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BCTVII

B nHam yac crae akTyalbHOIO 3ajjadya IMOOYJOBH YHIBEPCAIbHUX MEpEexK, SKi
B3MO31 HaJ[aBaTy MOCIYTU Pi3HUX TUIIB. Jl0 TAaKUX MEPEX BIIHOCATH CEHCOPHI MEPEXI.

Binomo, 1o ceHcopHa Mepexa — 1€ MEpeka HEBEJIMKUX 32 PO3MIpOM 00U CITIO-
BaJIbHUX MPHUCTPOIB, OCHAIIICHUX CEHCOPHUMHU JaTYUKAMH, TPAHCUBEPAMU CHTHATY Ta
MIHIATIOPHUM JIKEpesioM KuBJIeHHs. CeHCOpH BUKOPUCTOBYIOTH Y Taly3sX JIsl MOHITO-
PHUHTY €KOJIOTli, pI3HUX MOTOJHUX MapameTpiB, OXOPOHMU Ta iH. B Haml yac ymockoHa-
JICHHSI TEXHOJIOTIM Ta PI3HMX BUPOOHMIITB, 3pOciia HarajibHa MmoTpeda B OE3ApOTOBHX
ceHcopHux mepexax (WSN).

WSN (Wireless Sensor Networks) — 1ie ay»xe nmepcrnekTiuBHa TexHoJjorisA. B mpo-
1eCl po3poOKHU CEHCOPHUX Mepex Oyiau BUSBICHI HEAOMIKM KaHaliB 3B’s3ky WSN: He-
CTaOUIBHICTh KaHATIB, ACUMETPUYHICTh KaHAJIIB, 3QJIKHICTh PIBHS MPUNUHSATOTO CUTHA-
Jy BiJI TEMIIepaTypH, 3MiHa PIBHS MOTYKHOCTI CUTHAJIY Ha TPUBAIMX IMPOMIKKAX 4Yacy,
Hernepen0auyBaHICTb.

[li sBUIAa BIUIMBAaIOTH Ha POOOTY BCi€l Mepexi (BTpara 3B’SI3KY, 3HIKCHHS
3B’SI3HOCTI MEPEXI1, MOMUJIKM B JOKam3alli Ta iH.). ToMy HaBiTh BUKOPUCTOBYIOUU Me€-
TOJl MHOKMUHHOTO JIOCTYIY 3 BUSIBIICHHSM Hecy4oi 1 yHukHeHHs koiiziid (CSMA/CA) sk
0a30BUI PEKUM JIOCTYITY HE TAPAHTY€E YCYHEHHS BTPAT 3HAYHOI KIJILKOCTI AKETIB Yepe3
koui3ii. [IpakTuka mokasasna, 110 Taki Koji3ii Bii0yBatOThCs yepe3 0COOIUBOCTI peaiza-
ii anroputmy CCA. Tlpu 11boMy ryOnsiThCsl MTAKETH TIJIBKU Bl BY3J1iB 3 HAMOUIBII cria-
OKUM piBHEM curHaiy. By3nu 3 O1bll CUJIBHUM PIBHEM CUTHAITy HE MAlOTh TaKUX KOJi-
3.

[Ipamroroun B mianaszoni 2,4 [T B 3amexHOCTI BiJ Tpadika, BTpaTH MaKETiB
MOXYTh focsarata 10 90%, Lle mpu3BoauTh 10 3aCTOCYBaHHS CIEIiaIbHUX aJITOPUTMIB
BUSIBJICHHSI 3aBajl BiJ Mepex cranmapty 802.11ax (Wi-Fi) 1 peamizarii nuHaMigHOTO TIe-
peMukanHs kaHaiaiB y WSN.

106 3axuctutu Big 3aBag WSN HeoOXigHO BOpPOBaKyBaTu HaALIUPOKOCMY-
TOB1 CUCTEMH 3B’SI3KY 1 TEXHOJIOTII Mepeaadi JaHUX 3aBaI03aXHUIIEHI.

AKTyanbHICTh TEMHU JAUILIOMHOI pOOOTH TOBOPUTH MPO HEOOXIAHICTH PO3POOKHU



IPOMO3UIIH 111010 peanizaiii HuPpoBoi 00poOKU 6AraTONO3UIIITHIX CUTHAIIB HA OCHO-
Bi N-OFDM (OFDM).

Ocrarounoro MeTor0 € 30ubiIeHHs edekTuBHOCTI WSN 3a paxyHOK BHUKOpHC-
TaHHSl KaHAJB 3B 3Ky MiABHINEHOI 3aBagocTiiikocTi. 1106 mocsartu mporo HeoOXiTHO
BUPIIIUTH HACTYITHI 3a7a4i.

1. OOrpyHTYBaHHS HampsIMiB MiABHIIECHHS 3aBagocTikocTi WSN.

2. Amnaniz MeroniB Moaysii curHamiB y WSN.

3. Bukopucranns 6aratono3uriiaux curaaiiB y WSN.

4. TexHIYHE 1 EKOHOMIYHE OOIPYHTYBAHHS PE3yJIbTATIB.

O006’ekT n0ciIzKeHHs1 — poO0Ta CEHCOPHOI MEpexi.

IIpeamer pocaimkenns: — qudpoBa 0OpoOKa CUTHAIIB.

Merton 10oc/TiIzKeHHsS] — aHATITHKA.

[IpakTiuHe 3HaYeHHs POOOTU 1€ BUKOPUCTATU PE3yiAbTaTH JOCIIKEHHS IS
YAOCKOHAJIEHHSI POOOTH CEHCOPHHUX MEPEK.

CrpykTypa AUILIOMHOT POOOTH CKIIQAA€THCSA 3 BCTYIY, TPHOX PO3ALIIB OCHOBHOI
YaCTUHHU, BUCHOBKIB, CIHCKY BUKOPUCTaHUX JDKepes, AOAATKiB, sIKI MICTSATh JIICTHHT
nporpaMu OO4YMCIEHHS (DYHKI[IOHAJIa METOJOM HaWMEHIIMX KBaJApaTiB I METOLY

CIIEKTPaJIbHOTO JETEKTYBAaHHS CUTHAIY B YMOBAX BIUIMBY BY3bKOCMYT'OBOI 3aBa/IN.



PO3JILI 1.
OCOBJIMBOCTI BE3ITPOBOJIOBMX CEHCOPHIX MEPEX

1.1. Ilpu3HayeHHS CEHCOPHHUX MEPEK

HogiTHi TexHOMOTIT 6€31pOTOBOTO 3B'sI3KYy Ta MpOrpec B 00acTi BUPOOHHUIITBA
MIKpPOEJIEKTPOHIKH J03BOJIMIN IPOTIATOM OCTAaHHIX JECATUIITh MEPEUTH 10 IPAaKTUYHOI
PO3pOOKH Ta BHPOBAIKEHHIO HOBOTO KJIacy PO3MOJUICHUX KOMYHIKAIIHHUX CHUCTEM —
CEHCOPHHUX MEPEK.

be3nporoBa cencopra mepexa (WSN) — 1me Bua 0e31poToBOi Mepexki , sKa
BKJIIOYA€ BEJIMKY KUIbKICTh CAMOKEPOBAaHUX, MIHIATIOPHUX MAaJIONOTYKHUX MPUCTPOIB,
K1 Ha3UBaIOThCSI CEHCOPHUMU By3jJamMu a00 MOTaMu (Bl aHIVI. mOtes — IMOPOLIMHKH)

(Pucynok 1.1).

Pucynok 1.1 - be3nporoBa ceHCOpHa Mepexa

CeHCOpHI Mepexi, 3BUYalHO, OXOIUTIOITHh BEIWYE3HY KIJIBKICTh MPOCTOPOBO
PO3MOIEHUX MIHIATIOPHUX BOYIOBAaHUX MPUCTPOIB, 110 MPALIOIOThH BiJl Oarapei *uB-
JICHHS, sIK1 00’ €THaHI B MEpEXKy s 300py, 0OpoOKHM Ta mepenadi JaHux oneparopam, i
BOHU KOHTPOJIIOIOTH MOMKJIMBOCTI OOYMCIIEHHS Ta 0O0poOku. By3nmum — 11€ MiKpoOHHI
KOMIT IOTE€pH, SIKI CHIJIBHO YTBOPIOIOTH Mepexki. Ha nanmbHIiCTh 06€3ApOTOBOrO 3B'SI3KY
BILUIMBA€E MOTYXHOCTh PIBHSI CUTHAIY, a 3 30UIBIICHHAM BIJCTaHI MK CEHCOpaMU 3MEH-

IIYETHCS MPOMYCKHA CIPOMOKHICTb.



Mor e manenbka miara (Pucynok 1.2). Ha 1urati po3milmyroThCs: mpoiecop,
omnepaTrBHA MaM'sTh, MU(PO-aHATIOTOBI Ta aHAJOTO-IM(POBI MEPETBOPIOBaYi (B1AMOBI-
nuo, ITAII 1 AIIIT), pagiogyacToTHUN TIpUHOMO-TIEpenaBad, THKEPEIO KUBJICHHS Ta JaT-
yuku. [19]

3 JIOCUTHh BENTUKOi KITBKOCTI MPHKIaAiB BUKOpucTaHHS WSN BuauIMMoO [Ba.
HaiiGinpm BimomMum €, MaOyTh, PO3TOPTaHHS MeEpeki Ha OOpTy HAPTOBOTO TaHKepa
xommanii British Petroleum . 3a gomomoroio Mepe:xi, sika moOymoBaHa Ha OCHOBI 00J1a-
nHaHHs Intel, 3AifiCHIOBaBCS MOHITOPUHT CTaHy CyJdHA 3 METOIO OpTraHi3allii Horo mpo-

(b1IaKTUYHOTO 0OCITYTOBYBaHHS.

T —

-

\¢

Pucynok 1.2 - 30BHilIHIN BUTIIST MOTIB

Delta — HarionaibHa BiliChKOBa CUCTEMa CUTYaIIHHOT 00I3HAHOCTI, SIKYy BHKO-
puctoBytoTh Cunn 6e3rneku 1 00opoHH Ykpainu; noOynoBaHa 3a cranmapramu HATO.
Onnaitn-cuctema Delta B peanpHOMY 4aci moka3ye ornepaTuBHY CHUTYaIlil0 Ha MOJIi 0010

3a JIONOMOTOI0 PI3HUX CEHCOPHUX MPUCTPOIB.
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WSN 3actocoBytoTs y 6ararbox ramyssx. OmHak, mepes 3aCTOCYBaHHSIM CEHCO-
pHOI Mepexi Tpeba mepeBIpUTH il poOOTY MPAKTUYHO , TOMY ¥ MOTPIOHO MPOBOIUTH J10-
CJTIJIKCHHS B 1Tii oOmacTi. [14]

Ha nanwmii yac, 1o ocHoBHuX niepeBar WSN ciiij1 BiIHECTH:

— TOBHA BIACYTHICTH KaOeiB;

PO3MIILIEHHSI MOTIB B PI3HUX 00’ €KTax MPOCTOPY;

— HaIIMHICTH €JIEMEHTIB 1 CHCTEMH,

— BIJICYTHICTb MEPCOHAIY IS PO3MIIIICHHS Ta TEXHIYHOTO 00CIIyTOBYBaHHS.

B 1i70My, MOKJIMBO BUAUIMTH HACTYIHI 00JACT1 3aCTOCYBaHHS:

— MOHITOPHUHT €JIEKTPOIOCTa4aHHS,

— CHCTEMH OXOpPOHHU Ta 3a0e3neueHHs Oe3IeKH;

— TIOKE)KHA CHTHAJII3aIlis;

— MOHITOPHUHT 3a CKJIaJICbKUMU MPUMIIICHHSIMH,

— KOHTPOJIb TIEPCOHATTY.

— BIPOBAKEHHS OXOPOHHUX CUCTEM;

— CIIOCTEPEKCHHS 32 HABKOJIMIITHIM CEPEOBUIICM,

— CIIOCTEPEKEHHS 32 MPOTUBHUKOM Ha M0J11 0010;

— CIIOCTEPEKECHHS 32 TPAHCIIOPTYBAHHIM BaHTAXKIB;

— MOHITOPHHT (Di310JIOTIYHOTO CTaHy JIIOAWHH;

Jlo ckiagy KOKHOTO By3Jia MEPEXi BXOASATh: MOT, SIKUM OCHAIIEHUN pasioTpaH-
CHUBEpPOM a00 1HIIMM MPUCTPOEM OE3IPOTOBOTO 3B'A3KY, HEBETUKUM MIKPOKOHTPOJIEPOM
1 JpKepenoM eHeprii. MoXxJIMBe BUKOPUCTaHHS OaTapeil COHSAYHOrO OCBITIIEHHS a00 1H-
IIMX aIbTePHATUBHUX JIKEPEN SHEeprii.

JlaHi Bia BiaJeHUX €JIEMEHTIB MEPENalOThCs MO0 Mepeki MK HaWOIMHKINMU
By3JIlaMU MO pajiioKaHaiy. ¥ MiJICYMKY, 3 HAaHOJMKYOro MOTa MakeT 3 JaHWMHM Tepejia-
eThes Ha nutro3. 113 3'emnanuii, sk mpaBmino, USB-kabenem i3 cepBepom. Ha cepsepi
310paHi AaHi 0OpoOJAIOThCS, 30epiraroThCsi Ta MOXKYTh OyTH AocTymnHl yepe3 WEB-
iHTepdenc MUPOKOMY KOy KOPHCTYBaUiB.

OOGnanHanHsT OE3POTOBOTO BY3JIa 3a0€3MEUYEThCS  €JIIEKTPOKUBICHHIM IS
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TPUBAJIOi eKCIUTyaTaIlii 3 aBTOHOMHUMH JKEpesiaMy KUBJICHHS. By3om Moxe mpaiiroBa-
TH TIPOTATOM KIJIBKOX POKIB B 3aJIGKHOCTI BiJ Harpy3ku po6oTu. TumoBa cTpyKTypHa
cXeMa MOTa 3 aBTOHOMHHUM >KHBJICHHSIM HaBEICHO Ha PUCYHKY 1.3 3a3Buuaii, BUKOpHC-

TOBYIOTHCA HATYHUKU H’€30-p€3HCTI/IBHi Ta TGHSOpHO-pGSI/ICTI/IBHi.

1.2. Apxitektypa ta npuHiun poootu WSN

By3mu, po3TamoByroTh 1o nepuMerpy cnoctepexenns. (Pucynok 1.4). Koken
BY30J1 30Mpac 1 mepeae Ha IeHTPAJIbHUM By30J1 a00 KIHIIEBOMY KOPHCTyBaueBi 1H(HOP-

Malllf0 M0 HAWKOPOTIIOMY MapILIPYTY.

Light Sensor Temperature Humidity
Sensor Sensor

} } }

Signal conditioning unit

Antenna
A T 4
| |
ADC <+—>» CPU <4+—>» TX
A F I
Rx
Memory
Transceiver

'

Energy

Pucynok 1.3 - Cxnaxg mora WSN
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Sensor Node

s N /

E s, 2

Client Data Browsing
@ and Processing Basestation

(la. . l,/"—\’\\\/_\\\\ Base-Remote Link
7\ P N h
A Internet Vi
( /
o gty /\\ ‘\\ ///
\_\\\—/7/ o / //

Data Service

Pucynok 1.4 - Apxitektypa WSN
Crek MpOTOKOJIIB MICTUTH 1H(GOPMAIIIIO MPO MOTY>KHICTh 1 MAPIIPYTH, JaHI PO
MEpPEKHI IPOTOKOIHM Ta HAJa€ MOXKJIMBICTh CITUIKYBaTHCS yepe3 0e3apOTOBE CepelOBH-
mie. Jlo cTeky mpoTOKOIIB BXOAUTH. (PI3UYHUN PiBEHb, KaHAJIbHUI piBEHb, MEPEIKEBUN
P1BEHb, TPAHCIIOPTHUI PIBEHb, PIBEHb JOJATKIB, TAKOX BXOMASTH IUIOIIMHU KEPYBaHHS
JKUBJICHHSIM, TUIONIMHA KEPYBaHHS MOOUIBHICTIO TAIUIONIMHA TJIAHYBaHHSM 3aBIaHb
(Pucynok 1.5). [21]

Pi3n1 Bunu npukiaaroro [13 moOymnoBaHi Ha piBHI JOJATKIB.

| g
Application Layer = ;
T = o
= = =
Transport Layer = | £ 3
B |%m | =
E|Z| 8
Nemwork Layer E 5:__ E
& ~| &
Daia Link La 3: §,:
dia LNk e — 5
! g /
&
Physical Layer e

Pucynok 1.5 - Ctex nmpoToko:miB

®di3uyHUM piBeHb nepenac Ppi3uuHiI CUTHAIM BiJ JKEpesia 10 OTpUMYyBayva.
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Ha mepesxxHoMy piBHI CTBOPIOETHCS MapLIpyTH3aLis Tpadiky KOTpHil 3abe3mneuy-
€ThCS Ha TPAHCIIOPTHOMY PIBHI.

TpancnopTHuUii piBeHb 3a0e3Meuye nepeaady JaHuX MEPEKEI0.

