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Abstract — At the initial stage of designing a wireless sensor network with autonomous nodes, there is a problem, maximum dura-
tion of her life. We solve the problem of increasing the lifetime of the battery life of the wireless sensor network (WSN), through the
use of energy-efficient operating modes of transmitter units to allow correction of signal strength based on the communication range
of the measurement results, taking into account the characteristics of the signal in the radio channel and reception. The work shows
that the method of determining the distance between the nodes based on Received Strength Signal Indication (RSSI) is suitable for
measurements on short distances (up to 10 m). Time of Flight (ToF) method has several advantages over RSSI, especially when
measuring over long distances (of the order of hundreds of meters). To improve the accuracy using multiple repetition measurement
procedure. Also, when using the ToF is possible to determine the coordinates and speed vector nodes ZigBee. After you have meas-
ured the distance between nodes WSN, an automatic adjustment of transmitter power so that it would be sufficient for data trans-
mission with a given quality, hence energy consumption of nodes reduced and thus the life expectancy increases network.

Anomauia — Tlpu npoexmysarni 6e3npo6odosoi cercopoi

mepexi (BCM) 3 asmoHoMHUMU SY3AAMU SUHUKAE NUMAH-
Hil, K 3a0e3newumu MaxCUMAarbHy mpusaricmo ii Xumms.
Y emammi supiuiyemvcs 3a60anHs 30iAbUIEHHS YACY KU
asmoromnoi BCM 3a paxynox sacmocyeants enepzoedex-
MUEHUX pexumis podomu nepedasayis 6yY3siis, ujo sabesney-
10Mb KOpeKuito nomyxHocmi CuzHAAIE HA Nidcmagi pesyrv-
mamie 6UMIpIO6AHL OAALHOCHI 36°S3KY, 3 YpaxyeaHHAM
ocobAusocmeii npoxodkeHHs CuzHAAY 6 pAadioKAHAAL 1 npu-
noMy.

Annomayun — Ilpu npoexmuposaruu becnpoéodHoti cercop-
noii cemu (BCC) ¢ agmonoMHbimMU Y3AAMU 603HUKALH 60NPOC,
Kak obecneuumo MAKCUMAADHYIO HNPOOOAKUMEADHOCTD ¢
Kusnu. B cmamve pewaemcs 3adaua yeeAuueHus epemenu
xusru asmornomnoir bCC sa cuém npumenerus aneposdgex-
MUGHDIX PeKUMOE Padomvl nepedamiuros Y6, odecnewuea-
OUUX  KOpPeKUUt0 MOUHOCTIU CUZHAAOE HA OCHOSAHUU pe-
3YALIMAMOE USMeperutl 0GAbHOCIU C63U, C YUEMOM 0CcO0eHHO-
cimeil NPoxXoXK0eHUs CUZHAAA 6 PAOUOKAHANE U NPUEMA.

BBeaeHue

BecripoBognas cencopnas cets (bBCC) — 1O pacnpeseaénnas, caMOOpraHMU3YIOIAICS

ceTb MHOXeCTBa AAT4YMKOB (CEHCOPOB) U MCIOAHUTEABHBIX YCTPOIICTB, OObeAVHEHHBIX
MeXAy coOOol IOCpeACTBOM paguokaHada. O0aacTb HNOKPBITUA ITOAOOHOM CeTU MOXKeT
COCTaBASITh OT HECKOABKUX MeTPOB A0 HECKOABKIX KIAOMETPOB 3a c4eT CIIOCOOHOCTU pe-
TPaHCAAIIMI COOOIEeHUII OT OAHOIO DJAeMeHTa K ApyroMmy. TummdaHas ceHCOpHasl ceTh CO-
CTOUT M3 MHO>KeCTBa JAeIlIeBbIX, aBTOHOMHBIX, MHOTO(YHKIIMIOHAAbHBIX Y3108 (MOTOB), KO-
TOpBIe paclipeleleHbl B 30He MOHMUTOpuHra. Kaxkaplit ysea coctouT us Habopa 0A0KOB,

- Asrops: IL.C. Mlocmko, 10.3. Kyas <3
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TaKMX KaK: CeHCOp, MCIIOAb3YeMBI A5 IT0AY4eHUs AaHHBIX OT OKpY>KaloIleil cpeabl, 010K
IpueMa-riepejadn AaHHBIX, MUKPOKOHTpOAAEP AAsl OOpabOTKM U yIIpaBA€HUs CUTHAAaMU
U MICTOYHVK DHEPIUU. Y3ea OObIYHO IUTAEeTCs OT aBTOHOMHOI OaTapen C OorpaHMYeHHBIM
sHepropecypcoM. ITosToMy Bpems xm3Hn y3aa asToHoMHOI BCC orpanmnueHo BpemMeHeM
KM3HN OaTapen, M 3adada CHIUDKEHUs IOTpeOAeHUsI DHepruy KakK HUKOIAa CTaHOBUTCS
BaKHOI, a ®(P(PEeKTUBHOCTh ee peIleHNs HaIlpsAMYIO BANSIET Ha JaAbHellIee pa3BUTIeE
BbCC.

