase-locked loop (PLL)
with low-pass filter (LPF) and frequency dividers

Ha npuemuux «— APY [—

IIpusATHI OFDM- Cuxpo
CHUT'HAJI - N
e upeodpa- [ ysanop [ BIP
(R820T2) y
Bremunit YupaBiaaeMblin
reHepaTop —»  TreHepaTop |«
28.8 MTI'ng c @AY
A 4
K yerpoiicTBy o .
Z[aJIBHeﬁmeﬁ ¢ USB- . HaHeTHBII/I4_ IIGKOL[ep —] DxBagaii-
o6paborru (IIK) uHTepdeiic GuabTp 3ep

Puc. 16. Crpykrypuasa cxema ycrpoiictBa RTL2832U:
APY — aBTOMaTHUecKas peryJupoBKa YCUJICHUT;
BII® — 670K BhIDOJIHEHUSA OBICTPOTO IIpeobpasoBanusa Pypbe

Fig. 1b. Block diagram of RTL2832U:
APY — automatic gain control (AGC); BII® — fast Fourier transform (FFT)

IlemMomyiATOP BRIDOJIHSET AeMoayasaiiuio curaaga ¢ OFDM-mony-
JSIIeN, BhlJleJIeHNe T0JIe3HON MH(MOPMAIINY 13 IIOJYUYeHHBIX MOIHe-
cymmux, GUIbTPAIUI0 TaKeTOB U Mepenauy o0paboTaHHBIX JaHHBIX
Ha JaJbHeNIlee yCTPOMCTBO 00PabOTKU C MCIIOJIB30BAHUEM HHTEP-
(deiica USB.

CrpykrypHasa cxema ycrpoiictB NI USRP 29xx mpencrasiiena
Ha puc. 2 U aKTyaJibHA JJIs BCeX IPEACTABJIEHHBIX B JaHHO pado-
Te MoJeJiel YCTPOMCTB.
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Puc. 2. Crpykrypuasa cxema ycrpoiictB NI USRP 29xx:
BIIY - 610K mIpeobpasoBaTeass YaCTOThI

Fig. 2. Block diagram of NI USRP 29xx:
BIIY - digital down- or up-converter (DDC, DUC)

OpHa 13 IByX aHTEHH MOJKeT ObITh KaK Iepeaaroleil, Tak U IpU-
emuoli. Hasnauenne aHTeHHBI B KaKIbIA OTAEJbHLII MOMEHT Bpe-
MeHHU peryJjupyercs mapoin kjioueir 1 u 2. JIpyraa anteHHa pado-
TaeT TOJLKO B IPUEMHOM pekuMe. S3HAK 3Be3N0uKu (¥) B moamucu
K 9JIeMEeHTy CXeMbl O3HauaeT, UTO JaHHBIA aTpuOyT aKTyaJieH s
ycrpoiictB NI USRP 2943R u NI USRP 2954R, a nBe 3Be3m0YKUu
(**) — Trombko gy NI USRP 2954R. Bo3sMoXHOCTh MCIIOJIB30BaAHUSA
curgaaa GPS B KauecTBe omopHoro peaaunszoBana B NI USRP 2932R
u NI USRP 2954R. Pasnuuus, BO3HMKAIOINE II0 Mepe IPOJABIIKe-
HUS K HaumboJiee IIPOABUHYTOU MOIEJIU, 3aKJIOUAIOTCSI B BO3MOK-
HOCTU peajmsanuu 0ojiee IMIMPOKOIH moJochkl mpomyckanusa ®PHY,
noBwitiieHHO yactore AIIIlI m ITAII, a Taxk:ke pasHooOpasuu WH-
TepdeicoB B3auMOAEHCTBUSA C BHEITHUMHU yCTPOUCTBAMHU. ITU UH-
Tepderichkl MpegHa3HAYEeHbI B IIEPBYIO ouepeab AJid mepenauu chop-
MHUPOBAHHBIX TUCKPETHBIX OTCUETOB MPUHATOI0 CUTHAJIA OCHOBHOMY
ycrpoiictBy oopaborku. B NI USRP 2954R npucyTcTBYIOT ajbTep-
HaTUBHBIE TPAKThI IPOXOKAEHNA CUTHAJIA (He ITIOKa3aHbl HA cXeMe),
obecrieunBamIue npuem B amamasoHe 10—-500 MI'ti. B nmpuemHuoit
YACTH STOr0 TPaKTa BBIMIOJHIETCA IIPeIBAPUTEIbHOE ITOBBLIIIIEHIIE
yacToThl 10 2,4 I'T'1y gna obecrieueHUsT BO3MOYKHOCTU JaJIbHEMIIIen
00paboOTKM cHTHAaJIa CpeACcTBAMHU yCTpoMcTBa. PYHKIIMOHAJbHBIE
0JIOKU, 00beIMHEeHHbIe IITPUXOBON PaMKOI, peajn30BaHbI B JaH-
HBIX ycrpoiicTBax npu momoru [IJIMC Xilinx Kintex-7. Ilia mpo-
rPaMMHOTO YIIPaBJIeHUA HACTPoOuKaMu u 00paboTKku curuajaoB IIOP
II0 YMOJUYaHUIO HacTpoeHa Ha padory ¢ ITIO LabVIEW.