Tpu nepexpecHi mapu BKIIOYAIOTh HACTYITHE:

1. Ilmommua KepyBaHHS KUBICHHSIM.

2. IlnounHa ynpasiniHHS MOOITBHICTIO.

3. Ilmomuua ynpaBiaiHHS 3aBJaHHSIMHU.

[InomuHa KepyBaHHS XKUBJICHHSM IOKa3y€ SK BY30JI BUKOPHCTOBYE EHEPTIIO.
[Ipukiaa, By30J BIIKIIOUHTH MpHiiMad, 00 He JyOItOBaTH MOBIJOMIICHHS BIJl HIITHX
By31iB. By30:1 3 HMU3bKUM piBHEM Oarapei, OyJile BUKOPUCTOBYBAaTH €HEPIiIO Uil 300py
JTAaHUX 1 MepeaacTh CYCIIHIM By3JIaM, 1110 HE 3MOXKE MepeaaBaTh MOB1IOMIICHHS.

[InomuHa KepyBaHHS MOOIIBHICTIO BUSIBISIE Ta PEECTPYE 3MIHY MICISL PO3Ta-
IIYBaHHS BY3JiB. TOMy 3HAIOYM PO3TAIlyBaHHS CYCIJHIX BY3JiB BY30Jl PO3MOILIUTH
€HEPTiIo BIAMOBIIHO.

[InomuHa ynpaBiaiHHS 3aBJaHHSAMH PO3MOJLISE Ta BCTAHOBIIOE PO3KIAIU 00-
pOOJICHHS TaHHHUX JUISI OKPEMOTO CEKTOPY:.

[{i mmomuHU BUKOPUCTOBYIOTHCA JJISi CHUIBHOI pOOOTH BY3IIB 1 €(hEKTHBHOTO
BUKOPHUCTaHHS IXHBOI €HEprii.

VY3aranpHioroui BimomocTi ipo WSN, 3a Mmoaemmo OS] MOXIIMBO BUIUIUTH Ha-
CTYITHI BUKOPUCTOBYBaHI MPOTOKOJIH.

1. PiBens pomarkis — Modbus TCP, IEC 60870-5, MQTT.

2. Mepexesuii piseab (NWK) —Directed Diffusion, Rumour, LEACH, TEEN,
APTEEN, SPEED, 6LoWPAN.

3. Kananpamii pisenr (MAC) — S-MAC, T-MAC, SS-TDMA, ZigBeeMAC Ta
1H.

4. ®i3uynwmii pisens (PHY) — ISM niamazon (433, 868 MI'11 — €Bpona, 902+928
MI't — Amepuka, 2,4+2,4835 I'T'1; — B ychoMy CBITI).

TakuM 4YMHOM, 10 OCHOBHUX 3aBaaHb WSN ciIij1 BITHECTH:

— MeploAUYHE BUMIP MTOKA3HUKA;

— JIETEKTYBaHHS MO/Iii;
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— BHUMIPIOBAHHS [TOKa3HUKA 32 3alIUTOM.

1.3. Amnaini3 HoMmeHnkinarypu WSN

HaiiGinbp11 nommpeni BapiaHTH CXeMO-TeXHIYHUX piteHb WSN:

DASH7 — texnonoris WSN, 1110 BUKOpHUCTOBY€E HETIIIEH30BaHUM Jiala30H yac-
TOT 1 € BIAKPHUTOIO.

Insteon — 6e3apoToBa Ta MPOBOJOBAa CEHCOPHA Mepexka. BUKOpUCTOBYy€eThCS ere-
KTPONpOBO/IKa 00’ €KTIB JJIA nepeadi iHpopMmalii o nposojaaM. JliamazoH podoyux ya-
ctoT 902 - 924 MI'n. [anpHicTh 3B’ 3Ky 110 45 M nipu npamiii Buaumocti. CepeaHs
mBUAKICTE 180 O11/C.

ISA100.11a — BUKOPUCTOBYETHCS B MPOMHCIOBUX CEHCOPHUX Mepexax. Mae
HU3bKE eHeprocnokuBanHs. Poboua yactora 2,4 ['T1. Mae HU3bKY MIBUAKICTH MEepeaadl
TaHUX.

Enocean — BukopuCTOBY€EThCS JIsi aBTOMaru3allli npumimieHb. Poboua yactora
868 MI'u. IIBuakicte nepenaui ganux 120 k6it/c. HanbHicTs 3B 53Ky A0 300M mpu
psiMiiA BUTUMOCTI.

Miwi — BUKOPHCTOBYIOTh HU3bKY IIBUKICTh TIepeiadi Ha Maii BijgctaHi. Poboua
yacrota 2,4 I'T'u. IlIBuakicte nepenadi ganux g0 250 k6it/c. TexHomoris Miwi mae ma-
kcumyM 10 1024 By3miB.

6Lowpan — BUKOPHUCTOBYETRLCS TSl aBTOMaTH3allii mpumimieHs. Pobounii miama-
30H yactoT 2,4I'Tu. JansHicTh 3B’s3Ky A0 200M npu npsamiil BuaguMocti. [1IBUaKICTB
nepenayvi nanux a0 200 k6i1/c. Mae no 100 By3:miB.

One-Net — BUKOpHCTOBYIOTH JJIs1 aBTOMAaTH3allli mpuMillieHb. Pobounii gianazox
4acTOT Mae He JirneH3oBanuid. JlanpHIicTh 3B 13ky A0 100 M B mpumimierHi 1 10 500 m
npu npsmiit Buaumocti. lIBuakicts nepemadi nanux a0 230 x6it/c. Mae go 4096 By3-
JIB.

Rubee — BukopucTOBy€eThCS B 00'€KTax MiaBHIICHOT HeOe3meku. Poboua yactora
131 k' 1 BUKOPHUCTOBYIOThCS MarHiTHI XxBuji. [IBuakicts nmepenadi ganux ao 1200

o11/c. JlanpHicTh 3B 53Ky 70 30 M.
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\Wavenis — BUKOpHUCTOBYETHCS JIJIS IEPCOHATBHUX MEPEXK 1 MEPEK JTaTUHKIB. PO-
6oui yactotu 433; 868; 915 MI'n. JaneHicTh 3B’s3Ky 10 200 M y IpUMIIICHH] Ta 10
1x™m nipu nipsimiit BugumMocTi. HIBuakicTs nepenayi ganux gao 100 k6it/c.

WirelessHART — BukopHCTOBYIOTH B IPOMHCIIOBOCTI Ha 6a3i mporokomy HART.,
Po6oua vacrora 2,4 I'T'i. lanbHicTh 3B’ 3ky 10 200M nipu npsmiit Bugumocti . [IBu-
KiCTb mepenadi Janux a0 250 kOit/c.

Z-\Wave — BUKOPHUCTOBYEThCSI B OCHOBHOMY I JOMAIIIHbOI aBTOMaru3aiii (po-
3yMHUM OyauHOK). Po6oua yactora 908,42 MI'1; B CIIIA ta 868,42 MI'1i B €Bpormi. [la-
JBHICTH 3B’3Ky A0 40 M mpu mpsimiii BugumocTi. IBuakicte mepemaui ganmx 100
k0it1/c. IlepenbadyeHa peTpaHCIIsIIis.

Hapani, moniapHO OUIBIN AeTadbHO po3nIsIHYTH Zigbee, ik HaHOUTBIIT OMUPEHY

texuonoriro WSN.

1.4. WSN Ha ocHosi Zigbee

Zighee —BUKOPHCTOBYE HEBEJIHMKI, TPAHCUBEPH 3 MaJIOK0 MOTYXKHICTIO, I 0e3-
JPOTOBUX MEPCOHATBHUX MEPEK.

OcobnuBicTio TexHOIOTIT ZigBee € ciimyrode mpu HU3bKOMY €HEProCIOXHBAHHI
MIITPUMY€E TOTOJIOTIT MEpeXi: TOUKa-TOYKa, JEPEBO, 31pKa, a 1 caMOOpraHi3yrouy 1 ca-
MOBIJTHOBJIFOBaHY KOMipKOBY (mesh) TOTOJIOTii0 3 MapuipyTHU3aIli€l0 MOBIAOMIIEHD 1 pe-
TPaHCIIAIIIETO.

AnbsiHe Zigbee 103BoJIsi€ CyMICHI TPOAYKTH CTBOPIOBAaTH BUPOOHWKaM. CIHCOK
npodiiB T0AATKIB:

— PO3YMHHUI TIM;

JOJIaTKU TEJICKOMYHIKAIIIi;
— KOPHCHE €HEProCIOKUBAHHS,

— JOMAIITHINA 1 MEIUYHNN HATIAL,

ITpaIKy;

KOMepIIiiiHe Oy/iBHUIITBO aBTOMATH30BaHE.
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CmiBpobitaunro Mixk IEEE 802.15.4 1 Zigbee nmomibHo Tomy, 10 iCHy€e MiX
IEEE 802.11 1 Wi-F1. Cnenudixkanis Zigbee 1.0 Oyna ropuaudHo 3arBepxeHa 14 rpyn-
Hs1 2004p. 1 Oyima ToCTymHA IJIs BXOXKUX JI0 aibsiHcy Zigbee. Crienmdikarist Zigbee Oyna
posmimiena 30 xoBtHs 2007p.

Zigbee mae po6oui wactoru: 915 MI'n B CIIIA Ta B ABcTpanii, 868 MI'1 B €B-
pori, a Takok 2,4 I'T'n B iHmmx kpainax. Sk mpaBuiio, y mpoaaxi € yunu Zigbee, 1o €
00'€eTHaHUMU PaJIio- 1 MIKPOKOHTpoJepaMu. PaioMo1yis BUKOPUCTOBYETHCS PO3A1IBHO
3 OyIb-SIKUM MIKPOKOHTPOJIEPOM Ui MPOILIECOPOM.

Zigbee aKTUBY€THCA MEPEXOISUU 31 CIUITYOTO JI0 aKTUBHOTO pexkuMy 3a 15 mc, a
3aTpUMKa BIATYKY MPUCTPOIO0 Moxe OyTH Jy:ke HU3bKow. llepeOyBaroun B crissyoMmy
pexumi Zigbee OUIBIIICTH Yacy, TOMY PiBEHb €HEPTrOCIIOKUBAHHS TyKE€ HU3BKE.

Peamnizamis Zigbee 2007 Ha 1€ 4ac € MOTOYHOIO, BOHA MICTUTH 2 TIpod1Jii CTeKa:

— npodins cteka Nel - mpocTo Zigbee aiis TOMaIIHbOTO Ta IPIOHOTO KOMEPIIiii-
HOTO BUKOpUCTaHHs Zigbee - 3aliMae MEHIIIE MICIS B ITaM'sITi.

— mpodinb creka Ne2 - Zigbee Pro.

Zigbee Pro mae Oinblie (yHKIINA: MapIIpyTH3AIi0 BUAY «TOYKA-0araToTouKay,
BHUCOKY Oe3neKky 3 BUKopucTtaHHsM cumeTpuyHoro kitoda (SKKE) 1 mimpokoMoBiieHHs.
i aBa mpodisi JO3BOJIAIOTH PO3TOPHYTH MTOBHOMACIITAOHY MEPEKY 3 KOMIPKOBOIO TO-
TIOJIOTIEIO Ta MPAITIOIOTh 3 BciMa nmpodisissMu goaarkie Zighee.

[Iporokonu Zigbee po3poOiieHi i1 BUKOPUCTAHHS Y BOYIOBaHUX JIOJIaTKaX, 110
BUMararTh HU3bKY IIBUAKICTH Mepeaadi JaHUX 1 HU3bKE CHEPTOCTIOKHUBAHHS.

Zigbee maroTh 3a MeTy — CTBOPEHHS HEIOPOTMX MEPEXK, IO CaMOOPTraHi30BY-
I0ThCS, 3 KOMIPYacTOIO TOIOJIOTIEI /IS IIUPOKOTO KoJia 3a1a4d. Mepeka MOoXKe BUKOPH C-
TOBYBATHCS B JIOMAIlIHIM Ta Oy/I1BeJIbHINA aBTOMAaTHU3allli, BOYTOBaHUX JaTYMKaX, MPOMHU-
CJIOBOMY KOHTPOJIi, OTOBIIIEHHI MPO 3aANMIICHHS Ta iHmoMY. CTBOpEeHa Mepeka CIo-
JKHBA€E JTy>Ke Majio eHeprii — IHAUBIIyaJIbHI MPUCTPOI MPaIIO0Th 3 OaTapesiMu 10 2 po-
kiB. TunmoBuMHU NpuKIIaaMu BIPOBAKEHHS Zigbee €:

— JIOMAIITHE OTOBIIIEHHS — JAaTYUKHA JOCTYNY W MEPEroBOPiB, JAaTYUKH BOIU ¢

CICKTPUKH, TATUYNKHU 33 IUMIICHHS 1 TTOXKEK1, MOHITOPHUHT €HEeprii;



17

— JIOMAIITHI KOHTPOJIb i po3Baru — (piIbMH, My3HuKa, Oe3MeKa i OXopoHa, TeMIIe-
paTypHHI KOHTPOJIb, PaIliOHAIEHE BUCBITIICHHS,

— MOOUIBHI CTy>KOM — MOOLJIbHI OTIaTa, MOHITOPUHT 1 KOHTPOJIb, OXOpOHA K KO-
HTPOJIb JOCTYIY, OXOpPOHA 3710POB'S i TEIE0IOMOra;

— KoMepliitHe OymiBHUIITBO — MOHiTOpUHT eHeprii, HVAC (omaneHHs, BEeHTH-
JISILIISI, KOHJICIIIOHYBaHHS ), CBIT/Ia, KOHTPOJIb JOCTYITY;

— MPOMHUCIIOBE BCTATKyBaHHS — KEPYBaHHS €HEPTi€l0 i MailHOM, KOHTPOIb MPO-
1[€CIB, MPOMUCIIOBUX IIPUCTPOIB.

[Iporokonu noOynosani Ha anroputMi AODV (IpoTOKON IWHAMIYHOI Mapuipy-
Tu3arii s MmooubHuX ad-hoc mepexx (MANET) 1 iHmmx 6e3apoToBux Mepex) 1 Neu-
rfon, 110 npu3HaUeHi Ajisi CTBOpeHHs Mepex ad-hoc (meneHTpanizoBana 6e31poToBa Me-
pexa, 10 yTBOpEHa BHUMAJKOBMMU a0OHEHTaMu) abo0 By3JiB. Y OUIBIIOCTI BUIIAJIKIB,
Mepeka € CKYIMUEHHSM CKymueHb. BoHa Takox Moke yxBaitoBatu (popMy Mepexi abo
OAUMHOYHOTO cKymueHHs. [IoTouHl nmpodiial BUXOAATH 13 MPOTOKOIIB Zigbee 1 marpumy-
I0Th MEPEXI1 3 BKIIFOUEHUMHU 200 3 BIIKIIOYCHUMHU MasTIKaMHU.

VY Mepexax 3 BIAKIIOUCHUMH MasiukaMu (Ji€ MOPSAIOK MasiuKiB CTaHOBUTH 15)
BUKOPHUCTOBYETHCS MEXaHI3M JOCTYIy 10 KaHaliB. Y I Mepeki MapiipyTH3aTOPH
Zigbee MiATPUMYIOTh CBOi MpHUIiMaul BKJIIOUEHUMH JIOBIO, 110 MOTpedye O1IbIIOI eHep-
rii. be3nporoBuii 1TaMMOBUN BUMHKAU € MPUKIIAJOM PI3HOPIIHOI MEpExkKi. Y JamIil By301
Zigbee npuiiMae OCTIHHO, KO MIIKITFOYCHHUH 10 )KUBIICHHS, a KJTIOY, 110 3'€IHYE JlaM-
ny 3 6arapeero B CIUITYOMY PEXUMI, B TOM Yac K BUMHUKad BiakiItodeHui. [1oTim Kirou
aKTUBYETHCS, TTOCUJIAE JIAaMI1 KOMaHdy, OYIKYIOUHM MiJITBEPI>KEHHS, 1 MOBEPTAETHCS B
CIUSIUuid pexkuM. By3on mammu y mMepexi MOBMHEH OyTH, MapiipyTuzatopom Zigbee,
a00 KOOPJIMHATOPOM, BY30J1 KJIF04a, 3BUYANHO, 11€¥ KIHIIEBUW MTPUCTPIM.

VY Mepexax 3 MasuKamu, MapuIpytuzaropu Zigbee, nepenaroTb NepiogUUHI Masi-
YKH, YUM TIATBEPKYIOTH CBOIO IPUCYTHICTh Ha By3/1aX MEPEXKi.

[Iporokonu Zigbee CKOpOUYIOTH €HEPrOCHOKMBAHHS Ta 3HUKYIOTh 4ac BKJIIO-
YeHHS pajionepenaBadiB. Y MasYKOBHX MEpEXax BY3JIM MOBUHHI OyTH aKTUBHUMHU

TUIBKH MiJ Yac 31MCHEeHHs MasiukoM mepenadi. Butpara eHeprii 01111 HEpIBHOMIPHA Y
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0e3MassuKOBUX Mepekax, 3aBKId aKTUBHI OKpeMl MPHUCTPOI, OJHOYACHO IHII 3HAXO-
JSATHCS CIISTYOMY PEKUMI.