I. IllocTaHOBKa 3aJa4H

B aanHOII pabote pertaercsi 3agada yseamdeHus: spemenn kmsHu bCC 3a cuér
yIlpaBAeHNsl DHepreTMdeckuM OaslaHCOM eé INpuéMoIlepesaloliX y340B, oOecliedrBalo-
VX KOPPEKIIMIO MOIITHOCTY CUTHAAOB Ha OCHOBaHNM Pe3yAbTaTOB M3MEePEeHUN A4aAbHOCTI
CBsI3U, C y4€TOM OCOOEHHOCTel IIPOXOXKAEHIS CUTHala B padMiOKaHale 1 Ipuéma.

II. AHa/IM3 pe3y /IbTaTOB UCCIEeL0BAHUH 10 CHUXKEHHUI0 JHEpPronoTpeo-
JICHUS1 aBTOHOMHBIX y3J10B 6eCIIPOBOAHOM CEHCOPHOM CeTH

Pe3yabTaThl ®KCIIepUMeHTaAbHBIX MccAeAoBaHMil [1] mpuynH norpedaeHNs SHePIUN
OaTapen B pa3ANYHBIX pesKIMax pabOTHI y341a OeCIIpOBOAHOI CeTH IIpeAcTaBAeHsbI Ha puc. 1.

Puc. 1. Bpems pabors y3aa BCC,
rae 1 — Ceresoitr untepgeric oK. (350 u); 2 — Pesxum AP, aggressive traffic (1,5 u);
3 — Pexxum mesh, no traffic ( 38 u); 4 — Pexxum mesh, aggressive traffic (1,5 u);
5 — Pexxum mesh, small (TBD) ping traffic (21 u); 6 — Pesxum AP, small (TBD) ping traffic (18 1);
7 — CeteBoi1 unTepderic BKA., coea. ¢ TOUkoi gocryra (40 u)

Kax Buano us npusegeHHoro rpaduka, camoe 0OAbIIOe 3Ha4eHNe BpeMeHU SKU3HU
YCTPOJICTBA IMeeTCsl pe>XKUM 104 HoMepoM 1, Korga yCcTpOMCTBO MOTpeOAseT MUHUMAAb-

AsTopsr: U.C. Illocmixo, 10.9. Kyas <4 >
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HOe KOAM4ecTBO »Hepruu Oatapen. CaMbIMM DHEPro3aBUCUMBIMU PeXXUMaMM SBASIOTCS
pe>XMMBI aKTUBHO Nepejadun Tpaduka 1o HomepaMu 2 1 4, Ipyu KOTOPBIX BpeMsI SKU3HU
YCTpPOJICTBa MUHMMAaABHO. B 9Tux pexxmmax ycTpoiictso norpedaser 00Ablile Bcero sHep-
IMM 3a cyeT pabOThI CeTeBOTO MHTepgelica Ipu IpueMe, Iepejade 1 OXXKIUAAHUN JaHHBIX.

[Torpe6aenne sueprun saementamu bCC yBeanunsaeTcs, B TO BpeMs Kak OaTapeu
He MOTyT oDecIledUTh ee 0ObeM B TpeOyeMoM KoamdecTse. JaHHas 1poOeMa cCBs3aHa C
OTpaHIYeHHO} eMKOCTBIO IIpMMeHsIeMbIX OaTapeil 1 Hepa3dyMHBIMI TpaTaMU JOCTYITHOM
sHeprum. Pemenrem Mo>keT OBITh ABa Iy TH: DKCTeHCUBHBIN ITyTh — HapalllyBaH/e MOITHO-
cTu OaTapeu M MHTEHCUBHBIN IIyTh — ONTUMM3AIUs ITOTpeOAeHMsT MMeIOIelicss SHepIun
OaTapeii.

IlepBpIil IIyTh OrpaHMYeH TEXHMYECKMMM aclleKTaMM M3TOTOBAE€HMs DAeMeHTOB IN-
TaHIUs M TpeDoBaHMeM K CHYIKEeHMIO MX MaccorabapuTHBIX pa3Mmepos. B pabore [2] orme-
9YeHO, YTO yJeAbHas DHepreTmyeckasl I10THOCTh COBPEMEHHBIX XMMMUYECKUX MICTOUHMKOB
TOKa pacTeT BecbMa MeJAeHHO, U AOIIOAHUTEABHBIM CAEP KMBAIOIIMM yCAOBMEM CTaHO-
BITCSI BOIIPOC O@30I1acHOI DKCIIAyaTaluy OaTapeii BBICOKOV HHePTOeMKOCTI.

Bropoit nyTs He TpeOyeT MOAepHU3AIIUM aKKYMYASTOPHBIX 91eMeHTOB, OAHAKO Tpe-
OyeT rayOOKOro aHaAm3a Ipo0.AeMbl, B OCOOEHHOCTU IPUYMHBI M KOAMYeCTBa 3aTpaT 9Hep-
run yzaamu cetu. CyIiecTByeT MHOXECTBO CITIOCOOOB DKOHOMMUM DAEKTPODHEPIUM y310B.
Jazaee nipuseeHa ux Kaaccudukanmys [3], mpeacrasaeHHas Ha puc. 2.