CrpykrypHasa cxema ycrpoiictB Ettus USRP mpexacraBiaena
Ha puc. 3.
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Puc. 3. Crpykrypuaa cxema ycrpoiictB Ettus USRP
Fig. 3. Block diagram of Ettus USRP

IIpuemorniepenaroriuii TpakT peanmnsoBaH Ha 6asze IC AD9361. Ira
MHUKpPOCXeMa IpeAcTaBadgeT co00i IBYyXKaHAJbHBIN AYILJIEKCHBIN Te-
TePOAUHHBIN IPUEeMONEePEeIaTUNK CO BCTPOEHHBIMU 12-pa3psagHbIMU
AITIT u ITAII mpeo6GpasoBarensavmu. O6paboTKa U TPAHCIIOPTUPOB-
Ka OTCUETOB CHUTHAJIA BBLINOJHSAETCS C IIOMOIIbIO BBIUMCIUTEIbHOMN
miaardopmbl Xilinx ZYNQ 7020, xoropas comep:xut asa sapa ARM
Cortex-A9 u IIJIMC. Kak u B cayuae ycrpoiictBa NI USRP 2954R,
BO3MOJKHBI HECKOJbKO BapMaHTOB MCTOYHMKA OIIOPHOrO CHUTHAJIA,
BrJouada curtay GPS. I[ina B3auMogeicTBUA ¢ BHEIITHUMU yYCTPOM-
crBaMu 0OpPabOTKM CUTHAJOB B ILIaT(opMe peasm30BaHbI pas3jimu-
HbIe CIeIlNaJn3upPOBaHHbIe BLICOKOCKOPOCTHLIE MHTeP(heHChl 1 MH-
Tepgelickl 00Iero HaszHaueHUA. [ IpoOorpaMMHOIO yHpaBJIeHUS
II0 YMOJYAHUIO Ipolieccop HacTpoeH Ha pabdory ¢ IIO GNU Radio.

OmnucaTs Bce pasHooOpasdue CYMIECTBYIOMIUX peaJu3anuil I0-
BOJIBHO TPYAOE€MKAas 3ajjadya, pelieHne KOTOPOi He IPeayCMOTPEHO
B paMKax maHHo# paboTei. Cucremsl IIOP B (hopmaTe MOIYIBHBIX
perieHu# Ha 0aze MmukKpocxeM Analog Devices paspabaTbsiBatoTCs
Tak:Ke poccuiickum npepnpudatTuaM AO «MHCcTpy™MeHTanbHBIE CH-
creMbl». Cpenn MX XapaKTEPUCTHUK CJeayeT 0co000 OTMETHUTH IIU-
pokmit paboumii guamnasoH dactorT — Ao 6 I'T'n m MakcuMaJabHYIO
IIUPUHY MOJOCHI CUTHAaJa B pekuMe mnepegatunika — mo 450 MI'm.
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BoJjiee TOJHBIN COMCOK U CTPYKTYPHBIE CXE€MBI IPEACTABJIEHBI HA
opuIMaJIbHOM caiTe mpeanpuaTuss. PaspaboTKoil coOCTBEHHBIX
YCTPOICTB [JIis pellleHus 3amad Iu@poBoii oOpabOTKH CUTIHAJOB,
B TOM uucJie ycrpoiicTB cucteM IIOP, 3aHmMaeTcs poccuiickoe mpej-
npusatue AO HIII «3JIBUC».