Crnemndikamiss Zigbee RFACE. 3 6Gepesns 2009 p. xonnepn RF4CE Zigbee
RFACE po3po06ieHo a1 AMCTaHIIMHO KEPOBAHOT ay/1i0- BIICONPOAYKITIi, TaKli SIK TeJe-
BI30pH Ta TEJIETIPUCTABKH.

13 po3pobiieHe 3 MeToro moOyI0BH HENOPOTUX MiKpompoliecopiB. Pamiopo3pos-
KH, 1110 BUKOpUCTaH1 B Zigbee onTtumizoBaHi, 11100 TOCSITTH HU3BKOI IIIHU cepel POy K-
1ii. € KiTbKa aHAJIOTOBHUX KACKA/IIB, 1€ MOXKIIMBO BUKOPHUCTOBYIOTHCS ITU(POBI KOHTYPH.

Xoua pajionepenaBadi cami 1mo cobi HeAOpori, nporiec kBamidikaiii Zigbee mic-
TUTH y 001 MOBHY NEPEBIPKY BUMOT Ha (pi3uyHOMY piBHI. [IpobieMu, 110 nposBIiIsiOThH-
csl B MIEpEKpyUEeHii 3MEHIIeHI peakili Zigbee, paiiocXeMu MalOTh TBEP/l 1HXKEHEPH1
OOMEKEHHS, 110 BIIHOCATHCS 10 €HEPrOKUBJIEHHS Ta IIMPUHHU J1ana3oHy. ICHyIOTh pi-
HICHHS, 110 TMOEIHYIOTh MIKPOKOHTPOJIEP 1 pajaionepeaaBad B OHOMY KOPITYCi, HaIllpu-

KJ1a1, MikpokoHTposiepu cepii STM32W Bix kommanii Stmicroelectronics.

1.5. Amnami3 ocobmmBocter GpyukmionyBanas WSN

Hagite Buxkopucranuss CSMA/CA B sikocTi 6a30BOTO peKUMY JIOCTYITy HE rapa-
HTY€ YCYHEHHS BTpaT 3HaYHOI KUJIBKOCTI TAKeTIB Yepe3 Koiizii. ExcnepumenTH mokasa-
71, 110 TaKi Komi3ii BiOyBalOThCs uepe3 ocoOnuBocTi peanizaiii anroputmy CCA. Ye-
pe3 0coOMMBOCTI 1HPOPMALIITHOTO TpadiKy B CEHCOPHUX MEpPEkKax 4acTo BiOYBAETHCA
KOHKYpEHTHa Tepenava. IcHye 3aranbpHa JyMKa, 10 KOMi3ii B CEHCOPHUX MEpexkax IMo-
OynoBaHMX 13 3acTocyBaHHsIM anroputMmy CSMA/CA MoxxyTh BiIOyBaTUCS TIJIbKU B pasi
«IPUXOBAHOTO TepMiHaTy». OHAK, EKCIIEPUMEHTH 3 By3JIaMU CEHCOPHOI MEPEKi CTaH-
napty 802.15.4 moka3zanu, 110 3Ha4Ha KUIbKICTh KOJIi31i BiJIOYBA€THCSI HABITH KOJIM HE-
Ma€ TPUXOBAHOTO TEPMIHAITY.

Sk HaCNIJIOK, MPU TaKOMY THUIIl KOMI31{d TyOIsIThCS MAKETH TIABKU Bl BY3IB 3
OuTbII CTaOKUM curHajgoM. By3nu 3 OUTBIT CHJIBHMM CUTHAJIOM CTIHKIII /10 TaKUX KO-
ni3ii. B minomy, mo 3umkeHHs kopaoHy uymmBocTi (CCA Threshold) Gmkue no piBHS

IIyMY JJO3BOJISI€ 3HAYHO 3MEHIIUTH KUIbKICTh KOMIi3iH.
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Brparu naketiB 10 90% moxyTs Oytu Ha yactoti 2,4 I'T1. Lle cionykae 1o 3a-
CTOCYBaHHS CHELiaJbHUX AJITOPUTMIB JUISI BUSIBICHHS 3aBaj BiJ MEpEX CTaHIAPTy

802.11x (Wi-Fi) 1 peamizamii nuHamiuHoro nepemukanHs kanaiiB y WSN (Pucynox
1.6).

2Nz
had

| 21 2 B A

\ﬂﬂw\mﬂmww

2405 210 2415 20 25 AN A% U0 U5 U0 UH U U5 AU AT

s

ANz U835 MHz
le_ 2M
Cramel 1 Chael 6 Chael 11
U0 MHz 2417M-t 2437 Mz U35 VHz

Pucynok 1.6 - CninibHa po6ota mepex Wi-Fi1 WSN B aianazoni 2,4 I'Tng

Bxoai mocnimpkeHb BCTaHOBIEHO, 10 KaHaiu 3B'si3ky WSN marote edextu Ta
SIBHIIIA!

— HECUMETPHUYHICTh KaHaJIB;

— HECTaOlJIbHICTh KaHAIIIB;

— 3MiHA NOTY)KHOCTI CUTHAJy Ha IPOMDKKAX 4acy;

— sanexnicth RSSI Big temmneparypu (Received Signal Strength Indicator,
RSSI) 3minu nopsiaky 2 a1b Ha koxHi 10rpaj., a Takok MPH MiABHUILIEHHI TeMIIepaTypu
3HMKYETBCS 1 PIBEHb BUX1JHOI MOTYXHICTI NIepeiaBaya 1 4y TIIUBICTh MpUiimMaya,

— HemependavyBaHICTh.

BoHu maroTh cunbHUN BIUIMB HA poOOTY BCIET Mepexki B IIIOMY (BTpara 3B's13KY,
3HIDKEHHS 3B'SI3HOCTI MEpEeXi, TOMWJIKH B JIOKaji3aiii Ta iH.). HasBHICTH mijicuiIioBaya
notyxHocTi (Power Amplifier, PA) 1 manomymmnsigoro migcumtoBada (Low Noise Amp-
lifier, LNA) BuMarae TepMoKoMIieHCaIlii.

B cBoto uepry, 3a3HaueHi edeKTH BIUIMBAIOTH HA MPOTOKOIHM BEPXHIX PIBHIB.
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Tak, mBuakicTh npuiiomy makeriB (Packet Reception Rate, PRR) 3anexuTth He TiTBKH
B1JI BIZICTaHI 1 HABKOJIUIIIHIX YMOB, aji€ 1 BiJI BAKOPUCTOBYBAHOI CXEMH KOPEKIIli MOMHU-
JoK. HeBenwki makeTw MEHIN CXWJIBbHI O TMMOMUJIOK (MEHIIE OITiB B MAKEeTI — MEHIIE
WMOBIPHICTh MOMHWJIKM TakeTa). By3nu BUKOPUCTOBYIOTH KOPOTKI MAKETH, HE MOXYTh
ToyHO Bu3HaunTU PRR mpu BukopucTanHi OLIbII JOBTUX MakeTiB. SIK HACIIIOK, BUKO-
PUCTaHHS KOPOTKHUX IAaKEeTIB, /Ui 30UTBIICHHS NajibHOCTI nepenadi. Hanmpukiaz, KoHT-
POJIbHI TTAKETH KOPOTKI 1 MAIOTh BEJIMKY HUMOBIPHICTh MPABUIBLHOTO IIPUIOMY.

Jnsa 3abe3mneueHHs HalexXHOTo piBHA 3axucty WSN, HeoOxiqHa po3podka anro-
pUTMIB MIH(PPYBAHHS, OPIEHTOBAHUX HA BUKOPUCTAHHS B By3JlaXx 3 0OMEKEHUMHU O0UKC-
JTIOBAJIbBHUMH MOXJIMBOCTSIMH, peai3alli 3MIHHOI JOBXWHU OJIOKY, B T. 4. 3 ypaxyBaH-
HSIM €HEProCHOXKUBaHHA By3ia. KpiM Toro, nmotpibHa po3podka aaropuTmiB aBTeHTH1-
Kallli By3/1i1B MEPEXKI 3 ypaxyBaHHSM X OOMEKEHUX OOUYMCIIOBAJIbHUX MOXKIIMBOCTEU Ta
aBTeHTHIKAIIT Tpadiky (3abe3neueHHs [UTICHOCTI IaHUX ).

Takum unHOM, MOXIHBO chopMyBaTu HacTymHi Bumoru 10 WSN.

1. CTifiKICTh 10 aKTUBHHUX pajiio3aBajl.

2. BusiBneHHs MIIMIHU BY3JI1B.

3. HasBHICTB pe3epBHUX MapIIpyTiB nepeaadl JaHuX.

4. BusBrieHHs Ta 3ano0irans crnpobaM pexoHdIrypaiiii Mepexi, maMiHu aape-
cHO1 iH(opMaIlii, HECAHKI[IOHOBAHOI «TTEPEIPOITUBKIY MIPUCTPOIB,

5. CTiliKiCTh JJO BUKPUBJICHHS Ta (QiabTpariii Kajapis.

[Toganbur 1OCHIKEHHS AOLUIBHO CIPSMYBAaTH Ha MiABUIIEHHS 3aBaJi0CTIMKOC-

T1 kKaHaiB 3B’ 513Ky WSN.

1.6. 3aranpHa mocTaHOBKa 3a7ayl

AHani3 nuisixiB monao 301IbineHHs edekTuBHOCTI podoTn WSN 3a paxyHOK BHU-
KOPUCTaHHS KaHaJIB 3B’S3KY IMIJABUIIEHOT 3aBaJOCTINKOCTI, YCTAaHOBUB 3ajady JOCIHi-
JUKeHB, a came OyJI0 3ampOonoOHOBAHO peati3allito MuppoBoi 00poOKH OaraTomno3uIliiHIX

curHaiiB Ha ocHOBI N-OFDM (OFDM).

Sk Hacmiao0K, B poOOTI HEOOX1HO BUPIIIUTH HACTYITHI 3a7a4l JOCT1KEHb:
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1. OGrpyHTyBaHHS HaIlpsIMiB MiABUIICHHA 3aBagocTiiikocTi WSN.
2. Amnai3 MetoiB Moaysiii curamiB y WSN.
3. Po3poOka mpomno3uiriil 11010 BUKOPUCTAHHS 0araTOMO3UIIIMHUX CHUTHAJIB Y

WSN.

4. TexHiuHI 1 EKOHOMIYHI OOIPYHTYBAHHS NMPUUHITHX PIIICHb.

BucHoBok

AKTyanbHiCTh JocTimkenb WSN odeBnmHa. IX BUKOPHCTOBYIOTH B 6araThox Ta-
Jy3s51X: 11€ MOHITOPUHT CUTYaTUBHOI OOCTaHOBKH BIMCHK, TTOTOJH, €KOJIOTII, Ta 1H. 3 y10-
CKOHAJIFOBAaHHSIM TE€XHOJIOT1H Ta PI3HUX BUPOOHUITB, NoTpeda BuKopuctanHs bCM 3po-
crarume. OcHoBHUMU 3aBfaaHHsMU WSN €: mepionuyHuid BUMIP MOKAa3HUKA; JIETEKTY-
BaHH4 I0/111; BUMIPIOBAHHS MOKa3HUKA 32 3alIUTOM.

Jlo HaOUTBII MOMMUPEHUX BapiaHTIB cxeMo-TexHIYHuX pimeHs WSN ciia Bij-
nectu: DASH7, Z-Wave, Insteon, Enocean, ISA100.11a, Wirelesshart, Miwi, 6L.owpan,
One-Net, Wavenis, Rubee, Zigbee (Pro).

OcHoBHa ocobnuBicTh ZigBee monsrae B TOMy, 10 MPU HU3BKOMY €HEPIroCIo-
KMBaHHI MATPUMYE TPOCTI TOIMOJIOTIT Mepexki i MESh-TOMOJIOTiI0 3 MapIIPYTU3AIIEO
MOBIJIOMJIEHBb 1 peTpaHcisiiero. Takox, cnenudikamis ZigBee mae Bubip anroputmy
MapuipyTHh3anli, KiHIEBl TOYKU, NPHUB'SA3KM, THYYKUHA MEXaHi3M Oe3neKkH 1 3ade3rneuye
MIPOCTOTY 0OCIIyTOBYBaHHS, PO3TOPTaHHS Ta MOJEPHI3aIlii.

Ha sxansb, Bukopuctaniss CSMA/CA B sikocTi 6a30BOTO peXUMY JIOCTYITy HE Ta-
paHTy€e YCYHEHHS BTpaT 3HAYHOI KUIBKOCTI IMAKETIB uepe3 Komizii. ExcriepumMeHTH 3 By3-
JaMU CEHCOpHO1 Mepexi cranaapty 802.15.4 mokaszanu, 110 3Ha4HA KUIBKICTH KOJI31H
BiIOyBa€ThCSA HABITh KOJU HEMAE MPUXOBAHOTO TEPMIHAILY MPHU TAKOMY THIIl KOJII31H I'y-
ONATHCS MAKETH TUIBKU BiJ BY3J1B 3 OUIBII CIaOKUM piBHEM curHany. Bysnu 3 Oiiblnn
CUJIBHAM CHUTHAJIOM CTIMKIII SO TaKUX KOJI31H.

Brparu nakeriB 10 90% Moxyth OyTu Ha yactoti 2,4 ['Tu. Ile nmpusBoguts 10
3aCTOCYBaHHS CICHIATILHUX aJTOPUTMIB U1l BUSIBJICHHS 3aBaJl BiJI MEPEX CTaHIAPTY

802.11ax (Wi-Fi) 1 peamizariii quaamMiqyHOro nnepeMukanns kaHamis y WSN.
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Bxoai gocnimpkeHb BCTAHOBIIEHO, IO AJs KaHamiB 3B'i3ky WSN BiacTuBi Ha-
CTyMH1 €(eKTH Ta SBUINA: HECUMETPUYHICTh KaHAJIB; HECTAOUIBHICTh KaHAIB; 3MiHA
MOTY>KHOCTI CHUTHaJy Ha MPOMDKKax uacy; 3anexHicte RSSI Bix temmeparypu; Heme-
pendavyBaHiCTh.

Bonu MaroTe cuIbHHIM BIUIMB Ha POOOTY BCi€l MEpexKi B IIOMY (BTpara 3B'S3KY,
3HIDKEHHSI 3B'I3HOCTI MEPEXkKi, MOMWJIKH B JIOKaIi3allii Ta iH.), a caMe TOJOBHE — BIUIU-
BalOTh Ha IIPOTOKOJIM BEPXHIX PiBHIB.

Takum unHOM, MOXIHMBO chopmyBaTu HacTymnHi Bumoru 10 WSN.

1. CTifiKICTh 10 aKTUBHHUX pajiio3aBajl.

2. BusiBneHHs MIIMIHU BY3JI1B.

3. HasBHiCTbh pe3epBHUX MapIIpyTiB nepeaadl JaHuX.

4. BusBnieHHs Ta 3ano0irans cupobaM pexoHdIrypailii Mepexi, maMIiHu aape-
cHO1 iH(opMallii, HECAHKI[IOHOBAHOI «IIEPEIPOLTUBKI MIPUCTPOIB,

5. CTiiKICTh JO BUKPUBJICHHS Ta (iIbTpaLli KaJIpiB.

[Tomanpn 10oCaiKEHHS AOLUIBHO CIIPSMYBaTH Ha MiABUINECHHS 3aBaJi0CTIMKOC-

Ti kaHaiB 3B’ 513Ky WSN.
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PO3JILII 2.
MTPOTTIO3MLIIT /IS TTIJIBUIIIEHHS 3ABAJOCTIMKOCTI KAHAJIIB 3B’ SI3KY
BE3IIPOBOIOBMX CEHCOPHUX MEPEX

2.1. OOrpyHTyBaHHS HaIlpsIMIB IMiABUIIIEHHS 3aBajiocTiiikocTi BCM
[Tpoxomsun MmO KaHANy 3B’SI3Ky CHTHAN MiJIA€ThCA CHOTBOpeHHsM (PucyHok

2.1).

Bci 3aBajiu yMOBHO MOXKHA PO3IUIMTU HA Bl TPYIH: aAUTUBHI 1 MYJIBTUILTIKATUBH1

Mepnuannii fr—
EIEKTPAIH N . sazan
CETHAT Pagiocmarnan

Moeizom- E 1n:rpm|nrl itma i Mopizom-
P l — [E\Ix] - }'.\D. (Paziocmraaa + jasazm) NEC JeEER"

Paai 0
Ainmepeiana Pazlonmpmiisag

Ce u,:u:-mﬂne l {
Teperno- WMoavns- | Patio- Tlepeaasansua P Mpuivaise Tepetno-
e Rtk POINORCION Pazio- | Jevogy-
pEOEAY Tap TpakT AHTEHA FHTEEL MO prozax [
HEHAR TpaET | asTOp

| | i
M . - S — - ¥

¥
PagionpeiMansHHE npRCT iR

Panioneperanaasami npuerpii Pasiokana

Panioxinia

CHeTema patioss’asgy

Pucynok 2.1 - Cucrema pajiio3B’si3Ky

1. AAuTUBHI 3aBaJ i MAaIOTh XapakTep mijgcyMoByBaHHs. Di3udH1 ABUIIIA, K1 3Yy-
MOBJIIOIOTh 3aBaKalOUWi BIUIMB, 34aTHI CHOTBOPUTH CUTHAIL. ATMOCGEpHI JKepena 3a-
BaJI. TpO3a, crajgaxu Ta 30ypeHHs Ha COHIN. B pi3HuX KaHanax 3B’sI3Ky € 3aBajiu, SIKi €
IITyMaMH, TI10 TIOPOKYIOThCS €IEKTPUIHUMH 30ypEHHSIMH B armapaTypi.