{ Cnocobbl coxpaHeHWst aHeprum |
OcHoBaHHble Ha KOHTpone 3a

pacxofoM aHeprum npu
nepegave 1 npueme

OcHoBaHHbIE Ha LKnax

OcHoBaHHble Ha MAC npoTtokonax
paboTbl

C 9KOHOMHbIM
HepronoTpebneHvem
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B 3aBucumocTy ot
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CHATUE AaHHbIX
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Bbibop mMapLupyToB ¢
y4eToM ocTaBLUenCs -
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ApantuBHoe Bpems
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obpaboTka AaHHbIX

Mepapxvyeckoe Bpems
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CxaTtune AaHHbIX

AKTUBHOE CHAITWE
AaHHbIX

MNpenckasaHve
[aHHbIX

Puc. 2. Kaaccudukanms crioco00B 9KOHOMUY SHEPTUN

Bce repedncaeHHble CITIOCOOBI MO>KHO pasaeanTtp Ha TpuU 0oAbIIIE I'PpYyIIIbI —
COXpaHEHIEe DHEPIrUM IIpU IIOMOIOV OITMMM3alVIM ITNKAOB pa6OTI)I,' CHOCO6I)I, OCHOBaH-
HbI€ Ha adallTallM I1epeJaTdrKa " HpI/IéMHI/IKa K UBMEHIOINMCST BHEINHUM YCAOBMAM U
CHOCO6I)I, OCHOBaHHbI€ Ha OIITIMa/AbHOM BLI60pe MapmpyTusaimmn i KOppekimmn Toroao-

Astopsr: U.C. lllocmxo, F0.9. Kyas <5>
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TN CeTU C YI4ETOM DHeprosarpar KaxkAoro ysaa. K rmeppoii rpyrmime oTHOCAT KOHTPOAb TO-
II0AOTUH U yIIpaBAeHNe PeXXMMOM aKTUBHOCTU y340B. KOHTpoab TOroAorum HarpasaeH
Ha JICII0/Ab30BaHNe UAY yMeHbIIleHe M30bITOYHBIX CBsI3ell B CeTU B 1leAsIX DKOHOMUU pe-
cypca. YIpapaATh IOTpeOAeHreM MOJKHO TakKe IyTeM ONTUMMU3aluU PeXXUMOB pabOThI
I CHa AAs KaXKA0To y3aa. Bropoit kaacc criocoboB coxpaHeHMsI SHepropecypca OCHOBaH Ha
yIIpaBAeH!M MOIIHOCTBIO IlepejaTdlka, BRIOOpe IapaMeTpoB aHTeHH M Kod(ppuimeHTa
yCUA€HUs CUTHaAa B MPUEMHIKe TaK/M 0Opa3oM, YTOObI DHepIusl, IoTpadeHHas Ha Ilepe-
Aauy nHpopmanuy, 6p11a MUHKMaABHON. TpeTuii criocod mpearnoaaraeT UCIOAb30BaHIE
MOOMABHBIX CTOKOB AV MOOMABHBIX PETPaHCAATOPOB B IIpoliecce DKCILAyaTaljuy CeTH.

Haamune 6oap11oro uncaa HaydHbIX paOoT, IIOCBAIIEHHBIX pa3dpaboTKe epedncAeH-
HBIX BBIIIIe MeTOAOB CHIKeHIs1 sHepronorpedaenns bCC, mossoaser roBOpUTh O TOM, YTO
yccaeAyeMple BOIIPOCHI SABASIOTCA aKTyaabHBIMM. KaskAblil 13 paccCMOTPEHHBIX MeTOAOB
1MeeT CBOM ITpeMMYyIllecTBa 1 HeAOCTaTKI M XOPOIIO ITOAXOAUT AAsl OIpeleAeHHO CUTY-
auun. B gannoi1 craTthe 3agava yBeanuyeHus BpeMeHM XusHu aproHomHon bCC, mocrpo-
eHHOI1 110 TexHoaorun ZigBee, pemaercs 3a cuéT ONTMMaAbHOTO BBIOOpa MOIIHOCTH CUT-
HaJa AAs Ka’kAO0rIO y34a C yI46TOM AaAbHOCTU CBS3M.

III. MeToAbI N3MepeHUsI AAJIBHOCTH MEXKAY y3/1aMH 6eClIPpOBOAHOM
CEHCOPHOU CeTH

Aas cetent ZigBee Oblam pa3paOoTaHbl ABa MeTOJa U3MEPeHUs JaAbHOCTU CBA3U —
RSSI, ocHOBaHHBIN Ha OIlpejeAeHNUM MOIIHOCTU IpUHATOro curHaaa, u ToF, Gasupyio-
IINIICS Ha M3MEepPeHIM BpeMeH! IIPOXO>KAEeHMs CUTHala MeXA4y y3aaMmu. PaccMoTpum oTn
I104XOABI TTIOAPOOHee.