LUudposon npuemMHuk 1288XK1T

B nanno# riaBe omucaHBI MPOIECC U PE3YyJbTAT O3HAKOMJIEHUSA
C IeMOHCTPAIIMOHHLIMM BapHWaHTAMU B3aUMOMAEHCTBUA C UeThIpex-
KaHaJbHBIM ITU(poBbIM TpueMHUKOM ITpousBoacTBa AO HIILL «3JI-
BUC» ua 6ase IC 1288XK1T. PaspaboTunkaMu nmpeajgaraeTcs OT-
aagounasa miaara MF-01EM, ocualenHas 4eThLIPbMSA IIPUEMHBIMU
kaHagamu ¢ 10-paspagusivMu AILII AD9215, obGecneunBammIinMu
YacTOTyY BBIXOAHBIX OTCcueTOB n0 105 MB&®I6/c. [l mepBuYHO# 00-
paboTKM cuUTHAJIa 1 peaaudanuu THTepdeicoB B3anMOIECTBUA OT-
adagounas maarta ocHamieHa IIJIMC Xilinx SPARTAN XC3S400A.
MakcumaibHada TaKTOBasA yacToTa Bceil cucrtema paBHa 100 MTI'm.

B rabauie 2 npeacrasiaensl napamerpsl miaatsl MF-01EM.

Taoauma 2. OcaHoBubie napamerpsl MF-01EM
Table 2. Characteristics of MF-01EM

Mam,f:cl\.{rﬁ:;naﬂ Mach:é\:z';I;Haﬂ ITonoca |Paspamnocts KoanuectBo
THCKPeTH3AINN | THCKPeTH3ANH | L ory CRAHIA|  JTAHHBIX | IPHEMHBIX
Ha Bxomxe, MI' |Ha sorxone, MI'y| “-IM1, MI'L | mpuemmuka | kaHanoB
Do 100 3,125% 300 16 4
12,5%%

Ilpumeuvanue: * MakcuMalbHOE 3HAUEHUE, JOCTUTAeMOe IPU YacTOTe TaK-
ToBoro curHaysia 100 MI'm u pabore omHOro Kamajga; ** MakcuMaJbHOE 3HAUE-
HUe, JOCTHUraeMoe IIpu dactore TakToBoro curuaga 100 MI'm u o0besuHeHUN
4 KaHaJIOB B OQUH TPAKT.

Oco0eHHOCTHI0 MUKPOCXEMBI SIBJISIETCS TO, UTO JTO ITOJTHOCTBHIO
(G pPoBOe YCTPOMCTBO, TPeOyoIlee NCI0Jb30BaHIsa BHEITHUX aHa-
JOTOBBIX (puabTpoB, ycuaureaeit u AIIIl. Xapaxkrepucturu MC
1288XKI1T onpenensdaioTcs ee paspAIHOCTHIO, YACTOTOM TaKTHUPOBA-
HuA (1o 100 MTI'm) m ocobeHHOCTAMM peasusanuu Iu(pPoOBLIX I'eHe-
paTopoB u GuiabTpoB. C OAHOM CTOPOHBI, 9TO TPEOYeT YCTAHOBKU JI0-
IMOJITHUTEJbHBIX KOMIIOHEHTOB, a C IPYI'Oil — OCTaBJIAEeT HEKOTOPYIO
rm0KOCTD B IPOEKTHUPOBAHNY. 3apy0e:KHbIe TPOU3BOIUTEIU YiKe TaB-
HO HaJaguam mpomusBoAcTBO 16-paspanubix AIIIIl ¢ wacToramu mu-
ckperusanuu 100 MI'nm u 6os1ee. B P® B HacTosaiee Bpema 16-pas-
panusie AILII mpousBogsar ¢ uacroramu xo 80 MI't, xoTsa u BegyTcsa
nepcrneKkTuBHBIE padpaborku. Hampumep, AO HUNMA «IIporpecc»

2 Cucremsr SDR. AO «MuCuc». Pexxum gocryma: https://www.insys.ru/sdr
(mara ob6pamenusa: 26.05.2022).
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B cepenuue 2022 roga miIaHUPyeT 3aBEPIIUTH PaspabOTKy BBLICOKO-
cxkopoctHOoro AIIITI 5111HBO015 ¢ yacToTO# BHIXOJHBIX OTCUETOB 0
200 MBbI6/c®. Tak kak Ha oriamounoi miaare MF-01EM ycramos-
aeubl 10-paspagubie AIIII, To gmHaMUYEeCKUil AuamasoH BXOMHBIX
curHayioB 1288XK1T zaHuxeH.

g BBauMOIeiCTBUA ¢ BHEIITHUMHU YCTPONCTBAMU UMEIOTCSA CJe-
nyrooiiue nHTepdenco:

1. SPI — mociemoBaTenbHBIN MHTepdeiic OJad YCTAHOBKHU 3HAUe-
HUHM PEerucTpoB yCTPOUCTBA.

2. 8-paspanubiii mocyaemoBaTeabHbI mHTepdeiic LINK mia me-
penaum BBIXOOHBIX oTcueTOB. COBMECTMM C IPOIlECCOpaMU TEXHO-
aorun SHARC.