AUTUBHI 3aBajy - 1€ MUPOKOCMYTOBI TI0 CIIEKTPY YacTOT, O€3MepepBHi, TIIAJIKI;
cTBOpIoBaHi cynpotuBHUKOM PEB.

2. MynbTUIUTIKaTUBHI 3aBajid € HENIHIMHUMU e(peKTaMH Ta BUKIMKAIOTh HEJl-
HIl{HI CTIOTBOPEHHS cUTHaly. BoHM BUHUKaIOTH B aTMocdepi 3 pamioxBuiisiMu. BuHUK-

HEHHS MYJIBTUIUTIKATUBHUX 3aBaJl, 3yMOBJIEHE 3MIHAMU HEOJHOPITHOCTEN B arMocdepi,
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K1 IPU3BOAATH 710 3MIHM MapaMeTpiB aMIUTITYAH 1 pa3u pagiocurHaiiB, OararonpomMe-
HeBOCTI. [12]

3aBaIOCTIMKICTh CUCTEMH 3B’A3KYy II€ 3AAaTHICTh CUCTEMH 3B 3Ky HOPMAJIbHO
GyHKIIIOHYBAaTH i Ji€l0 paaio3aBaja. BoHa 3abe3neuyeThcsi MPOBEICHHIM OpraHiza-
[IAHAX 1 TEXHIYHUX 3aXO0/IB.

o6 mocsrtu moTpiOHOI mBHAKOCTI nepenadi y BCM tpeba npukiactu napa-

METpPH HOTYXKHOCTI CUTHaILy P, i cMyru npomyckaHHs kaHainy F, . 1[{o6 xapaxrepusy-
BATH Il TapaMeTpH BBEAEHO MOHATTA eHepretnuHoi (S =R, /(P./Ng)) Ta uacrorHoi
edextuBHoCTI (¥ =R, ;[ F). Maemo BignomenHsa P./Ng HoTyXHOCTI curHamy 1o

CIEKTPAIbHOI TYCTUHM MOTYKHOCTI IIIyMYy Ha BXOJ1 AEMOAYJIATOpa. TaKUM YHHOM, KpH-
Tepii e(peKTUBHOCTI € CIITYIOUi:
— iHpopmaIliiiiHa e(PEeKTUBHICTh CUCTEMH, 110 BU3HAYAE CTYMiHb BUKOPUCTAHHS

MIPOIYCKHOI 3/1aTHOCTI KaHAJTy

RKaH
= 2.1
n C. (2.1)
— eHepreTuyHa e(PeKTUBHICTh
RKCIH
= — =" 2.2
B (2.2)
— 4acTOTHA €()EKTUBHICTh
RKaH
= —feh 2.3
-y (2.3)

[Toka3sHuku [ 1 y MarwTh CEHC NUTOMHUX IIBUIKOCTEH, a 3BOPOTHI BEIMYUHU
p = ﬂ_l 1y = ;/_1 BU3HAYAIOTh MUTOMI BUTPATH BIATIOBIIHMX PECypCiB Ha IMepeaady
1H(Dopmarii 3 omMHUYHOIO MBUAKICTIO (1 61T/C).

JUig raycoBOro KaHaily 31 CMyIOlO IpoIyckaHHs F,., BIAHOIIEHHSM MOTYKHOC-
Tell curHanmy Ta mwymy p=P./PB,, i npomycknoto 3narnictio C, = F, log(p +1) moxna

BCTAHOBUTH, IO 111 MOKA3HUKU €()EKTUBHOCTI MOB’sI3aH1 CI1BBITHOIICHHSIM:

_ 4 .
n= log(Lt 7/ 5) iy=ppg. (2.4)
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B = 2/_1. (2.5)

®opmymna (2.5) BU3HaUA€E 3aJIeKHICTh CHEPTETHYHOT BiJl YACTOTHOT €(PEKTHBHOCTI
B i7lcaIbHUX YMOBax, 110 3a0e3Ieuye piBHICTh IIBUJKOCTI Niepeaayl iHdopmariii Ta mpo-
MyCKHOI 3JaTHOCTI KaHaYy.

Crip migKpecIuTH, o YacTOTHA e()EeKTHBHICTL ¥ 3MIHIOCTHCA B Mexkax Big 0
710 00, aJie eHepreTHYHa e(PEeKTUBHICTH OOMEKEHA BETUUYUHOIO:

limg lim(—2Z—) 1
= = /4 =—~1443. 2.6
y =0 27 -1 (2.6)

max
¥ 250 In2

Enepretnuna eexkTuBHICTh CUCTEMU IepeAayl iHPpopMallli rayCoBUM KaHaJIOM

HE MOXKE MEPEBUIYBATH BEITUYNHU:
Prmax =1443. (2.7)

Indopmaniiina e(EeKTUBHICTb MEHIIE I'PAaHUYHOI €(PEKTUBHOCTI 7Jyax > TOMY B
WSN iMOBipHICTE TOMIJIKH [ 3aBXKIM Ma€ KiHIIEBE 3HAUYCHHS. B Takux BUITamKax s
(bhikcoBaHOT UMOBIPHOCTI MOMHUJIKK P = CONSt MO)kHA BU3HAYUTHU KOe(PilleHTH e€(hEeKTUB-
HocTi 3, ¥ 1 moOynyBaru kpuBi £ = f(y). VY xoopaunarax ([, y) KOKHOMY BapiaHTy
WSN Oyne BiamoBigaTy TOYKa HA TIOTIHHI.

Bce 11e cBimuuTh Mpo NMpsSMHI B3a€EMO3B’SI30K 3aBaJOCTIMKOCTI 3 €HEPTETUYHOIO
Ta 4acTOTHOIO edekTuBHIcTIO WSN. [x omHOYACHE TIiIBUINCHHS BILTHBAE HA HAMIHICTD
WSN B 1iistomy, ik CHCTEMH.

B sxocti mpioputetHux nuisxiB omrtumizamii WSN Ha piBHI cucTeMu mepenadi
JAHUX CJIJI BKa3aTh MPO BUKOPUCTAHHS 3aBaJOCTIMKOTO KOIYyBaHHS, CUTHAJIBHO-
KOJIOBUX KOHCTPYKIIiHM, 0araTono3uiiiHuX cUrHaiiB abo ix xomOiHamii. Takuit migxin
JIOCTaTHBO OOTPYHTOBAHUM B 1ICHYIOU1 MHOKMH1 ITyOJTiIKALIii.

B cBoro uyepry, 3aciiyroByl0Th yBaru HalpsIMK{, 110 CIHPAIOTHCA Ha BOPOBa-
JUKEHHS! 1HHOBAI[IMHUX TEXHOJIOT1H, SKI OTpUMAaJIM 3HAYHE MOLIUPEHHS B OUIbII PO3BU-

HYTHX Mepexax, Harmpukiaaa: 802.11ac(ax), 5G, MU-MIMO, Massive MIMO Ta in.
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2.2. Amnaniz metoziB Mmoayrnsauii curtanis y bCM

B icaytounx WSN, no sxkux cmin BigHectu ZigBee 1 Thread, 3actocoByroThes
npuiiomo-niepenatdyuku (Pucynok 2.2) 3 dactoTHow MaHimynsmiero curdamB FSK
(Frequency Shift Key) 3i 3miapkyBaHHSAM TMO3UTHBHUX 1 HETAaTHBHUX YaCTOTHHUX HU(]-
poBHX curHaJIB Ha ocHOBI (imeTpa ['ayca GFSK (Gaussian Frequency Shift Keying).
Takox, iICHYIOTh TPUIOMO-TIEPEIaTINKH 3 3CYHYTOI0 KBaJIpaTypHOIO (a30BOIO MaHiMy-
msmiero OQPSK (Offset Quadrature Phase Shift Keying,) ado nBiiikoBoro ¢a30BoOr0 Ma-
uinymsmiero BPSK, 3abe3neuyroun poOoTy iHTEpPEHCHUX MOIYJIB 31 HMIBUIAKICTIO 2
MobiT/c.

[Buakicte 250 kOIT/C 11e MaKCUMaabHa MPOIMYCKHA 3[IaTHICTh MEPEXK1 TS pi3-
aux WSN, a kopucHa MBHAKICTE B MeXaxX CYCIIHIX By3diB Oyae mpubauzno mo 40
KOIT/C, a MpU 3aCTOCYBaHHI PETPAHCIISIIT AeCh BiJ S 10 25 KOIT/C.

VY3aranpHeHna cxema moaynaropa FSK naBenena na pucynky 2.3. [IpsmoxkyTHuit
O1TOBHUH MOTIK MEPETBOPEHUM 70 PiBHIB +(-)1 HAAXOAUTH Ha MOIYAATOP (TeHEpaToOp Ke-
pOBaHM HAPYTo10), A€ PiBHIO +1 BIAMOBIIa€ OAHA YACTOTa, PiBHIO -1 — iHImIA. Y Takui
croci6 Ha BUX0/1 MomyssiTopa ofnepxkyemo FSK.

i_ > Ml & Ll ol -

Pucynok 2.2 - Tpancusepu JN5148-001-M00/xx ZigBee PRO (k. NXP Sem-
iconductors)

FSK
Bit stream +1..-1 |————» VvCO —

PucyHnok 2.3 - V3aransHeHa cxema Mmoayistopa FSK
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Sk BUIHO, PO3HECEHHS YaCTOT 3a/Ia€ThCSI B MOIYISATOPI Ta MOXKE OyTH Oy/b-
SKUM, ajie He MEHIIIe HiK MBUAKICTh MaHInyisii (Baud Rate, Br). [Ipu menmomy po3-
HECCHHI KOPEKTHA JEMOIYIIAIlIS TAKOTO CUTHATY HeMokiauBa. CImix BiI3HAYUTH, IO Te-
HepaTop y MOAYIATOPI Ta OITOBUM MOTIK, Y LIJIOMY, Hi K HE TIOB’s3aH1 Ta HE CHHXPOHi-
30BaHi. CIEKTp TaKOr0 CUTHAITy MICTUTh MHOKMHY TapMOHIK 4epe3 MPSIMOKYTHICTh 1M-
MyNbCIB MOAYJIALIL Ta Pi3KOTO MEPEeMHUKAHHS TeHepaTopa B MOAYJSTOPI B «HEBIAIMOBII-
H1» MOMEHTH 4acy. OCHOBHA €HEeprisl 30Cepe/eHa HaBKOJIO YacTOT MAHIMYJSIIT Ta 3a-
iimMae cMmyTy piBHY Br, 110 1a€ MiHIMaIbHO MOXIJIMBHMA CIIEKTP TaKOro CUTHAMY 2*Br npu
po3HecenHi piBHOMY Br, a6o cymi Shift (po3Hecenns yactot maHinyssiii) 1 Br, y 6iibi
3araJbHOMY BHUMAJIKy. ['apMOHIKH 32 MEXaMH TaHOTO CIIEKTPa MOXKYTh OyTH €EeKTUBHO
noJlaBJieH1 0e3 MIKOU JJIA YCHIIIHOI AeMOIYIISIT, M0 i poOuThea Ha npakTuili (Pucy-
HOK 2.4). [14]

Crig 3BepHYTH yBary, 110 CIEKTP HABKOJIO YaCTOT MaHIMYJSALII IPU PO3HECEHHI
piBHOMY Br TO4HO yKjamaeThcsi B IPOCTIp MIXK YacTOTaMH 0e3 MepeKpuTTs. Ko Jac-
TOTH 30JIMXKATH J1aJll, TO Oy/Ie MEPEKPUTTS CIIEKTPIB «UYKHUX» MOCUIOK 1 B3aEMHI CHUJTbHI
3aBaqu. lle HaouHe rpadiune 300pakeHHs 0OMEKEHHS MiHIMAIBHOTO PO3HOCY MPH Kia-

cuuHiit FSK.

Shift = Br Standard FSK

Critical FSK

Pucynok 2.4 - Poznecenns yacrort nmpu FSK

JUig 3MEHILIEHHS PO3HOCY YacTOT MpHU Tid K€ IIBUIAKOCTI MaHIMyJsLii, Tpeba
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3MEHIIUTH (3BY3UTH) OOJACTh OCHOBHOI €HEprii OIYHHMX HABKOJIO YAacTOT MaHIMyJsMii,
110 JacTh 3MOTY 3MEHIIIUTH PO3HEeCeHHs. Ls i1es peami3yeThcs yepes monepeaHio hiib-
Tpailiro 6ITOBOTO MOTOKY Mepes nogadeio Ha Mmoxysstop. s FSK mmpoke mommpenHs
onepxanu ¢insTpu ['ayca (GFSK), BoHu 3a0e3meuyioTh JOCUTh €(heKTUBHE 3BYKCHHS
CMYTH 3a PaxyHOK 3IVIa/KyBaHHS PI3KUX MEPEXOAIB HAMPYTH MaHIMYJALI] Ta rapHy Ke-
POBaHICTh MapaMeTpaMu. Y MPUHIUIMI Oyab-SIKUN QUIBTP, IO 3MIAIKYE Pi3Ki MePexoau
npuaatHui A uiei metu. OnHak, GinsTpu ['ayca MaroTh OUIBII Kpallll XapaKTepUCTU-
KW, XO4a BOHU HE €IMHI 3BUYaiiHo. 3aranpHa cxema moayisitopa GFSK (Pucynox 2.5).

Ile no3Bosisie BiAINTH Bif 0OMeXeHHsI MiHIMabHOTO 3cyBY FSK yOik 3mMeHIIeH-
Hs: Shift > Br (Pucynok 2.6).

Bin nmapamertpiB ¢inpTpa 'ayca 3anexuth HACKUIBKH CUJIBHO Oyze 3BY:KECHHIA

OCHOBHUU CHEKTP OIYHMUX 1 HACKUIBKU CHJIBHO MOXKHA 3CYHYTH YaCTOTH MaHIYJISIi.

GFSK
Bit stream +1..-1 |——»| Gaussian filter |—» vCo —

Pucynoxk 2.5 - Monynstop GFSK

Br/2 < Shift < Br GFSK

Pucynok 2.6 - Poznecenns gacrot nmpu GFSK

Ha npaktuii 15 BenuunHa 3axau Ouibiie yuM Br/2. Ile oOymoBieHe TUM, 110
3MEHIIICHHS] O1YHUX JOCITAEThCS CHUIIBHOIO TMOJIOTICTIO (DPOHTIB HANMPYTH MAHIMYISAIIT,
10 TIPU3BOJIUTH A0 HAKJIAJIAHHS OJHOTO IMITYJIbCY Ha 1HIIHH, 1, IK HACTIOK 10 HEMOX-
auBOCTI aemonynsiii. TumoBe 3MeHmieHHs posHeceHHs st GFSK cranoBuTh Ha
30+40 % Bix xknacuunoro Shift = Br, To6To Shift = (0,7+0,6)*Br. B 3aransHomy Bumnau-

KY, TOCUTh CKJIQJIHO TIPU aHalli3l cKa3aTH, 110 BUKOPUCTOBYeThcs came GFSK, Tomy 1110
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TAKOTO  a00 MPAKTUYHO TAKOTO K €(heKTy MOXKHA JOCATTHU U 3 IHIIUMHU (DITBTpaMHU.

2.3. MyibTUIIIEKCYBAaHHS 3 OPTOTOHATBHUM YaCTOTHUM PO3/AUICHHSIM KaHATIB

OcHoOBHA iJ1es MYJIBTUIIIICKCYBAaHHS 3 OPTOTOHAIbHUM YaCTOTHHM PO3ILICHHSIM
kanaiaie OFDM (Orthogonal Frequency Division Multiplexing) B Tomy, mo cMmyra npo-
MyCKaHHS KaHay JUIMTHCA Ha BY3bKi CMyTH a00 cyOKaHald, sSIKi MalOTh CBOIO ITiTHECY-
gy. Ha BCiX 1ux migHECyunx CUTHAJ NMEPEIa€ThCs OMHOYACHO, IO 3a0e3Meuye IPaKTH-
HO, SIK 3aBTOJIHO, BEJIMKY 3arajbHy HIBUIKICTH Tepenadi iH(opmarlii npu HEBEIUKin
HIBUKOCTI Mepeadl B KO)KHOMY OKkpemMoMy cyOkaHauni. [1o cyTi, opToroHajabHe 4acToT-
HE PO3AUICHHS KaHaJiB MEPETBOPIOE MUPOKOCMYTOBHI 4aCTOTHO-BUOIPKOBUN KaHa B
KUIbKa mapayieibHuX cyOkaHanu. lle 3amobirae OGararonmpoMeHEBOCTI MIXKCHUMBOJIBHOI
1HTEepdepeHIli.