Metoa RSSI

Hamnboaee mpocTeiM MeTOAOM oOIlpedeAeHNsl JaAbHOCTU AO y3Aa sBAseTCsl MHAMKa-
uus yposHsa npuHsToro curdada (Received Strength Signal Indication). /006011 Gecripo-
BOAHOI KaHa4 110 craHaapTy IEEE 802.15.4 nMeeT IpOTOKOABHYIO (PYHKIINIO OLIEHK! Kade-
crBa cBs3u (Link Quality Indicator), aevicTBue KOTOpOII CBOAUTCS K OIIpeAeAeHNIO MOIITHO-
ctu npusAToro curHada P (abm) [4]. IlockoabpKy B MAeaAbHBIX YCAOBUAX MOIIHOCTL 00-
paTHO MpPONIOPIIMOHAAbHA KBagpaTy PaccTOSIHIA, TO Aorapu@M MOIIHOCTY IIPOIOPIIO-
HaJleH PacCTOSHUIO C HEKOTOPBIM KOD(P(PUILIMEHTOM, KOTOPHBIl yCTaHaBAMBAETCs SMIINPU-
YecKI.

OaHako ®TOMy MeTOAy IPUCYI psJ CyIIeCTBeHHBIX OTPaHM4YeHUI, IIOCKOABKY ypO-
BeHb CHTHaJa sBASETCS BecbMa M3MEHYMBBIM IIapaMeTpPOM M3-3a BAVMSHUA CAeAYIOIIUX
¢dpakropos:

— ObICTpble U MeAJeHHble 3aMUpaHMs CUTHAA0B Ha Tpacce 13-3a M3MEeHEeHUs yCAO-
BUI paclIpOCTpaHeHNs PajliOBOAH;

- MHOTO/Ay4eBOe pacHpOCTpaHeHle BCAeACTBUE OTpa>keHMII OT pa3AMYHBIX MeTaa-
AVYeCKMX IIpeAMeTOB;

— pa30poc BEIXOAHOI MOIITHOCTY IepeAaTdMKOB U UyBCTBUTEABHOCTY IIPYIEMHIKOB;

Astopsr: U.C. lllocmxo, F0.9. Kyas <6 >
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- BAUAHME OPMEHTalMI aHTeHH M3-3a HepaBHOMEPHOCTM AMarpaMMBbl HallpaBAeH-
HOCTIL.

3-3a BO3aeicTBUA YKa3aHHBIX (PaKTOPOB peaabHasl 3aBMCHMOCTb MOIIIHOCTH OT pac-
CTOSIHMSI OKa3bIBAaeTCs HEeAMHeNHON U HeIOCTOSIHHOM BO BpeMeHM, BCAe/ACTBME Yero TOY-
HOCTh M3MEpeHMI1 OBICTPO IlagaeT C pocToM paccrosiHus. IlpakTuyeckoe npumMeHeHue
DTOro MeToza B ceTsax ZigBee orpanmdeHo gucranuyssMy npuMepHo 40 10 M, npu sTom
paccTosHMe U3MepsIeTcsl C TOYHOCTBIO OKOA0 3 M.

Metoa ToF

ApyToi 1oAxo4 OCHOBaH Ha M3MePeHUN BpeMeH! ITPOXOXKAeH!: (IIpoJeTa) CUTHaAa
(Time of Flight). ¥3ea mocslaaer 3ampoc Ha ApyTOil y3ea, I10AydaeT OTBeTHBIN CUTHaA U
onpegeaser Bpems ero 3agepkku. Iloanas 3agep>kka cKaaablBaeTCsl M3 allllapaTHBIX 3a-
Aep>Kek IIpyu o0pabOTKe MPUHATOIO U (POPMUPOBAHUN OTBETHOTO CUTHAAOB M BpeMeHMU
pacripocTpaHeHnss MeXAy y3aamu. ITockoabpKy TexHudeckue 3agep>KKy M3BeCTHBI C XOpO-
I1eJi TOYHOCTBIO, TO MX MOXKHO BBIUECTh U3 IIOAHOTO 3HA4eHUs, ¥ OCTaBIIasiCsA BeAndMHa
OyaeT XapaKTepus3oBaThb BpeMs IIpoJeTa CUIHada TyJa M OOpaTHO. YMHOKUB IIOAOBUHY
BpeMeHI 3ajepP>KKM Ha CKOPOCTh CBeTa, ITOAY4YMM pacCTOsHUe MeXAy ys3aamu cetu. B
DTOM MeToAe OOecrieuynBaeTcsl AMHeHas CBsI3b MeXAY pacCTOsSHMeM U U3MepsieMOll Be-
AnamHoM. TogHOCTh M3MepeHnI onpeaeaseTcs PsA4oM paKTOpPOB:

- CcTaOMABHOCTBIO YaCTOTHI 3a4al0IIMX TeHepaTOPOB;

- 3agep>kKaMu (PpOHTOB UMITYAbCOB IIPU IIpUeMe U U3AYIeHN;
~ OTHOIIIeHMeM CUTHaA/IITyM;

- ommOKaMI M3-3a MHOTOAYYeBOTO PacIpOCTpaHeHNsL.

AAs1 TOBBIIIEHNsI TOYHOCTY MCIIOAB3YIOT MHOTOKpaTHBIE ITOBTOPEeHMs IpOlleAyphl
usmepenns. [Ipumensierca ¢puapTpaius aHOMaAbHO OOABIINX OTKAOHEHUI, BHI3bIBA@MBIX
MHOTIOAY4Y€BbIM paclpOCTpaHeHNeM, YTO MO3B0AseT B HeCKOAbKO pa3 MOBBICUTH TOYHOCTD
usmepennii. Ha puc. 3 mpuseseHsl 9KcriepuMeHTaAbHbIe pe3yAbTaThl U3MepPeHiI paccTo-
staus Mmetogdamu RSSI  ToF [5].