3. 32-pa3pamHbIil mapaJIeJIbHBIN nHTepdelic AJid Imepegaull BbI-
XOIHBIX OTCUETOB M YCTAHOBKM 3HAUEHUU PErucTPOB YCTPOICTBA.

Ha puc. 4 npencraBieHa CTPYKTypHasA cxeMa OTJAaJOUYHOM ILjia-
el MF-O1EM.

RX1 P ] ] 1 =]
L N N T S ] N R s
Dopwm- : n N E '
daxrop H 8 g =
P7LP i =
i B4 B i
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Puc. 4. CrpykrypHuaa cxema ycrpoiicrsa MF-01EM
Fig. 4. Block diagram of MF-01EM

Ha Bxome MoryTr OBITH yCTAaHOBJIEHBI aHAJOTOBBIE (PUJIBTPHI
tuna P7LP. Baoku KX 1.x mpencraBadaioT co00il ABYXKacKaj-
Hble Iu(pPOoBbie (PUJBTPHI C KOHEUHON MMIIYJbCHOU XapaKTepu-
CTUKON U (pMKCUPOBAHHBIMU Koa(ppuiimenTamu. BiIoku (puiabTpoB
KX 2.x u KX 3.X moagep:XKuBaOT IPOrPAMMHYI0 HACTPOUKY
KO03(p(puIiineHTOB.

3 KATAJIOT mpogykmuu AO «<HUMMA «Ilporpece». Pexxum mocryma: https://
optochip.org/docum/store/f/d/84/1496830697-17-11785.pdf (mara obparenus:
26.05.2022).
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B xoMmmniexkTe mocTaBKU comep:KuUTCa gemMoucTpanuoraHoe 110 niaa
00paboTKu yacTOoTHO-MOAY InpoBaHHBIX (HM) curHaJIOB M BOCIIPOM3-
BeleHUs CUTHAJIOB paguocTtannuii B guamnasone 100—-110 MTI'g ¢ mo-
moibio MF-O1EM. B oryazounoii mjaaTe IpeaycMOTPeHa BO3MOMK-
HOCTh YCTAHOBKU KBapIeBOT'O reHepaTopa TaKTOBOro curuaja. Ot
3HAUEHUA YaCTOThI ITOTO CUTHAJIA 3aBUCAT HACTPOUKM PETUCTPOB
4acTOThI IIM(PPOBOTO reTepoAnHa U Koa(puiueHTa mermMalinu kH
KNX ¢unprpos. Ilpunaraemerit mpumep paborwsl ¢ I1O comep:kut
(daitn koH(PUrypaIuu A9 YaCTOTEI TAKTUPOBAHUA cucTeMbl 66 MI'I.
Hamu 6611 CI0/IB30BaH YCTAHOBJIEHHBIN 110 YMOJUYAHUIO TeHEPATOPD
¢ TtakToBou yactoroir 100 MI'n. UsmeHnenue (paitsia KoHPUTIypaIuU
3aKJII0UaeTcda B pacueTe Koa((puiirmeHTa 4acTOThI IIM(PPOBOTO reTe-
ponuHa u ky. IIpuem curaassa ocyIecTBIAETCA IPYU IIOMOIIY TPWH-
IIUIIa MOJIOCOBOY AUCKPETU3AIU, MPU KOTOPOM MOJIOCOBOII CUTHAJ
pacmoyioskeH BHe nepBoii 3oubl HatikBucrta [16]. B pesyabraTe nuc-
KpeTusanuu B nepBoii 30He HallkBuCTa BO3ZHUKAET KOIUA CUTHAJa
¢ Hecymie#t yacrorout F,' = F, — F,, rae F, — HecyIllasa yacToTa uc-
xomgHoro curHaja; Fy — dacrora nuckperusanuu AILIl. [Hanee mud-
POBBIM METOJOM 9Ta KOIIMS IMePEeHOCUTCS Ha HYJEeBYIO YacToTy. 3a-
TeM, II0CJIe MMPOPEeKUBAHUSA U (PUIbTPAINU, IIOJYUYEHHBIE OTCUETHI
KBajJpaTypHOTro curHaJia nepenamrcd B [I9BM nna memonynsiuu
U IPOUTPHIBAHUA cUTHajJa. dacToTa rerepoimHa pPacCUUTHIBAETCA
mo ¢opmysaam, IpeAcTaBIeHHBIM B foKyMeHTanuu K UC.