Cursan 3 OpTOTOHAJILHUM YaCTOTHHUM PO3IJICHHSIM KaHaliB CKJIaa€ThCS 3 Op-
toroHayibHUX MmigHecydnx (N), MomynboBani 3 N-10 KUIBKICTIO HapajelbHUX MOTOKIB
nanux. KoxeH 13 cyOKaHalliB BiIOKPEMJICHUN OJUH BiJ OJHOIO, 110 3a0€3Me4y€eThCs

B32€EMHOIO0 OPTOTOHAJIBHICTIO MiTHECYYHX, 110 Bifanosigae Gopmyii (PucyHok 2.7):
TS
[(sin2Aft -sin2zf, t)dt =0 , mpu n =Kk (2.8)
0

ne Tg — tpuBanicte OFDM-cumBony, f, i f, — BitnoBinHo, Hecyui yactoTu N-ro i K-

n

ro cyOKaHaJiB.

Pucynok 2.7 - Cnekrp curnairy OFDM 3 6-ma opTOroHaqbHUMH MiTHECYYHUMHU
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Crnextp curHany Ha K -ii miaHecydiit (B K -My cyOkaHasi) onmucyeTbcst QyHKIII-
€10 BUTTISITLY:

sin2z(f —f,)
2z(f - f)

dopmyBaHHSI CyOKaHaNIB 3 OPTOTOHAJIBHHMHU MiJHECYYUMHU 3HIMCHIOETHCS 3a
nonomororo npoueaypu 3AI1D (3BopoTHOTO IMUCKpeTHOTO TIepeTBoperHss Dyp’e) moTo-
Ky CUMBOJIIB JIaHUX B TIEpenaBavi. 3BOPOTHE AUCKpPETHE mepeTBopeHHsT Dyp’e BuOMpa-
€ThCS TakK, 00 HE BIOyBaI0Cs 3aBMUPAHHA B CyOKaHasax.

Takum unnom, ¢yskiii OFDM-moaynsaropa 3BOASTHCS 10 CTBOPEHHSI CUTHAIY,
o MicTuTh N TiJIHECYYMX, BEJIMKAa YAaCTHUHA 3 SKUX MOIYIbOBaH1 1H(OpMALITHUMU

CHMBOJIAMHU HA IPOMIXKKY T

N-1 N-1 _
S(t) = %Zak xcos(2r ft+o )= %Z Re(a, xe/2"), (2.9)
k=0 k=0

ne a, =a, xe' — xommiekcHuit Motysorounii cumBon, T, — TPUBATICTh CUMBOY, 8, —
amIutityaa cumsony, ¢, — dasa cumsoiny, K =12....,(N -1).

B mporeci nepenadi curaairy OFDM B pamgiokanari i3 3aBMApaHHSIMU BUHHKA-
I0Th MDKKaHaJIbHA 1HTEp(EepeHLIiist Ta Mi>KCUMBOJIbHA THTEPPEPEHITIS.

[Io6 3amo0irTu B3a€MHUM 3aBajiaM J0 KOPUCHOTO CUTHAIIY JOJA€ThCS «aKTHUB-

HUI» 3axucHuit inTepBai. (Pucynok 2.8).

.-"'"FFF -\--\-\"-\-\_\_\_\_
7 Ilimcime [OSIIEp eHHA E 4aC0EH obnacTi —
s

I
. ~ |
SanucHui AKTHEHII CHMEOI I
iHTEpEAD I
Tr_', T5
i |
Tes
- = -

Pucynok 2.8 - ®opmyBanss noBHoro cumposry OFDM
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[IpaBunpHUN BUOIp TPUBAIOCTI 3aXMCHOTO 1HTEPBATY J03BOJISIE B TIEBHUX Me-

JKaxX YCYHYTH 3aBaau, 10 BUKJIMKaHI €X0-CUTHAJaMHU.

IToEHA TPHEAMICTE CHMEQTA

pi
*

Cceopmmil | 3AMMCHIGT iHTepEan Kopucri cimveon :
CHFHAT - b--! »
.:-I
{Barpimaka 1 : i
Exocmraan 1 “"—'
MW+
¢ 3arpimvea 2
Exocuraan 2

Pucynok 2.9 - HacoBi iHTEpBaju OCHOBHOIO Ta JIBOX €XO-CUTHAJIIB

Ha pucynky 2.9 noka3zaHi TMMYacoBl IHTEpBAJIM JJiI OCHOBHOIO CUTHAIy Ta
JIBOX HOTr0 €X0-CHUTHalliB. 3aTpUMKa IEPIIOTO €XO-CUTHay nepeOyBae B MPUIYCTUMUX
MeXxax, 1 IepexiHi MPoLecH Yepe3 CTUK JIBOX CMMBOJIB MPUIAAl0Th HA 3aXUCHUMN 1H-
TE€pBaJ OCHOBHOI'O CHTHAIly, HE CIIOTBOPIOIOYM HOr0 KOPUCHY 4acThHyY. Hampotu, Ko
JIPYTUil €X0-CUTHaJl 3aTpUMaHUi TOHAJ MPUITYCTUMI MEXi, TO HOro mepexigHa 30Ha
IPUIAJA€E Ha KOPUCHY YaCTUHY OCHOBHOIO CUTHAIY, TOOTO 3aXHCT HE 3a0e3IeuyeThCsl.
Pucynok 2.10 umrocTpye miiICyMOBYBAaHHS JEKUIBKOX 3aTPUMAHUX CHUTHAJIB 3 YTBOPOM
CHTHAITy, 1110 3aBa)Ka€, YCYBAETHCS 33 PaXyHOK 3aXMCHOTO iHTepBaiy. [6]

KpiM ocHOBHOro curHaily mokasaHi BiIOWTI eXo-cUTHaiM 1; 2 1 curHan cycij-
HBOTO IMepeaaBada 0JJHOYACTOTHOT Mepexi (exo-curHan 3). Ha npuiiMad HagXxoauTh Cy-
Ma 1ux 4-ox curHamiiB. [Ipu BuGopi yacy Tg Oinbie yacy iMIyIbCHOT peakilli KaHaTy
abo yacy 3arpuMku nommpeHHs, MCI cyTTeBO 3HMKYEThCSA, TOMY IO BCl MEpEXifH1

IpoLECH BiJ HEOAKaHUX CUTHAJIIB 3aBEPUIYIOTHCS B MEXKaX 3aXUCHOTO 1HTEpBaIy.
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Pucynox 2.10 - 3axucuuii inTepBan y cumsoiii OFDM

[Tpuknan popmysanns curnany OFDM 3a 1omomMoror 3BOPOTHOTO HIBUIKOTO

neperBopeHHss Oyp’e (BLITID nmo poc. OBIII®), nokazanuii Ha pucyHky 2.11. Ilicns

3HITI® o6uaBiI YaCTUHU OOYMCIICHOTO MEPETBOPCHHS, IIEPEBOAATHCS B aHAIOTOBY (Gop-

my, npoxonsauu LIAIT 1 ®HY nns Buganenns BU-npoaykTiB, NOTIM HAAXOIATh Y MEPET-

BOPIOBAY YacCTOTH, JI€ MHOXAThCS BIJIMOBITHO HA OCHOBHUM Ta KBaApaTypHUN CUTHAIN —

rapMoHiiHe kojuBaHHs yacTtotu fy. Lle mo3Bossie micis cymaropa omepikatd CIIeKTp CH-

raanry OFDM, sikuii 3cynytuii Ha yacrtoty fo. Taka omepartist BiimoBigae nepeTBOPEHHIO

4acTOTH, HEOOX1THOMY TIpU (OpMYBaHHI PaAIOCUTHAIY [ 0OpaHOTO KaHATY.

IIndworii

HOTIK

OBMNd

> UAN [ ®HY |———

eale
dCTOTH

FeHepatop fy

—

Pamio-curaan
»
QOFDM

Pucynoxk 2.11 - ®opmysanns pagiocurnanry OFDM 3a nonomMororo 380poTHOTO

BHUJKOTO niepeTBopeHHs Oyp’e
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Cnix 3a3Ha4UTH, 10 AaHUW CIOCIO MOAYISIT Mae Ie OAUH «pe3epB» IiJBH-
IICHHS 3aBaJOCTIHKOCTI. Y mporieci GopMyBaHHS MEPEIAHOTO CUTHATY, IO MICTHTH Ki-
JbKa HECYYHMX, MOXKE BUSBUTHUCS TaK, 110 HACTYIHI OJMH 33 OJHUM TOCIIJOBHO B 4Yaci
CHUMBOJIM MOAYJIOIOTH CYCiJIHI MO 4acToTi Hecydi. Lls oOcTaBuHa HECTPUATINBO BILTHU-
BAa€ Ha CTIMKICTh TaKOl CUCTEMH Tepeaayi 10 3aBajl, 1110 BpakaroTh BiApa3y MEeBHUM Jia-
na3oH yactoT (PucyHok 2.12).

[Timrnecyqa OFDM CrexTp nepeukou

U, \ A

I| r |'. .'|

i ey’ ey

Pucynok 2.12 - Bruus 3aBajg npu nepeaayi curaary OFDM

E
f

Onun 3 BapianTiB cnioco0y Momymsamii OFDM, Bimomuii 3a HazBoro COFDM,
MPUITYCKA€E «IEPEMINTyBaHHS» MEPEAAHNX CUMBOJIIB Y Yaci TAKUM YHMHOM, 1110 HACTYIIHI
OJIMH 32 OJIHMM CHMMBOJIM KOPUCHOI 1H(pOpMallli Ha nepegaBaibHii CTOPOHI MOJYJIIOIOTh
T1 HECYUi, HOMEpa SKUX IPOIMOHYIOThCS CIEIIaIbHOO 3a34aJIeT1/Ib IEBHOO OCIIIOBHI-
ctio. Ll mocnioBHICT TOYHO BUTPUMYETHCS Ha TMepeaBalibHIN CTOPOHI U, Y 3BOPOT-
HOMY TIOPSIZIKY — Y IpUAMaIbHOMY MPHUCTPoi. Takuii 3axij JT03BOJISE 3pOOUTH JaHUN
cnocid nepenadi iHGopmallii IPaKTUYHO HEUYTIMBUM A0 PI3HOTO pOAY 3aBMUPAHHSM, a
TaKOXX 3aBajiaM, [0 BHUKJIIOYAIOTh HA KOPOTKHUM YaC MOXJIMBICTh BUKOPHUCTAHHS SIKOi-
HeOy/Ib TIJITHKY Jiarna3ony 4acToT. [5]

Oco6muBictio moayssaiii OFDM e minBuilieHa HEPIBHOMIPHICTh PIBHS MOTYX-
HOCTI TPyIIOBOTO0 MOJYIbOBaHOTO curHaiy. Ha pucynky 2.13 nokazaHuii pe3ynabTar mij-
CYMOBYBaHHS 5-TH HEMOJY/TbOBAHHX HECYUHX Pi3HMX 4acTOT. IXHil cymapHuil curHan
Ma€ CUJIbHY HEPIBHOMIPHICTh aMIUTITYIU. BigHOIIIEHHS MIKOBO1 10 CEPEAHBOI MOTY>KHO-
cTi B ko)kHoMy cyOkaHaii OFDM Ttakox sIK 1 IJI1 CUCTEM 3 OJJMHOYHO HECYUOlO 3alie-

YKUTh TUTBKH BIJl BUJIy CUTHAJIBHOTO Cy31p’sl Ta Koe]illieHTa OKPYIIEHHS CrieKTpa o. Te-
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OpPETUYHO, BIAMIHHICTh Y 3HAYEHHSIX BITHOCHH IKOBOI MOTY>KHOCTI J0 CEPeAHBOI AJIs

IIOBHOI'O CIICKTpAa CUCTCMHU COFDM 1 cucremu 3 OAMHOYHOIO HCCYYOI0 CTAHOBHUTL!

A(M) =10IgN. (2.10)
Po

BimrocHui pisers curaamy OFDM

—  sin(x)

— sin{2x) BigHOCHMM yac

— sin{3x)
—  Sin{4x)

sin{5x)
—_ Ux)

Pucynok 2.13 - Cyma Hecyunx OFDM

OnHak, MpakTUYHO 3a PaXyHOK paHOMi3allli JaHUX, CKPEMOIIOBaHHS Ta THIIMX
NEPETBOPEHb CTPYKTYPHU MOTOKY, TEOPETUUHE 3HAUCHHS MOXE OyTH TOCATHYTO B JyKe
PIIKICHUX BHUIAJKaX, 30KpeMa, IPU BEITUKUX PO3MIpax CUTHAIBHOTO Cy3ip’a. OCKUIbKU
ckpemOmipoBanuii curHan OFDM Moxke po3misigaTucs SK MOCIITOBHICTh HE3aJeKHUX
OJTHAKOBO PO3MOJIJICHUX HECYYUX, TO 3TIAHO LEHTPAIbHOI TPaHUYHIN Teopemi Teopii
“MoBipHOCTEN Tipu BeiaukoMy uucii Hecyunx (N > 20) ix po3noaut HaONMKaeTbes 10
raycoBcbKkoro. IIpu oMy, HMOBIPHICTH TOTO, IO MEPEBUIIEHHS MIKOBOi MOTY>KHOCTI
HaJ| CEPEIHBOI0 MOTYXKHICTIO ckiane 9,6 nb, mopisaioe 0,1%, a mepeBUIIIEHHS CKIIae
12 nb — menme 0,01%. Ak nacnigok, npu OFDM HeoOxiiHO nparHyTu GopMyBaTH CHU-
THaJI 3 KUIBKICTIO cyOkaHasiB He MeHie 20.

[Ile oguu miaxia moJsrae y HOpMyBaHHI aMIUTITY/] CUTHAIIB CyOKaHaIiB.

Jlo nepeBar OFDM BiHOCATbCSA HACTYITHI BIaCTUBOCTI:
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1. Bucoka epeKkTUBHICTh BUKOPUCTAHHS PAaJI0YaCTOTHOTO CHKTPY, SKHH Mae
NPSMOKYTHY (POPMY OTMHAIOUO1 CIIEKTPY.

2. Tlpotumais MibKKaHAIIbHIN Ta MI>KCUMBOJIBHIN 1HTEphEpeHITii.

3. 3acTocyBaHHA CX€M MOMAYJALIT JUIsl KOKHOTO CyOKaHaIly, 1110 JI03BOJISIE ajar-
THUBHY Bapialfito MK 3aBaJ0CTIMKICTIO Ta MBHUAKICTIO TTepeaadi iHdopmairii.

Jlo segomikiB OFDM BiIHOCSTEHCS:

1. HeoOxigHa BUCOKa CHHXPOHI3AIlisl 32 4YaCTOTOIO Ta YaCOM.

2. Yytnusicth 1o edexry Jlomepa.

3. HeineanpHiCTh CydacHUX TPAHCMITTEPIB Ma€ (pa30BUN LITYM.

4. 3axucHMil 1HTEepBaJ, kUi Bukopuctanuii B OFDM mys 6opoTsOu 3 0arato-
MIPOMEHEBUM MOIIUPEHHSIM, 3MEHIITY€E CIIEKTPAIbHY €(heKTHUBHICTh CUTHAITY.

Opnnak, He3Bakaroud Ha Bcl Hepoaiku, OFDM € BIIMIHHUM pILIEHHSAM JJIs apXi-
tektypu WSN, 1110 mpaIroroTh B yMOBax MIChKOI arioMmepartii.

Ha panuii yac, BigoMo KuibKa pizHUX Moau@ikaniid texnonorii OFDM, siki mo-
YKHA 3YCTPITH.

1. N-OFDM - Hecydi po3TalioByIOThCSI HEOPTOTOHATBHO Ta KOMIIAKTHIIIIE, 110
ycyBae 4acToTHI oOMexeHHs kiacuaHoro OFDM na 6a3i HIII®. Sk Hacmigok, Takuid
NIAX1 T03BOJISIE€ 3HAYHO MIABUIIUTH MPOIMYCKHY 3[aTHICTh CUCTEMH, HABITh B YMOBax
BIuMBY edekry Jlomiepa. Moro Bapiariii, 1o MaroTh iHIIi Ha3BH Ta He3HAYHI BiAMiHHO-
cTi Oynu po3poOieHi Mi3HilIe, 3raAylThCd B SKOCTI OCHOBH JUISI CUCTEM MOOIJIBLHOTO
3B’s13Ky SG.

2. COFDM (Coded OFDM). {anwmit Bun OFDM Bifpi3HSA€THCA JIUIIE THM, 110
naHi MIOTIEPETHBO KOJTYFOTBCS KOPUTYBaJTbHUMU KOJTaMH. B
DVB-T (C, S), (C2, S2) no peui, BAKOPUCTOBY€EThCsI came 1iei Bug OFDM.

3. Flash OFDM (Fast Low-Latency Access With Seamless Handoff OFDM).
s mogudikarrist Oyna po3pobiena kommanieto Flarion Technologies B inTepecax ¢hyHK-
I[IOHYBaHHS MOOUIBHUX TPUCTPOiB. YCi 0COOIMBOCTI Moau(ikallii MoisraroTh B ajro-
puTMax poOOTH 3 KOMYTAIlI€O MMAKETIB JaHUX.