CpepHekBagpaTuyHas owmbka, M (25 namepeHuin Ha TouKy)

200
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Puc. 3. 3aBucuMocT OImNOOK M3MepeHNs pacCTOSIHUI MeTogaMU
RSSI ut ToF or paccrosnmsa

Astopsr: U.C. Illocmxko, 10.9. Kyas <7>
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3 rpadpukoB BMAHO, YTO IIOTPEITHOCTM NP MCIIOAb3oBaHUM MeToga ToF cyre-
CTBEHHO MeHbIlle, yeM Iipu RSSI, B koTopoM yke Ha gaabHOCTsIX O0aee 20 M OIIMOKM U3~
MepeHUI! MPeBHIIIaloT caMo 3HadeHne gaabHocTu. Metoa ToF addexTusen Bo BcéM Ana-
I1a30He AaAbHOCTU pabOTHI CeTH.

Vamepenne paccTtosHuii — He eAMHCTBEHHas BO3MOXHOCTD cerent ZigBee. Ilpn uc-
II0Ab30BaHUU BHICOKOTOYHBIX aATOPUTMOB M3MEPeHMsI MOXKHO TaKXKe OIpeseasiTh KOOp-
AVIHATBI M CKOPOCTH IlepemeneHns y3aa. OLleHKy CKOpPOCTM MOXHO AeAaTh II0 M3MeHe-
HIUIO PaCcCTOAHMS IIPU HECKOABKMX IT0CA€A0BaTeAbHBIX u3MepeHmsx. I1o namepenam n3
ABYX TOYEK MOXKHO HalTU TOABKO ITPOEKIIMIO CKOPOCTM Ha HallpaBAeHle Ha M3BeCTHBIN
y3ea. Ecan >xe uamepsATh 4aAbHOCTb U3 Tpex MAM 0oaee TOYeK, TO MOXKHO OIIpeAeANTb
IIPOEKIIMI CKOPOCTY Ha HallpaBAeHMe Ha 9T y3Abl U 110 HUM y>Ke HaliT! IIOAHBIN BeKTOP
(BeaVyMHy 1 HaIIpaBAeHMe) CKOPOCTH.

IV. MeTo ynpaB/ieHUsI SJHEPreTUYECKUM 6alaHCOM NIpUEMonepealo-
LMX yY3JI0B 6eCIPOBOAHON CEHCOPHOM CeTH

JaabHOCTb OecITPOBOAHOI CBSI3M MOKHO OLIEHUTH 110 M3BeCTHOMY COOTHOIIEHMIO [6]:

pt 'Gt 'Ar 'Kocz\
c S
4-7- Py,

R

, 1)

rae R, - 2aABHOCTH CBSI3U;

P, — mMIy AbCHAsI MOIITHOCTD IlepeJaTdylKa, BT;

G, — ko3QPUIMEeHT yClAeHNsl aHTeHHHI IlepeJaTylnKa;
A, - »dPeKkTruBHas I110111adb aHTeHHbI IPUEMHIKA, M2

Ko =4 -, - K, — x0ddduniment ocaabaernst Mornoctn curtaaa, 0 < K., <1;

q9; (g,) - oTHOCUTeAbHbIe KOD(PPUITMEHTH YCUAeHNs aHTeHH IepeJaTynKa (IIpueMHIKa) B

HanpasaeHuUn Apyr apyra 0<q, <1, 0<gq, <1;
k

Kp = .l_gKF"' - K03QPUITNEHT MOTeps, XapaKTepu3yIOInIl aKTUBHBIE IIOTEPU DHEPIUI,
l:

CBsA3aHHBIE C ITIOIO0IIeHNEeM B CpeAe pacripocTpanenus u 1.1, 0 < K, <1;

Ppor — IIOpOroBast 9yBCTBUTEAbHOCTD ITPMEMHIKA, Br.

AHaAN3 TeXHNYECKNX XapaKTepUCTuK paguomogyaen ysaos bCC [6-10] nokasaa, uto
AAsl pa3HBIX BapuaHTOB noctpoenus u npumenenus bCC norepu B pagnokaHaae 3a C4€T
HecoBIlageHus MakcuMyMos JH anTeHHbI nepejaTtdynka U IpUEMHMKA, ITOTEPh U3-3a I10-
IA0IIEeHMsl B Cpeje pacIpoCcTpaHeHns MOryT u3dmMeHaTscs ot 0 40 20 ab

K,., =—(0..20)05.

Ha puc. 4. npuBeeHa 3aBUCUMOCTh CpeAHell MOIIHOCTU IpuHATOTO curHada P, (R,)

OT 4aAbHOCTH CBA3U Oe3 yuéTa ocaabAeHNs ¥ Ipu ocaabAeHnM IpUHIMaeMOoro CUTHala B
paanokanaae Ha 10 n 20 ab.