Ina HopMaJabHOM padoTsl AeMmoHcTparinoHHoro 110 urorosas ua-
CTOTA AUCKPETU3ANNN IIPUHUMAEMOTr0 CUTrHaJa J0JKHAa ObITh OKOJIO
200 kI'r. IloHM)KeHMEe YacTOTHI BHITIOJHAETCSA BCTPOEHHBIMU (PUJIb-
TpamMu-genumaropamu. Byxkackagublie ¢puabTpel KUX 1.x (cMm.
puc. 4) UMeT GUKCUPOBAHHBLINA KOd(DPUIIMEHT fenuManuu kg = 2
Ha KaXKJOoM Kackaje. [Ipu BXOmHON uacToTe MTUCKPETU3AI[UU PaB-
Hoit 100 MI'm oOmuii KoapUIueHT menuManuu kg3 IepecTpau-
BaeMbIxXx PpuiabTpoB KUX 2.x u KUX 3.x moakeH OLITh paBeH 125.

ITocne 3amenbl mapaMeTpoB (paiijaa MHUNMAJIU3AIUU yIaJIOCh
agantTupoBaTh padory aroro IIO ¢ mimaroit MF-O1EM Taktupyemoii
Ha yactore 100 MI'.

3akinodyeHue

PesynbraT 0030pa HaAyYHBIX M IPAKTHUYECKUX PabOT, MOCBAIIEH-
HBIX paspaboTKe MPoeKToB ¢ mcrnoab3oBaHuem IIOP, mokasas, uTo
9Ta TEXHOJIOTUA aKTUBHO IIPUMEHAETCA AJA PEIIeHUs CaMbIX pas-
JIMYHBIX 3a/la4 PaJUOCBA3U U CIOCOOCTBYET YJIYUIIEHUIO TeXHUUEe-
CKUX XapaKTepUCTUK usnennii. Takue mos0KUTENIbHBIE PE3YIbTaThI
JIleJlaloT JaHHOe HaIlpaBJIeHWe aKTyaJbHBIM JIJIA U3YYEeHUsS U Pa3BU-
THUA, PaspabOTKU HOBBIX ITPOEKTOB W OCBOEHUA COOTBETCTBYIOIIEH
BJIEMEHTHOU 0asbl.
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Amanus annapatHou peanusdanuu coBpemeHHBIX IIOP moxasai,
YTO CXeMa ITPOXOKACHUS W IIPeJBapUTEIbHOU 00pabOTKM cuTHA-
JIOB UAEHTUYHA IJIS Pa3HBIX ycTpoicTB. OQHAKO UMEIOTCSI OTIMYUS
B (pusuUecKoil peasn3anuil HEKOTOPBHIX 2JIEMEHTOB.

ITonyueHHBbIe TepPBUYHBIE HMPEACTABIEHUS O BOBMOMKHOCTAX MHU-
Kpocxembl 1288XK1T B pesysbraTe paboThl ¢ JeMOHCTPAIIMOHHBIM
11O u mporiecce MOAKJIIOUEHUS K ITPOIIECCOPHOM IIIaTe TOBOPAT O TOM,
YTO STO YCTPOMCTBO MOYKHO CUMTATH JOCTOMHON aJIbTePHATUBOM HAM-
0oJiee pacIpoCTpaHEHHBIM UMIIOPTHBIM perieHusM. BoImpoc UCIIoIb-
30BaHUSA POCCUMCKON 3J1eMeHTHOM 6a3bl 0COOEHHO aKTyaJieH B yCJIO-
BUSX OTPAHUYEHUHN Ha NMOCTABKM MMIIOPTHOM 3JIEMEHTHOM OasbI.
B macrosIiee BpeMs BefeTcsa pa3paboTKa BCTPOEHHOTO W BCIIOMOTA-
reabHOro IIO gna peanusanuu mudpoBoro mpuemMHoro tTpaxkrta ITH
Ha 6ase miatel MF-01EM u ortnagounoro moayisa CAJIIOT 3JI-240M
¢ MHOTOsAepPHBIM IIporteccopoMm 1892BM14§ (Tak:ke mpou3BOACTBA
AO HIIIT «2JIBUC»). B nmanbHelillleM NJIaHUPYETCS MCIIOJb30BATH
pes3yabTaThl 3TUX PabOT B PaJMOJOKAIIMOHHBIX 3a/jauyax.
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