4. OFDMA — 6ararokopuctysaiibkuii Bapiant OFDM (Bci cyOkaHaau po3mofi-

JSAIOThCA 3a KUUIbKOMa KOpUCTyYBa4YaMu.
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5. VOFDM (Vector OFDM). [lany monudikamito Kypupye kommanis Cisco
Systems. B ocHoBi jexuTh koHiemniis texHonorii MIMO. Croau )k MOXKHaA BIJTHECTH
MIMO-OFDM.

6. WOFDM (Wideband OFDM). llIupokocmyrosa moaudikaiis OFDM po3-
po6niena Wi-LAN Inc. ¥V moaudikarii nocaraeTbes MiABUILEHHS MPOIMTYCKHOI 3AaTHOCTI
Ta 3aBafoCTiKocTi. OCHOBHA BIAMIHHICTh y OUIBIIOMY YAaCTOTHOMY PO3HECEHHI MiXk

M1THECYYUMH.
2.4. Bubip metoaiB ¢hopMmyBaHHs MOAYIsIiitHUX cuMmBoJiiB OFDM

3a3Buuaii, y cuctemax 3 OFDM BHUKOPHCTOBY€THCS KBaJipaTypHa aMILIITYIHA
Moyt (Quadrature Amplitude Modulation, QAM). HaliMeHniiry ciekTpanbHy edek-
TUBHICTb (BLAMOBIAHO BHUCOKY 3aBa/IOCTINKICTD) Mae
QAM-4, cunonimoM sikoi € kBagpatypHa (azosa Manimymsis (Quadrature Phase Shift
Keying, QPSK). CmiBBigHOIIEHHS MK 3cyBamMu (a3 MOAYJIbOBAHOTO KOJMBAHHS 3
MHOKHHHU {450, — 450, 1350, —1350} Ta MHOXKHHOIO CHMBOJTIB (J1i0iTiB) H(POBOTO IMO-
Bigomiienns {00, 01, 10,11} BCcTaHOBIIOETHCS B KOKHOMY KOHKPETHOMY BHIIAJKy CTaH-
JTapTOM Ha pajiokaHal 1 BiqoOpaxaeThCsi CUTHAIBHUM cy3ip’sm (Pucynok 2.14). Ctpin-
KaMHM MOKa3aH1 MOKJIMBI MIEPEXOJU 3 OJHOTO (pa30BOTO CTaHy B IHILIM.
2Eg

l Q
%”cosZzszt—a?”sinZ;zfot ,mpu nTg <t <(n+1T5, (2.11)
S

S(t) =

ne ar|, 1 anQ — JIBIMKOBI 1H(OpMALlIIiHI CUMBOJIM y KBaJpaTypHUX KaHaiax, Eq =2Eg —
CHEprisd KaHAJIbHOTO cuMBOIy, Epg — eHepria iHpopmauiiiHoro 0ira, Tg — TpUBAIICTb

cyOKkaHanpHOTO CMMBONY, fg —Hecyda gactora cyOkaHay.
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Pucynok 2.14 - Curnanshe cy3ipps QPSK

Orunaroya KO)KHOI TOCHJIKM CUTHAy Ma€ IPSIMOKYTHY (OpMy, a Ha CTUKax IMO-
criok MoxuuBi crpubku dasu Ha 0°, +90° i 180°. Cmexrp QPSK € HeoOMEKESHIM.
OnHak, Ha MpakTULl WOro 0OMEXyIoTh. B CBOIO yepry, e Moke MPU3BECTH A0 MOSBU
napa3uTHOT aMILTITYAHOI MOIYJSIIII, 1[0 0OyMOBJIEHA MEPEXiTHUMH Tporecamu (B Oc-
HOBHOMY, IpH CTPUOKaMH Ha 180°).

JIJist yCyHEHHSI IbOTO HEJOJIIKY, 3aCTOCOBYIOTh Monuikaiio — 3cynyty QPSK
(Offset QPSK, OQPSK). B curnani OQPSK crpu6kn dasu na 180° BincyTHi, ockimpku
dbopMyBaHHS BUKOHYETHCSA 3 BUKOPUCTAHHAM JBOX KBaJpaTypHUX KaHAIB, 3CYHYTHX 3a

4acoM Ha NojoBUHY TpuBanocti cumsony 0,5Tg. Ilpn npomy, ctpubku dasu Ha 90° 3a-

JIUIITAFOThCS.
[Tpu Takiit peanizaiii CHEKTp CUTHATY Ha BUXO/A1 MOIYJISTOpPA € HIYUM HE 0OMe-

xkeHuM (Pucynok 2.15). Ilpupoano, nieit curaain MoxkHa OOMEXHUTH IO CIEKTpPy 3a J10-

MOMOTOI0 CMYTOBOTO (hJIbTPA, BKIFOYCHOTO HA BUXOA1 MOIYJSTOPA, MPOTE TaK HIKOIU

HE POOJIATH.
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Pucynok 2.15 - Cnekrp curnaimy QPSK, mo moxgynsoBanunii curnaiom NRZ

SIK HACMIJIOK, 3TAHO 1. 2.2, /Ui 3BYKEHHS CIIEKTPY CUTHAIY JOLIIBHO BUKOPHUC-
TOBYBaTH OKpyIieHHs (opmu orumHarodoi. Hampuknazn, nis QPSK npsMokyTHa oruna-

104a OKPYIITIOEThCs 10 hopmu yHkii h(t):

n | Q
S(t) = %-Z‘[%h(t—ﬁs)cosZﬂfot—ngn h(t—iTS)sinZﬂfotj. (2.12)
S 1 —

Taka omeparrisi Mae Ha3By okpyrieHHs 3a HaitkBicrom (Nyquist QPSK, NQPSK).
®ynkiis h(t) BuOMpaeThCs TAaKUM YMHOM, 11100 3a0e3meuyBayiacs hopma CIieKTpa y BH-
IS KOCO-CUMETPUYHOTO 3pi3y 3 KOE(IlIEHTOM OKPYIJICHHS CIEKTpa «, a CHUTHAJ
(2.14) 3amoBOJIbHAB yMOBaM BIJJIiKOBOCTI. HailOuibl1 4acTo BUKOPUCTOBYETHCS COS-

OKPYTJIEHHS 31 CIIEKTPOM:

1, HpI/I0<‘f‘<(1—OC)/2TS
G(f)=lcos? Ms| ¢ _1=2 npnl_“<\f\<1+“ . (2.13)
20 2T, 2T, 2T,
0, 3a MeXaMu

Taxum >xe ynnom moxuBo chopmyBatd NOQPSK. CrpykrypHa cxema KBajapa-
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TypHOTO Moayisitopa curHainy QPSK, mobynosana 3 Bukopuctanusam ¢insrpa Haiiksic-

Ta MpUBEJICHA HA PUCYHKY 2.16.

I— md [ oH rHAH—thﬁ
3

—» Eonep | + e I —»
Qb A » TH w ITATI - :MULJ
F 3
Cos 511
TR
F
Texm

Pucynoxk 2.16 - CtpykrypHa cxema monyisitopa QPSK3 Bukopuctanusm dinsrpa

Haiiksicta (OH)

KpiMm 3ByK€HHS CHIEKTpy CUTHaly, 3actocyBaHHs (iunbTpa HaiikBicTa mpu3Bo-
JUTH JIO 3MIHU aMILTITyIu ()OPMOBAHOTO CUTHAJY. Y MPOMIKKAX MIX BiJIJTIKOBUMH TOY-
KaMH CUTHAJIy aMIUIITy1a MOXe, K 3pOCTaTH MO BIAHOLIEHHIO 0 HOMIHAJIBHOTO 3Ha-
YEeHHS, TaK 1 3SMEHIITYBaTHCS MailKe 10 HyJIbOBOTO 3HAYCHHSI.

[le omniero momudikamniero € audepenuiitna QPSK (Differential Quadrature
Phase Shift Keying, DQPSK). Bci immynbeu BXigHOi 1HGOpPMAIIMHOI MOCIITOBHOCTI
p030MBarOThCA Ha mapu (2-01ToBi cuMBOJM). [Ipu nmepexoai Bifg oHOTO 2-01TOBOTO CUM-
BOJIy JI0 1HIIOTO 2-OMTOBOTO CHMBOJY MOYaTKoBa (pa3za CUTHATY 3MIHIOETHCS Ha BEJU-

yuHy A@, siKa BU3HAYAETHCS BIAMOBIAHO 10 Tabu. 1. Jiarpama mepexofiB CTaHIB CHUT-

HaJIiB, 1110 BIAMOBIJA€ IIbOMY METOMY, MIpeACTaBieHa Ha PUCYHKY 2.17. Kpyxeukamu 1o-
3HAYEH1 TUCKPETHI 3HAYEHHS, SIKI MOXe IpuiiMatu ¢aza Hecy4oi, sika BiPI3HIAETHCS Bl
JIESTKOTO TOYaTKOBOTO 3HaueHHs. CTpijodKkaMH MOKa3aHO MEPEXOIU MiXK T03BOJICHUMU
sHadeHHsMU (a3u. Oci koopauHat BianoBigaoTh cuHdaszniit (Inphase) 1 kBaapaTypHii
(Quadrature) cknagoBuMm curHaiy. Lls da3oBa miarpama ckiaagaeThes, 3 JIBOX Jlarpam:
3BUYANHOI KBaApaTypHOI (ha30BOi MaHIMyJIsIii: (ha30Bi CTAaHH OHIET 3 HUX MMO3HAYCHI SIK
«+», a THIIOT 3HAYKOM «X», 1 JiarpaMu 3CyBYy OJlHA BIHOCHO iHIIOI Ha KyT 7 /4. [lpu

nepexoii BiJi OAHOTO CUMBOJY JO 1HIIOTO BimOyBaeThes 3MiHa (a3u BiJ OIHOTO 31 CTa-
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HIB MEPIIOi JlarpaMu 10 OAHOTO 31 CTaHiB Apyroi, a MpHu Nepexo/il 10 HACTYIMHOTO CUM-
BOJIy — MOBEPHEHHS JI0 TIONIEPEIHBO]1 liarpaMu, He 10 KOJIMIIHBOTO ()a30BOTO CTaHY.

Tabmuus 1 - 3axon 3minu pazu DQPSK

bitu BX11HOI MOCIIAOBHOCTI
A
HenapHsi (nepuii 0itn) [TapHi (gpyri 6iTH) A (XicYic)
1 1 _3.
4
0 1 3 ju
4
0 0 _r
4
1 0 z
4

Pucynok 2.17 - ®a3oBa giarpama DQPSK

Bzaraji, skmo npuidHITH ar? =0, 1o BinOyBaeTbcs TpaHchopMallis 10 ABIHKO-
BO1 (hazoBoi maninyssmii abo BPSK (Binary PSK). ITiasumom cimeiictea BPSK € nu-
depenmiansaa (BignocHa) BPSK (DBPSK). Heo6xiaHicTh BiTHOCHOT MOIYJIsAIIii 00yMO-
BJI€HA THUM, 1110 OUTBLIICTh CXEM BIJHOBIIEHHS HECYYOi YaCTOTH MPU3BOAATH 10 (pa3oBoi
HEOJJHO3HAYHOCTI BIAHOBJIEHOI Hecydoi. B pe3ynbTari BiZHOBICHHS MOXKE YTBOPUTHCS
nocTiitHuii (pasoBuii 3cys, kparanii 180°. TopiBHSHHS CHUrHATy 3 BiJHOBICHOI HeCy-
YOI0 MPHU3BE/E B JAaHOMY BUNAJKY /10 IHBEPTYBaHHS (3MIHHM 3HA4€Hb BCiX OITIB HA MpO-

TuiexHi1). [{bOro MojkHa YHUKHYTH, SIKILIO KOAYBAaTH HEaOCOIIOTHUM 3CyBOM (pa3u, a io-
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ro 3MIHOIO IOJI0 3HAYEHHS Ha MoIepenHboMy OiToBoMy iHTepBami. Hampukinaz, sKiio
Ha TTOTOYHOMY OITOBOMY 1HTEpBaJll 3HAUE€HHs 01Ta 3MIHUJIOCS B MOPIBHSIHHI 3 TOTIEPE/I-
HiM, TO 3MiHIOETBCS i 3HaueHHS a3k MOAyIbOBaHOrO curHamy Ha 180°, sKio He 3Mi-
HUBCS, TO (pa3a TakoXK HE 3MIHIOEThCS. ToOTO, 1H(OpMaIlisi BU3HAYAETHCS pi3HULICIO (a3
CYCITHIX TTOCHIIOK. [8]

3acTtocyBaHHSI BIJHOCHOTO KOIYBAaHHS MPHU3BOIUTH 10 PO3SMHOKEHHS TOMUJIOK
Ha MPUHOMI Ta 3HIXKYE CTIHKICTh. OnHaK, AudepeHIliaTbHe KOyBaHHS € paliOHATbHIUM
CHI0COOOM BHPIIICHHS HEOHO3HAYHOCTI (ha3u B IEMOIYISATOPI, 110 BUHUKAE TIPU BiIHO-
BJICHHI HECYYOi /Il KOTEPEHTHOTIO NMPUHOMY, a TAKOXK 3a0€31euy€e MOXKIIUBICTb 3aCTOCY-

BaHHA (Pa30BOi MOAYISILIT IPU HEKOT€PEHTHOMY MTPUIAOMI.

S(t)= %an cos2afot, (2.14)
S
ap =1 (an_1, @) tho+d 60 a 1 (an_1, @n) vl
€ = 1IIpHu 1, = a00 = —11IpH 1, = .
ae ap pu (8n_1, an 1 -1 n PH dn-1, dn 1 41

Posrmsnemo mie aesiki moaudikaiii FSK (GFSK). Maninyssiiis 3 MiHIMaTbHAM
gactrotHuM 3cyBoMm (Minimal Shift Keying, MSK). Teopernyno Oyio oOrpyHTOBaHO
P AKUX YMOBAaX MOXKJIMBA MAHIMYJSIS 3 po3HOCOM yactoT Br/2. B nanomy Bumanaky,
B1JI0yJ1acs BIAMOBA B1J] T€HEpaTOpa KEPOBAHOTO HAIPYTOR0, 1 A1t popmyBanHs MSK Bu-
KopucTOBYIOTECA |/Q-Momymnsitopr. MSK siBiisie cO0010 OHY 4acTOTY, 1[0 Ma€ Ha Pi3HUX
MOoCUJIKax pi3Hy (azy, mpuuomy ¢asza HIKOJIW HE 3aJTUIIAETHCA HA MICIl, @ Ma€ MOCTIH-
HUW pi3HUH HAOIT, 10 ¥ Jar0Th JBI YaCcTOTH 3 MIHIMaJbHUM pO3HECeHHSIM (PucyHok
2.18). Brenenns ¢inbrpa I'ayca B cxemy MSK-Monynsitopa (Pucynok 2.19) nosBoisie
3MEHIIUTH I1I¢ OUIbINE 3arajdbHUN CIIEKTP CHUTHAY, aje TUIaToro 3a Iie Oyle JesKe 3HU-
xeHHst 3aBagocTiiikocti — GMSK. CranmgaptHo, GMSK Maninymsiiss Moxxe Maru
CrieKkTp mpubaM3HO BChoro Ha 12+15% Oinbmie Bijg Br, MeHIn 3HAUY€HHS € CHIBHOIO

BTpaToro 3aBagocTiikocTi (Pucynok 2.20).



Pucynok 2.18 - Po3necenns yactor npu MSK
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Bit stream +1..-1 Gaussian filter

‘0

Hilbert

Oscillator

90
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Pucynok 2.19 - Moaynarop GMSK

(Min - (1.12-1.15}*3:-]

Pucynok 2.20 - Poznecenns yacror npu GMSK

GMSK

HaiiGinpmry 3aBagocTiiikicTh Mae 3BudaiiHO MSK mpu KorepeHTHOMY JeMOiy-

asitopi. 3BykeHHs cmyru nipu FSK no3Bonsie nemonymoBaru pexxumu MSK 1 GMSK

3BUYAaHUMM YaCTOTHUMHU JACTCKTOpPaMU.