Astopsr: U.C. lllocmxo, F0.9. Kyas <8 >
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P ,nb -20 \\\\\\ :

- 40 \\

- 60 \\\

- 80

K pqtqr = 0’
- 100 K,d.9, =—10, 1b,
120 K,q,d, =—20, nb.
0.1 1 10 100 1x10°

Puc. 4. Cpe,ZI,HSI}I MOIIHOCTD IIPVMHATOTO CHTHaJa B 3aBUCMMOCTU OT 4aABHOCTN CBA311

ITorepn MoxHO KoMmmneHcuposaTh [11, 12], ecanm koppexkTuposath KOd(pQPUIIMEHT
yCHAEHVsI MOITHOCTH IepeJaTyrKa U IMOPOTOBYIO 4yBCTBUTEABHOCTh IIPUEMHNKA B 3aBU-
CMOCTH OT YCAOBUI IIPOXOXKAEHNS CUTHaJa B pagliOKaHaAe, yPOBHS IIIyMOB, 4aAbHOCTU
1 B3aMIMHOTO pacrioao>keHus y340s [13, 14]. C apyroii cTOpOHBI, 445 S9KOHOMUM DHEpProsa-
Tpar I1eAecoo0pa3HO OrpaHMYMBaTh MOITHOCTh CUTHaJla Ha YPOBHE, 40CTaTOYHOM AAS IIe-
peJaun AaHHBIX C 3aJaHHBIM KauecTBOM. Takmm oOpas3oM, cylecTByeT 3ajada ONTHMAaAb-
HOTO BBIOOpa SHEpreTMYecKMX XapaKTepUCTUK IIpuémMollepejarTdyrka B 3aBUCHMMOCTU OT
yCAOBUI paauOCBA3U. B KauecTBe MCXOAHBIX AaHHBIX MOXHO JCIIOAbB30BaTh Pe3yAbTaThl
olleHKM KadecTBa cBsa3u LQI u msMepeHnss 4aapHOCTU CBA3M C IIOMOIIBIO MeToa0B RSSI
nau ToF. B pesyapraTte 00pabOTKM 9TUX A@HHBIX B MUKPOKOHTpPOAAepe A0AKHA ObITh BbI-
paboTaHa KOMaHJAa A4Sl yIIpaBAeHNUs] aBTOMaTUUIeCcKOl peryAuposKkoi ycuaenus (APY) B
pPaauonpyieMHIKe ¥ aBTOMaTU4eCcKol peryanpoBku momHoctu (APM) B paguonepegar-
ynke (puc. 5).

APM
Hep(,0,0) APM

N
Mep. Mep.
yCT-BO yCT-BO
Mukpo- Mwukpo-

KOHTponmnep KOHTponnep
Mp. Mp.
yCT-BO ycT-BO
APY APY

Puc. 5. CtpykTypHas cxeMa yIpaBAeHIs SHepreTUIecKMU XapaKTepUCTUKaMU
npuémMoriepeJaTynka B 3aBMCMMOCTH OT YCAOBUI pajuOCBI31

Astopsr: U.C. lllocmxo, F0.9. Kyas <9 >
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MOH_IHOCTB Ha BbIXOJe I1epegaTdriKa oIrpeaeaseTcs B COOTBETCTBUN C YCAOBIIEM: DHEP-
ITeI IIPUHATOTO CMiITHala A40AKHa ITPEBbIIAaTb HOpOI‘OBbIﬁI YPOBEHb DHEPIUN

E,(9,9,R.)

>1,
E,

r

rae E, (9, ®, Rc) - 3aBICUMOCTb DHepIuM 0AHOTO O1uTa MHGpOpPMaIMM Ha BRIXOAe ITPpUEMHIKA

OT 4aABHOCTU U HaIlpaBAeHMs IpuéMa CUrHasa.
Beanunny E,, npupasHMBaeM K SHepruy oAHOTo OuTa MH(pOpMaLuy Ha BbIXOAe IpU-

€MHIIKa, ITpU KOTOPOIi oDecriednBaeTcs 3a4aHHast JOCTOBEPHOCTH Ilepejauit COOOIIIeHNIA.

/loCTOBepHOCTD Ilepejauy COOOIeHUI — CTelleHb COOTBETCTBUS MeXAY HPUHATBIM 1
IpedaHHBIM cooOrmleHneM. ITpu nepesaue AMCKpeTHBIX COOOIEHNII 4OCTOBEPHOCTb OIIpe-
Aeasercst KO3 PUIMEeHTOM OIMOOK

Ker:ner/nbz\P ’

rae n,, — 9TO YNCAO oMb oYHO IIPUHSITBIX DA€MEHTOB COO6IlIeHI/I$I;

1, — oOIIlee Y1CA0 HA€MEeHTOB COOOIIIeHs;
Y, = F(JZEb / No) — 3aBMCUMOCTb BePOATHOCTM OMTOBOM OIIMOKM OT OTHOIIEHNs CUTHAA-

IITyM - DHepruy 6uta E, K clleKTpaabHON NAOTHOCTM 11yMa N ;

© 2
t N
F(x)=— |exp| —— |dt — rayccoB uHTerpaa OmMOOK, KOTOPbIl MCIIOAB3YETCS TPV OIIVICa-
27 2

x
HUI BEPOITHOCTN C FaYCCOBOIZ ITAOTHOCTBIO pacClipeAeAeHVI.
OtHomnreHue CI/IrHaA/H_IYM MO>KHO ITpeACTaBUTh B BIIAE:

ﬁz ST, _ Su/R, :S_bAa)c

Ny, N/Aw, N/Aw. N R,’

rae E, =S,T, — »Heprus ogHoro 6ura nHpopmanm;

N, — cieKkTpaabHasi IIA10THOCTh MOILITHOCTY 0e40Tr0 IITyMa B KaHaJe;
SO — CpeAHsIsl MOIITHOCTD ITPUHATHIX OUTOB;

N — cpeAHsis MOIITHOCTD IITyMa;

T, — AAUTeABHOCTH OUTa;

R, — ckopocTsb nepegaun OUTOB.

ITockoabKy BpeMsl Ilepedaun OuTa ¥ CKOPOCTh IepeAadyt OUTOB B3aIMHO OOpaTHBI, TO
T, Mo>xHO 3ameHUTb Ha 1/R, .

bespasmepnoe ornomenne E,/N, — ®To craHgapTHasl KayecTBeHHas Mepa IIPOU3BO-

AuteapHOCTH cucteM 1udposoit ceasu [15]. CaeaoBateapHO, HEOOXOAMIMOE OTHOIIIEHIIE
E,/N, MOXHO paccMaTpmBaTh KaK METPUKY, ITO3BOASIOIIYIO CpaBHMBATh KadecTBO pa3-

AVYHBIX CHCTeM: 4eM MeHblle TpeOyeMoe oTHoleHne E,/N;, TeM sddeKxTrBHee mporecc

AeTeKTUPOBaHI:A IIPU 3a4aHHON BepOSTHOCTY OIIVOKIL.
ITpu nepeaaue undposoro curtasa ¢ popmarom moayasunu QPSK uncao yposHeit

" Asrops: .C.Illocmko, 0.5 Kyas — <10>
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OHpe,ZI,e/l}IeTC}I KakK
L=VM,
a BHeprI/I}I CIIMBO/a ClTHaJla OHpe,ZI,e/H/ITC}I I10 (1)opMy/1e:
E,=E, -log, L.

HpI/I Iepegaie ABOMYHbBIX VIMITY/1bCOB Es = Ehl a I1ipu 11epeaavde MMITyAbCOB € MOAY A1~

. . . . . 1
et QPSK B ocHoBHOV moaoce, coBmajaromeit ¢ moaocont Harvikeucra Awy :E [16],
b

E
MOIITHOCTb CUMBOAJa S, = Fb -log, L n momHocts myma N =N, (%]
b b

CaeaoBaTeabHO:
S E E
Zs =2(log, L)L =m—L,
N Ny Ny
rae m —kKo>QPUIINEHT MalliHra (41CA0 OUT Ha cMBOA MHPOpMALIUN).

Aas QPSK pasnuma mexay /N n E, /N, cocrasut 3 ab.

B BCC na ocnose crangapra IEEE 802.15.4 245 yBeandeHus1 0a3pl cUrHala MCIOAb-
3yIOT KOJ4OBYIO IIOCA€A0BaTeAbHOCTh MMIYAbCOB [17], caeaoBaTeabHO, OTHOIIIEHME CHUT-
HaA/IllyM yBeAnqnsaercs B B, pas (Bp = TSAa)), rage A@ MypuHa CIIeKTpa pacIInpsIOen

I10CAe40BaTeAbHOCTU

i:mB M

N TN ()

B xauectse npumMepa Ha puc. 6. IpMUBeAeHbI pe3yAbTaThl pacdéra 4aAbHOCTU AOCTOBEp-
HOI1 Iepedaun coodennit 445 y3a08 bCC Ha ocHoBe TexHoaorun ZigBee. Paboune gacro-
ol ZigBee or 2,405 ITny 4o 2,485 ITh, noaaep>xusaemasl CKOPOCTh Ilepegadyyt AaHHBIX

250 xOuT B cekyHay [18].
Cs ' Rp = 250k6ut/ ¢
—1b - b
N 80 § By=16 m=2
Ep §\ %,HB
Nio,IlB 60 % N

40 \
\ qutqr =0,

Ey K,d.d, =10, 1B,
0 N_O’HE K,a.9, = —20, 1b.
- 20
0.1 1 10 100 1x10° Re,M

Puc. 6. 3aBMCMMOCTb OTHOIIIEHUSI CUTHAA/IITYM OT AaABHOCTH CBS3U
(MommHOCTS nepegaTunka 0 4bM; moporosas 4yBCTBUTEABHOCTL IPUEMHIKA -96 4bM;)

" Asrops: .C.Illocmko, 0.9 Kyns < 11>
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Ha ocHoBanuM 1pose A€HHbIX TeOPeTNYeCKIX UCCAeAOBaHUI IIpeAAaraeTcs: aATOPUTM
yIIpaBAeHNs DHepreTudeckuM OasaHcoM mmpuémonepeaoniux ysaos bCC (puc. 7):

1. C yuérom TexHmyeckux xapakTepucruk npuémonepegarmomux y3aos bCC paccun-
TBIBA€TCSl  3aBMCHMMOCTL BEPOSITHOCTYM OMTOBOM OIIMOKM OT OTHOIIeHNs CUTHAA-IITyM
y=S/N. Aas 3a4aHHOTO AOIYCTMMOTO 3HA4YeHNsI BEPOSITHOCTU OIIMOKMU OIIpeAeAsieTCs
MMHJMAaAbHOE 3HA4eHUe Ypi, . A4S OrpaHMYeHns MOIJHOCTM CUTHaJa C 11eAbl0 COKpalle-

HM pacXoda 9AEKTPODHEPIUN OIIpeAeAseTCs MaKCIMaAbHOE 3HAYEHNEe  }., = Zymin .