Maemo xapakrepuctuku nux monyismiii. FSK — npocrora peasnizaiii Ta BigHO-

cHo mmpokuit cnektp. GFSK — mpocrora peanizanii MeHIINN CrieKkTp, ajie il TpOXHu rip-

m1a 3aBagocTiikicTh ctocoBHO FSK. MSK — nyxe BHCOKa 3aBai0CTIHKICTh MPHU BiJIHOC-
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HO HEBEJHMKOMY CIEKTpi, ajie yCKJIaJHEeHa cxema Moayastopa-aemonyasitopa. GMSK —
HIMPUHA CIIEKTpa MPAKTUYHO OJIM3bKa 10 TEOPETUYHOI Mexi Br, Tpoxu ripia 3aBamoc-
TIWKICTh y TIOpiBHSAHHI 3 MSK, yckimagHeHa cxema MOAYISITOpa-AeMOAYISITOpa Taka XK
sk B MSK. [11]

MSK i GMSK maioTh Ha3By «HaIliBMOAW», Il HE 3arajbHOINpPHIHITA Ha3Ba,
mpocTo Tpeba Oyo SIKOCh BUAUIATH Il KJlac CHTHAIIB i3 3arajibHOTO cimerictBa PSK,
ToMy 1110 Bosiofitoun ¥ o3Hakamu PSK 1 o3nakamu FSK BoHu #1 Hacmpapni 3aiiMaroTh
0co0NMBe MPOMIXKHE TMOJIOKEHHS. Jlpyra rapMoHika IIMX HaIliBMOJIIB, Ma€ /Bl SICKpaBi
CIEKTpaJbHI JiHII, pO3HOC MK SKUMHU PiBHMM Br, 110 € OTHUM 3 O3HaK IUX PEKUMIB.
[le HeoOx1qHA yMOBa iX BU3HAYECHHS MIPH aHadi3l, ajie He JOCTaTHE. /[Bi JiHII B Ipyromy
ctyreni Tak camo aaroTh 1 SDPSK 1 OQPSK pexumu. SDPSK y 3aranbHOMY BUTIAIKY
HE BUMAarae CHHXpPOHHOCTI MEPEXO/IIB B EKCTpEMyMaxX HECy4oi i 3a paxyHOK IIbOTO Ma€
OuIbIIY UPHUHY criekTpa YoMy MSK, siky Tak caM0o MOXKHA 3MEHIIUTH PUIBTPYIOUn Oi-
TOBUH MOTIK MEpPe]] MOAAYEI0 HA MOIYISATOP, M0 H pOOISTh BUKOPUCTOBYIOUYH 3BUYAMHO
RRC-dinsrpu. SDPSK (PSK-2 3 o0epranHsM ¢a3u) y CYyTHOCTI Ma€ TaKui K€ pe3yib-
Tytounid curHan sk 1 MSK, TuibKy 3 OLIbII HMIMPOKUM CIEKTPOM, 1 TaK CaMO MOXKE Jie-
monymoBatucsa FSK-nemonynaropom, morparuisioun miJi Bu3HaueHHs HamiBmop. Cy-
YacHl MEeToIM (pOpMYyBaHHS PI3HUX CUTHAJIB HAMYACTIIE CTUPAIOTh MEKY MIXK PI3HUMHU
peXUMaMHu, 3 TIET IPUUMHU, 10 PO3POOHUKHU Maike 3aBKAH (1€ CHIIBHO CIIPOLIYE PO3-
pOOKYy) IparHyTh BUOpaTH KpaTHE CIIBBIIHOIICHHS MK TaKTOBOIO YaCTOTOK MaHIIMy-

JISILT Ta 4aCTOTO HECYYOi.

2.5. PexomeHpariii o0 BUKOPUCTaHHS 0araTono3uIliiHuX CUTHAIIIB y

0€31pOTOBHX CEHCOPHHUX MEpekax

Bxoai mocnimpkeHs 3amporOHOBAHO BHKOPUCTATH BapiaHTh (popmyBaHHS Oara-
TOTIO3ULIITHUX CUTHATIB Jy1s pagiokaHaniB WSN:
1. OFDM 3 ¢opMmyBaHHSIM MOIYIALIMHUX CUMBOJIIB CyOKaHaIiB HA OCHOBI OJ-

Horo 3 metoniB: QAM, Bapianiii QPSK, DPSK ta in.) abo BPSK (NBPSK, DSPSK Ta

1H.), sIKI PO3MISIHYTI B 1. 2.4.
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2. COFDM 3 ¢opmyBaHHSIM MOAYIALIMHAX CUMBOJIIB CyOKaHaJiB Ha OCHOBI O~
Horo 3 metoniB: QAM, Bapiariii QPSK, DPSK ta in.) ado BPSK (NBPSK, DSPSK Ta
iH.).

3. N-OFDM 3 dopmyBaHHSIM MOAYJSIIIHHUX CUMBOJIIB CyOKaHajiB Ha OCHOBI
omgHoro 3 metomiB: QAM, Bapiamiit QPSK, DPSK ta in.) abo BPSK (NBPSK, DSPSK
Ta iH.).

4, TakuM e 4MHOM, 10 1 3a 1. 1-3, BIAPI3HAETHCA THUM, IO 3aCTOCOBYETHCS
Bapiamist QPSK, B sikuiif KkBagpaTypHi KaHaIU MPOAYOIHOBAHO, TOOTO M iX (hOopMyBaH-
HSI BUKOPUCTOBYETHCS OAMH €IMHUN 1H()OpMAIITHUIN TOTIK 3aMiICTh IBOX HE3aJICKHUX.

5. Takum e yuHOM, 1O 1 3a 1. 4, Tiabku 3amicTh QPSK 3anmpononoBana BHUKO-
puctanag QAM 3 O1JIbIII BUCOKOIO CIIEKTPATBHOIO €(hEeKTUBHICTIO.

6. Bukopuctanus N-OFDM (B T. 4. 3 6J0KOBOIO Bapialfi€to KOMIIOHOBKH TPyIIO-
BOTO CUTHANY) 3 (POPMYBaHHSIM MOAYISIIIHHUX CUMBOJIB CyOKaHa B HA OCHOBI OJIHOTO
3 MeTofiB FSK (GFSK, MSK a6o GMSK) — PucyHok 2.21.

7. TakuM e YMHOM 11O 1 3a 1. 6, anme 6e3 BpaxyBaHHsI TpuBajiocTi kaapy N-
OFDM.

8. Tex came, mo 1 3a 111, 7 1 8, BIAPI3HAETHCA TUM, 1110 BUKOPUCTAH1 JOAATKOBO
MpOLEaypU JOJATKOBOTO CTpoOyBaHHs BiamikiB ALIL.

9. Bukopucranus curtaniB kBazi-OFDM (COFDM), B saxux cyOkaHaiu momnap-

HO 3TpyIoBaHi Jiy1s niepenadi curdamis +Br 1 -BR curnanis 3a meronom FSK — Pucynox

2.22.
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N-OFDM l
v
1 2 3 L 5 6
orom { ¥ v
1 2 3 = 5

Pucynok 2.21 - Bukopucranus N-OFDM cninsro 3 FSK (GFSK, MSK a60 GMSK)

Br Br Br Br
FSKi FSK:
OFDM

Pucynok 2.22 - [lonapue rpymyBanHs cyOkananiB kBa3i-OFDM

10. Takum ke YMHOM, IO 1 3a M. 9, BIAPI3HAETHCS BUKOPHCTAHHSIM CHUTHAJIIB
GFSK, MSK a6o GMSK, B T. 4. 3 BpaxyBaHHSIM CHUTHaJIbHO-3aBaJ0BOi 0OCTaHOBKHU
(TOOTO BUKOPHUCTAHHS PI3HUX METO/IB JJIS PI3HUX OKPEMUX IMap CyOKaHaiB).

11. Takum ke 9HOM, 110 1 3a 1. 9 1 10, BiAPI3HAETHCS TUM, 110 BC1 CyOKaHAIIN
MOUISIFOTHCS. Ha JIB1 TPynu JJjIsl mepenadi BianoBiauux Oiunux cur”aiiB FSK, GFSK,

MSK a6o GMSK, B T. 4. BpaxoByro4H 0J104HYy KOMIIOHOBKY (PucyHok 2.23).
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Ay

U2 s e s e 01 s e 0
L2 s e s e 1 s e 0 1

Pucynok 2.23 - I'pynyBanus cyOkananis kBazi-OFDM

12. Texx came, 1o 1 3a m. 11, BiApi3HIETbCS TUM, IO JUISI BpaxyBaHHS aiQaBiTy
KOJTyBaHHS TPYNH MICTUTh HE OJHAKOBY KIJIbKICTh CyOKaHAIB.

13. Tex came, m1o 1 3a mm. 9+12, BigpizusaeTbes 3actocyBanHsIM N-OFDM.

14. Tex came, o i 3a nm. 1+13, BigpizHIEThCS MomaBaHHsIM TexHOMOTIT MIMO
B T.4. 32 QHAJIOTI€IO 3 1. 4.

15. Tex came, 110 1 3a 1. 1+14, Bipi3HAETbCS 3a0€3MEUEHHSIM JIOCTYITy Ha OC-
HoBl OFDMA. 1le no3Bosisi€ AESKO0 MIpOIO0 YCYHYTH HEZoiKu MeToxy Aoctymy CSM-
A/CA.

Takum umHOM, 3amicTh omuHuuHoro curnainy FSK (GFSK) 3actocoByerbes
OFDM-mioniOHMiA cUTHAJ 31 MBHIKICTIO Mepeadl TaHuX, siKa JOPIBHIOE IMIBUIKOCTI OJ1-
HOro cyOkaHany, 1o MeHme B N pa3 (1e N — KUIbKICTh CyOKaHaiB, 10 BIJBEACHI ITi
nepeaadyy KOpUCHOI 1H¢opMailii) y mopiBHSIHHI 3 curHaioMm kiacuuHuM st WSN Ha
ocHoBi FSK (GFSK). Sk BuiHO, MiIBUINICHHS SHEPTETUKH MOXE BiJOYBaTHUCH 32 paxy-
HOK BBEJICHHS HaIMIpHOCTI (AyOJIb0BaH1 KaHAIM) Ta IiepeBar 00poOKH Ha IpUMabHIN
ctopodi curHainiB OFDM. Ilpu nipomMy, 3’ aBUIaCh MOXKIIMBICTH Bapiallii BUOOpY MIXK 3a-
BaJIOCTINKICTIO Ta CIEKTpaTbHOIO edekTuBHICTIO pamiokaHary WSN.

[TigBunuTy 3aBagocTiikictb BCM MOXIMBO YIOCKOHAJICHHSM TIPOIEAYpP AeTe-

KTYBAaHHSI CUTHAJIIB.
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2.6. CyTHICTb METOJly CIIEKTPAIbHOTO JI€TEKTYyBAHHS

JIJst T ABUIIIEHHST CTIEKTPAIbHOI €(peKTUBHOCTI (200 3a i paxyHOK 3aBaJ0CTiHi-
KOCTI1) KaHaJIIB 3B’S3Ky B Cy4YaCHUX TEXHIUYHUX PIIICHHSIX 3aCTOCOBYETHCS OaraTopiBHE-
BE KOAyBaHHS, y T. 4., 3 OFDM. Sk Hachigok, BUKOPUCTaHHS 3a3HAYEHOTO KPHUTEPIIO
PO HASIBHICTh CHTHAJTY B YMOBAaX BIUIMBY ITyMiB, UM TIEPEIIKO]] CTAOKOTO PiBHSI IPHIA0-
My € HE 3aBXKIU JOIUIBHUM. Y TaKOMY BUIAJKY, JOBOJAUTHCS OPIEHTYBATUCS HA CIEIH-
¢biyHi MeTOAM ajanTarllii piBHSA YU MOPOTra 3HWKEHHS CIIEKTPaNbHOI €()eKTUBHOCTI Telle-
KOMYHIKAI[ITHOT CUCTEMH B I[LJIOMY.

301JIbILIEHHS YUCila apaMeTPIB CUTHAITY, 1[0 BPaXxoOBYIOThCS B IIpolieci 00poOKH,
BEJIC 10 POCTY IMOBIPHOCTI YXBaJI€HHS MPABHIIBHOTO PIIIEHHS. Y PO3IISHYTOMY KOH-
TEKCT1, OJIHMM 3 BaplaHTIB MiABUIIEHHS BIPOT1AHOCTI JIEKOAYBaHHs 1HGOpMaIlli € aHaTI3
CHEKTPaIbHUX CKJIAJIOBUX OOPOOIIOBAHOTO CUTHAITY.

CyTHICTh PO3IISIHYTOTO METOy OOpOOKH mojsirae B HacTynHoMy. Criouatky ¢o-
PMYETBCSI CIEKTP MPUMHSITOTO CUTHAITY 3 BUIAJCHHSAM CKJIQJIOBUX, aMIUTITYIH AK1 3HA-
XOAATHCSI HUKYE BU3HAUEHOTO TPAHUYHOTO 3HAYEHHS (IIyMHU Ta OJUHOYHI IMITYJIbCHI 3a-
BaJIH, SIK MPaBUJIO, XapaKTEPHU3YIOTHCS BEJIUKOIO KITBKICTIO YACTOTHUX CKJIAJIOBUX 3 Ma-
JUMHU aMIuTiTynamu). Jlani, mpoBOAUTHCS HOTO MOPIBHSIHHS 3 €TAJIOHHUMHU MacKaMu BCiX
MOKJIMBUX BapiaHTIB MAKETIB IMIybCIB. [Ipu 1bOMY, KUTBKICTh €TAJIOHHUX BapiaHTIB
CIIEKTPIB IMaKEeTIB BU3HAYAETHCS JOBKHHOKO TMaKeTy 1Mo Bigomiit opmyni. Tol eranon-
HUN MaKeT, 31 CIIEKTPOM SIKOTO HANO1JIbIIE KOPEIIIOE CIIEKTP MPUMHATOTO MaKeTa IMITyJb-
CiB, Oy/ie BBXKaTHUCS IPABMWIILHO MIPUHHSATAM CUTHAJIOM.

Buxonsiuu 3 BuUllle BUKJIAJEHOTO, JaHa 3ajlaya Moke OyTH BiJIHECEHa, 10 3ajadi
po3mi3HaBaHHS 00pa3y curHaiy. ToOTO 3HIMAETHCSI HEBU3HAUEHICTh y MUTAHHI IPO T€,
JI0 SIKOTO 13 CUTHAJIIB 3 YKCJIa €TAJIOHHUX BIHOCUTHCS MPUUHATUI CUTHAIL. Y pe3ysbTari
pO3Mi3HaBaHHS 111 HEBU3HAYCHICTh 3MEHIIYETHCS, TPUUOMY MOXJIIMBO 1 10 HYJS (KOJIU
CUTHAJI 1IEHTU(DIKY€ETHCS OTHO3ZHAYHO).

Sk BiZOMO, B OCHOB1 CHCTEM PO3II3HABaHHS CUTHAIIB JIC)KaTh CTATHCTUYIHI Me-
tonu. [lpu aHasmi3i NpUUHIATOTO CUTHATY Ha TJ1 MEPEelIKoJl, MOXIUBO, PO3IVIsSIaTH J1Ba

MOKJINBHUX BHIIAIKH.
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— 3aBajla € TayCOBCHKUM BHUIIaJJKOBUM MIPOLECOM (IIyM), IPH LbOMY MaTeMaTH-
YHE OYIKyBaHHS JAHOI MEPEIIKOU JTOPIBHIOE HYIIO, a AUCTIEPCis — MpUiiMae BU3HAUCHE
3HAYEHHS;

— 3aBaJla ONHUCYETHCS HAOIMKEHUM JIaHIIoroM MapkoBa, Toi JaHa Mepeikoaa
XapaKTepU3YEThCS 3HAUCHHSIMH MaTEMaTHYHOTO OYIKYBaHHS 1 JUCHEpPCii HE PIBHUMU
HYJIO.

JUist aHamizy CHEKTPIB MPUHUHATUX CUTHAJIB MPOIMOHYETHCS BUKOPUCTOBYBATU
nporeaypy - msuake nepersopenuss Oyp’e (LLIID). [To cBoiit cyTi, BoHa 3BOAUTHCS 110
(GbopMyBaHHS JIIHIMKKA OpTOroHadbHUX (QUIBTPIB (PucyHOK 2.24) KUIBKICTh SIKMX MPSMO
mpornopiiiitHa KiibkocTi kpanok onepariii HITI®. BianosigHo, yum OibIiIe IIUX Kparox,
TUM 3 OLIBIIOI0 IMOBIPHICTIO 31 CIIEKTpa MPUUHATOTO CUTHATY OyayTh BUIYYEHI CKJa-
JIOB1 LIIyMY, @ TAaKO>K MOXJIMBO ITIBUIIUTHA IMOBIPHICTh IPABUILHOTO MPUMOMY CUTHAITY
IIPU THUX CaMUX Xapakrepuctukax Tounocti ALTIL.

AHani3 IpONOHYETHCS MPOBOJUTH 110 METOAY KOB3al04OI'o BIKHA MAKETa IMITyJb-
CiB, JIOBXHHA SIKOTO MOK€ OyTH ONTHMI30BaHa IiJl OOUYUCIIOBATIBLHI MOXKJIMBOCTI KOHK-

PETHOI anaparypu.

K(®),

1

osl
0.8
0.7}
06|
os|

0.4l /

03

|

Pucynoxk 2.24 - Jliniiika ¢inerpis IITID

A\

5
160 180 f

VY pesynabTaTi NpoBEICHHS JaHOI MPOIEAYPH BXITHUN CUTHA Oy/e MmpeacTaBiie-

HUU CITIBBIIHOIICHHSIM:

o0
e(t)=Bg + X (A,sinnwt + B, cosnat) (2.15)
n=1
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ne @=27z1T, e(t) — nepionuuna dynkuis yacy, By — NOCTiiiHA CKIaIOBa CUTHAIY,

By fe(t)dt Bh == Je(t)cosnatdt, A, == [e(t)sinnaetdt.
T T/2 T _1)2 T 12

[Tepen6auaerbes, mo B WSN icHye «reHepaTrop €TaJOHHUX CUTHAIIBY, IiJT SKUM
y JaHiil poOOTI pO3yMIEThCS MPUCTPiN 30epe’keHHS 3HAYCHb aMIUTITyAH A KOXKHOI
kpanku LUI® g1 Bchoro HabOpy MOMIIMBUX NMPUUHATUX CUTHATIB. [HPopMallis «reHe-

paropa eTaJIOHHUX CUTHAJIB» Ma€ BUJI:
A:Ai(ai.j) ) (2.16)

Jie 8j,j — CTAJIOHHE 3HAYCHHS aMIUTITYAH JULSL 1-TO CUTHAJY B j-OM BiKHI IIPH POBCCHHI

I®.