Hporpamma pacuera sHepro3arpar.

Hcxonubie naHHbIe:

m Bp,Tb, Aoy Eb'Gt'Ar'Ppor

A

" 4r- R§ Y - Poor Nsmepenne R 1o
OleHKa KauecTBa ocn P -Gi-A, meTony TOF

CBSI3H IO TPOTOKOITY
LQI

Onenka

Ss. N SHEPro3arpar
¢S Bri6op mapmpyta
Y= =S JUISL TIepeavn
N JIaHHBIX ¢ MiN
¢ SHEPro3aTpaTaMu

Puc. 7. Aaroput™m yrpapaeHus sHepreTndeckuM 0aaaHcoM Ipuémonepegaommx y3ao08 bCC

2. C nmoMomIpio IIPOTOKOABHONM (PYHKIIMM OLleHK! KadecTsa cBsa3u LQI, nsmepsercs
MOIIHOCTD IIPUHATOTO CUTHaJa S, 1 MOIIHOCTh myma N A4 Kaxaoro ysaa BCC. Ha oc-
HOBaHMM pe3yAbTaTOB M3MepeHNs BhIOMpaeM OITMMa/AbHOe 3HadeHue KosdQpuiyeHTa
ycuaennsa APY B paguonprieMHIKe.

3. IIposoantcs pacd€Tr pakTMUIECKOro OTHOILIEHNs CUTHAA/IIYM ¥ AAsl KaKAOTO Y3-

aa. Ecan y >y, , Iepegaéres KoMaHAa Ha yBeandeHne kosdpouiinenra APM B paauore-

" Asrops: L.C.Illocmko, 0.5 Kyas <12
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peJaTdyuke AAs AQHHOTO KaHaaa, eCAU ¥ 2 Yy, To KoopPunment APM ymeHbIaercs.
4. C nomompio Meroda ToF mamepsierca agaapHocth R, Mexay ysaammu BCC. Pac-

cuntbiBaeTcs K, curHasa B pagmokaHade mexay yzaamu bCC:

47['Rc2’7'Ppor
e W
t Ity

5. C yuértomM AAMHBI paaMOKaHaJda U oOcAaOAeHMeM CUTHajla B HEM BBIOMpaeTcs
MapuUIpyT 444 epejady AaHHBIX C MMHIMAaAbHBIMY DHepro3aTpaTaMI.

Taxum obpasom, moayuna gaapHelillee pasBUTIE METOJ yIIpaBA€HUs DHepreTmde-
ckuM OaaancoM y3a0B BCC na ocHose Texnoaornu ZigBee, 0coOG€HHOCTBIO KOTOPOTO SBASI-
eTcst yuéT 3asucumocty Kospduiinenta ycuaenns APY 8 paguonpuemunke u APM B pa-
AuoriepejaTanke OT 3a4aHHON AOCTOBEPHOCTU Ilepejadll COOOIIeHUII M XapaKTepUCTUK
paamokaHaaa. OTO IIO3BOANAO MOBBICUTD ITPOAOAXKNUTEABHOCTD KM3HM aBTOHOMHBIX Y3/10B
BbCC 1o cpaBHeHHIO ¢ paHee U3BECTHBIMU MeTOAaMIA.

BbIBO/IbI

1. MeTtoa omnpeaeaeHns pacCTOSIHUS MeXAy y3aamu Ha ocHoBe RSSI mpurosen aas
u3MepeHnii Ha HeboabmMx paccrosaHmsax (40 10 m). Mertog ToF oGaagaer psaaom mpe-
umytects nepes RSSI, ocobeHHO mpu M3MepeHNsIX Ha OOABIINX PACCTOSHIIX (TTOpsAKa
coteH MeTpoB). IIpu ncnoarsosanum Meroga ToF Bo3amMOXHO onpeseseHne KOOpAUHAT U
BeKTOpa CKOPOCTU ABVMKEeHI y340B ceTu ZigBee.

2. Iloayuna sgaapHeiiIee pa3BUTHE METO/ yIIpaBAeHUs DHepreTUdeckKuM OalaHCOM
y3a0B BCC na ocHose TexHoaornu ZigBee, 0COOEHHOCTBIO KOTOPOTO SIBASI€TCS YYE€T 3aBU-
cumocty Koodpuiinenrta ycuaennst APY B pagaunonpuemunke 1 APM B paguorniepegatan-
Ke OT 3aJaHHO} AOCTOBEPHOCTHU Ilepejauy COOOIIeHNI 1 XapaKTepUCTUK padliOKaHaaa.
DTO MO3BOANAO IIOBLICUTH IPOAOAXKUTEABHOCTD XXI3HU aBTOHOMHBIX y3108 BCC 110 cpas-
HEHWIO C PaHee M3BeCTHBIMY MeTOJaMIA.
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" Asrops: .C.Illocmko, 0.9 Kyas < 15>
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