Buxonsiun 3 BuIlle 3a3HaYEHUX BHUXITHUX JaHUX, MOXKIKBO, 3allpPOMOHYBaTH
IpoLeaypy IPOBEACHHS pO3II3HABAHHS NMPUNHATOrO CUTHANY. Y JaHid mpoueaypi me-
pendadaeTbes 1Ba €Tany peani3anii.

Ha nepmioMy etani npornoHyeTbesi BUAUIMTH 3 yci€i Oe3imidi CUTHAJIB «TeHepa-
TOpa €TAJIOHHUX CUTHAJIIBY IMIJIMHOKMHA CUTHAJIIB, 1110 HAHOUIbILIE «CXO0XK1» HA MPUNH -
THM.

Ha npyromy erami 3 BUIEBKa3aHO! MIAMHOXKHHHM BUAUISIETbCS CUTHAN, LIO 13
YCTaHOBJICHUM PIBHEM SIKOCTI1 BIATOBIIa€ MPUHHATOMY CUTHAITY.

Jlnist peanizariii mepmioro eramy MNpoIeaypyu Po3Mi3HABaHHS CUTHAIIY MPOTIOHY-
€TbCSI BUKOPUCTOBYBATH SIK KpUTEPI BHOOPY «CXOXKHMX» CUTHANIB HACTYIHE MPAaBUJIO:
JI0 «CXO0XKOT0» CUTHAY BIAHOCATHCS BCl CUTHAJM, IO BXOJATH /10 CKJIaJy «TeHeparopa
€TaJIOHHUX CUTHAIIBY», SIKILO 1XHIN CIIEKTpaJbHUN CKJIaJ 301raeThbes 3 MPUHHATUM 13 3a-

JTAHUM PiBHEM IMOBIPHOCTI PO3IMi3HABaHHS, TOOTO:

P, <Py, (2.17)
Jie P, — 3ajiaHuil piBeHb IMOBIPHOCTI PO3II3HABAHHSI IPUIHATOTO CUTHAILY, P, — PO3pa-

XYHKOBE 3HaYE€HHS IMOBIPHOCTI «I1O/1I0HOCTI» CUTHAITY.

3HayeHHs IMOBIPHOCTI P, MOJIMBO BU3HAYUTH HA OCHOBI IIPOBEJCHHS CTaTHC-

TUYHOI 0OPOOKH 3 BUKOPUCTAHHSAM CITiBB1THOIICHHS:
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p, =1 (2.18)

ne N — KUTbKICTh CIEKTpaJbHUX CKIaJ0BUX Npu npoeneHH1 LTI, n — KibKiCcTh CKa-
JIOBUX, KOTP1 301MIIHCS JIJ1s1 €TAJIOHHOTO 1 IPUIAHITOTO CUTHATIB.

Jlpyruii erarn mnoisrae B JOCATHEHHI MIHIMaJbHOTO 3HAUYE€HHS pO301KHOCTI KBa-
JIPATUYHOT MIpH MK IPUHHATUM 1 €TaIOHHUM CUTHaaMu. He3aMimmeHoto OIiHKOI0 Mipy
HaOMMKEHHST € JUCTepCiss po301KHOCTI MDK aMIUTITYTHUMH 3HAYCHHSMH C€TAIOHHUX 1
MIPUMHATOTO CUTHAJIAMU.

Po3paxyHOK pe3ynbTaTiB MiXK aMILTITYTHAMH 3HAYEHHSIMH 3aJTUIIKIB €TaIOHHUX
1 IPUMHATOTO CUTHAJIAMHA MOXKE MTPOBOJUTHUCS 3 BUKOPUCTAHHSIM METOAY MOCIIJI0BHOTO
nepedopy, y HACTYIHIM MOCIIIIOBHOCTI, YBIBIIM MPUITYILIEHHS MIPO PiBHY TOYHICTH MPO-
BEJICHHS iIXHROTO BU3HAYCHHSI.

1. ¥V Bumanky, sSKIo BiAOMI 3HAYEHHS MEPEIIKo (3HaYeHHs 1 3HAKH), 3 PE3yJb-

TarTiB aMl'IJIiTy,ZIHI/IX 3HAYCHb I JAHOI CHGKTpaHBHI/Iﬁ CKJ'IEII[OBOI HpHﬁHHTOFO CUTHAIy

Xq BIJIAJISIETBCS CUCTEMATUYHA MEePeIIkoaa A, HUIIXOM YBEICHHS BUIIPABICHHS, BU-
KOpUCTOBYIOUH (hopmyny X, q= X —A¢, 1 BUXOOUTh BUIIPABICHUNA PE3YNIBTAT JJIA KOXK-
HOI 31 CIIEKTPaJIbHUX CKJIAJIOBUX Xq , 4=1,n.

CucrematnyHi nepemkony (4 iXHI 3aJIMIIKH), 110 HEMOXKJIMBO BHUKJIIOUHUTU B
npolieci IPUIOMYy CUTHAITY BITHOCMMO J0 TaKMX, KOTP1 HE BUKIIIOUYEH], 1 Hagal npu 00-
poOI11i CUTHATY PO3IIISIIAIOTHCS SIK BUTIAKOBI MEPEITKOH.

2. Ilo BumpamieHOMY pe3y/bTaTi JJII KOXKHOI 31 CIIEKTPaJbHUX CKIAJOBUX Xq
MPUHAHATOTO CUTHAY 1 3HAUCHHSIM CHEKTPAIBHUX CKJIQJOBHUX 1-TO €TaJIOHHOTO CUTHAITY
Xai, i—1,K BU3HAYAIOTH 3HAYCHHS BiIXMJICHHS Ag=Xq- Xai. 3a BiIOMHUM 3Ha-
YEHHSIM Aq BHU3HAYACcTHCA OIL[IHKA MAaTEMAaTUYHOIO YEKAHHS BIAXWIEHHS UIST KOXKHOTO 1-

ro CTaJIOHHOI'O CHUTHAJY. Sk TaKy OI_IiHKy, BUXOJA4YMU 3 BHUMOI, 110 HpeI[,}IBJ'IHIOTBCﬂ a0

Hel, € cepeJHboapUPMETHUHE 3HAYEHHS, 1110 BU3HAYAETHCA BUPA30M:
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5

Ai :Q‘T . (2.19)

3. 1o Bimzomum Aj i Aq BU3HAYAETHCS HE3MIIICHA OIlIHKA 3HAYCHHS CEePEeIHbO-

KBaJIPAaTUYHOTO BIIXWJICHHS 3 BUKOPUCTAHHIM CITiBBITHOIICHHS:

. 1 2 <~ R

oa=|—> 2 \Aq—Aif). (2.20)
4. Bu3Ha4aroTbCsl MOMMUJIKUA BIAXWUJIEHHS 3HAYEHb aMIUNTYA Il OPUUHATOIO i

€TaJIOHHOTO CUTHaMiB. JIJis OUIBIIOCTI 3aKOHIB PO3MOALTY TPaHUIll HEH3YpYyBaHHS MpHO-

JIN3HO BU3HAYAIOTBHCA 3 BUKOPHUCTAHHAM CHiBBiI[HOI]ICHHHI

tp =155+08,/; —1-1g(N/10) , (2.21)
% (x; —x)*
ne &g =uylo A~ OLliHKA KCIIECy JUIS OTPUMAHOI BUOIPKH, 4., = 1=1 —
n

4-1if IEHTpaJIbHUN MOMEHT, OTPUMAaHUH 3a pe3ybraTaMy BUOIPKH.

3 nojanbinoi 0OpoOKH BIAMANSIOTHCS BCl BIJJIIKH, 1110 HE 3aJI0BOJBHSIOThH CITIB-
BIJTHOLIEHHIO ‘Aq‘ 21, OA.
5. Ilicrst BUKIIOYCHHS A (CKBIBAJIICHTHO BHKIIIOYCHHIO 3HAYCHb X ) AU 3a-

Oe3nedyeHHs] HEOOX1IHOTO PiBHS IMOBIPHOCTI NMPUHOMY CHUTHATy HEOOXITHO MPOBECTH
OTIepalliio MO BITHOBJICHHIO BTPAYeHOTro 1H()OpPMATUBHOTO MapamMerpa, JJIs 4Oro MOXHa
CKOPHCTATHUCS PI3HUILIEBUMHU OTleparopaMu. BoHU MaroTh OHY O0COONUBICTH — OTIEpaToOp

nopsiaky J+1 anymoe nominom crymens (.

6. ITicns 3aBepIiieHHs MaHOI omeparltii, K MPUUHATAN CUTHAJ, TPUIUMAETHCS Ta-
KUI eTaJOHHUM curHaj (TakeT), JUisl SIKOTO BUKOHYEThCS BUMOT !

n .
> Ay —>min . (2.25)
q=1
BuxigaumMu 1aHuMu Jj1s IPOBEJEHHS AaHO1 omeparlii € KpankoBl XapaKTepUCTH-
ku GuibTpiB 1 ALIIL, kinbkicTh kpamok LITID.

TakuM yMHOM, 3aMpPONOHOBAHMM crOci0 0OPOOKHU CUTHAJIB, HA BIIMIHY BiJ Bi-
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JIOMUX METOJIIB CIEKTPajbHOI (PinbTpalii He MPUBOIUTH A0 30UIBIIEHHS 3arajbHoi Ki-
JBKOCTI MEPEAAHUX CHMBOJIB, @ BUKOHYETHCS MPOBEICHHSIM aHaJi3y CHEKTPAJIbHOTO
CKJaay MpUHHATOrO curHaiy. Jlanuit cmociO, MOXKIMBO, BUKOPUCTOBYBaTH K CaMOC-
TIAHO TaK 1 3 METOJIOM O€3MEPEPBHOTO KOyBaHHS 3 BUIIPABICHHAM OMUIIOK.

2.7. 3acrocyBanns texnoznorii MIMO 8 BCM

Texnosoriss MIMO (anan. Multiple Input Multiple Output) — e HaiicyuacHhirira
dbopma curHamy, sika BUPIIIye Oarato mpooiieM, 3 SKUMH CTHKAIOTHCS CydacHi 0€31poTo-
Bl CUCTEMHU II€ CUCTEMH 3B'S3KYy 3 NMPUUMAIbHUMHU 1 TIEpe/laBaIbHUMU PO3HECCHUMU aH-
TeHAMH. IXHE BUKOPHCTaHHS J03BOJAE TPOBOJHTH TIPOCTOPOBY i YacoBy 0OpOO-
Ky CUTHAJIIB,  €(EKTUBHIIIE  BHUKOPUCTOBYBaTHM  BHUIPOMIHIOBaHy  Ie€pe/naBa-
YeM TOTY)KHICTh 1 3HFMDKYBaTH HETaTHMBHUN BIUIMB 3aBaj. [IpoImyckHa CHpOMOMKHICTH
30UIBIITYETHCS TIPOTIOPIIIHHO YHCIIy aHTE€H Y MOPIBHSIHHI 3 OIHOEJIEMEHTHUMHU aHTEHA-
MH.

[Mpuknamom 3actocyBanus TexHonorii MIMO e pamiocraniii SILVUS (PucyHok

2.25)

L4210 5C4200 SC4400

Pucynok 2.25 - Pagioctanmii SILVUS
Kinbka anTeH /it mepenaBadiB i MpUiiMadiB 3HAYHO TOKPAITYIOTh MPOIYKTHUB-
HICTh 3B’SI3Ky. Y 0ararboX Cy4aCHHUX TEJIEKOMYHIKAIlIMHUX CTaHAapTaxX, 0COOJIMBO B

CIIO’KUBYOMY TIPOCTOPi, BUKOPUCTOBYETHCS TeXHOJOTIA Kimbkox aHTteH (MIMO) wepes


https://uk.wikipedia.org/wiki/%D0%90%D0%BD%D0%B3%D0%BB%D1%96%D0%B9%D1%81%D1%8C%D0%BA%D0%B0_%D0%BC%D0%BE%D0%B2%D0%B0
https://uk.wikipedia.org/w/index.php?title=%D0%A1%D0%B8%D1%81%D1%82%D0%B5%D0%BC%D0%B8_%D0%B7%D0%B2%27%D1%8F%D0%B7%D0%BA%D1%83&action=edit&redlink=1
https://uk.wikipedia.org/wiki/%D0%90%D0%BD%D1%82%D0%B5%D0%BD%D0%B0
https://uk.wikipedia.org/wiki/%D0%90%D0%BD%D1%82%D0%B5%D0%BD%D0%B0
https://uk.wikipedia.org/wiki/%D0%A1%D0%B8%D0%B3%D0%BD%D0%B0%D0%BB
https://uk.wikipedia.org/wiki/%D0%9F%D0%BE%D1%82%D1%83%D0%B6%D0%BD%D1%96%D1%81%D1%82%D1%8C
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3Ha4yHl MepeBary, sKi BOHA HaJa€ Mepel] aHaJOTIYHOI0 CHUCTEMOIO, 0 BUKOPHCTOBYE
TpaHCUBEpH 3 0jiHI€I0 aHTeHOo1o (SISO).

MIMO posumgppoByerses sk Multiple-In Multiple-Out , nocunarouucs Ha ToM
¢akT, 0 KOJM MaKeT NePeacThCs B KaHaJ, BiH MepelaeThCcs OUIBII HIXK Ha OJHY aHTe-
HY, @ KOJIM BIH BUXOJUTh 3 KaHaJy, BiH IPUHMAETHCS Ha KiJIbKa aHTeH. [16]

Kinbka aHTeH y nmepenaBaya Ta mpuiiMaya BBOJSTh CUTHANBHI CTYIIEHI CBOOOIH,
sxi Oynm BiacyTHI B cuctemax SISO. Ile Ha3uBaeThCsl MPOCTOPOBUM CTyIIEHEM CBOOO-
1. [IpocTopoBi cTymneHl cBOOOIU MOXYTh OYTH BUKOPUCTaHI ISl «P13HOMaHITHOCTIY,
«MYJBTUIUIEKCYBaHHD» a00 ix komOiHamii. [IpocTumMu cioBamu, pi3HOMaHITHICTh O3HA-
Yyae HaJIMIPHICTb.

[IpocTuM mpuUKIaOM PO3HECEHHS € KiIbKa aHTEH, sIKI HaMaraloThCsl IPUUHATH
TOM camui cur"an. CUrHaj, OTpUMAaHUM JIBOMAa aHTEHaMU, CHOTBOPIOETHCA IIYMOM,
KU HE KOPEJIbOBaHUM MK aHTEHAMM, TOMY, 00’ €JTHABIIM JBa CUTHAJIN, MOXKHA BIJIT-
BOPUTH CUTHAJ KpaIoi SKOCTi. AHAJIOTiSA TyT MOJSITa€ B TOMY, IO, AUBIITYUCH HA TOU
caMuil 00’€KT 3 IBOX PI3HUX TOYOK 30py, MOXHA OTPUMATH MOBHIINITY 1HQOPMAIIIIO PO
00’eKT. PO3HECEHHS TaKOX MOKHA AOCATTH 3a JOIMOMOIO0 KIJIbKOX IepelaBaIbHUX aH-
TEH 3a JIOMOMOTOI0 METO/IiB MPOCTOPOBO-yacoBoro koayBanus (STC).

Hpyrowo ocHoBHOW0 TexHiIKor0 MIMO € npocTopoBe MynbTHIUIEKCYBaHHS. be3-
IpOTOBUM KaHAl — 1€ MaTpuls, fKa € (QYHKIIEW TeoMeTpli MNpuilMaibHO-
nepeaBalibHOl aHTEHHOT PENIITKY Ta PO3CiIOBaHH:/B1IOUBAYIB, MPUCYTHIX y CEpeo-
BUIIII.

Konu napa nepenasau/mpuitmau MIMO mnparntoe B cepenoBuill, OaratoMy Ha
PO3CiIOBaHHs, MaTpUIls KaHATy CTa€ 00OPOTHOO, TAKUM YMHOM JTO3BOJIAIOUU MpUIIMauy
JIEKOIyBaTH BCl PI3HI CUTHAJIM, IO MEPEAAIOThCS Yepe3 Pi3HI anepTypu MepeaaBaibHOi
aHTEHH, 10 IPU3BOJIUTH J0 TIOCUJICHHS MYJIbTHIUIEKCYBaHHS.  [CHYye KOMIpOMicC Mix
KUTBKICTIO PI3HOMAHITHOCTI Ta MOCHJICHHSM MYJIbTHUILIEKCYBaHHS, Ke MOXe 3abe3e-
yutH cucreMa MIMO (Pucynok 2.26). Tunosa napa nepegasay/npuitmau MIMO aBTto-
MaTUYHO 3HAXOJUTh POOOUY TOUYKY Ha KPUBIM KOMIPOMICY PO3HECEHOTO MYJIbTHILICK-

CYBaHHS Ha OCHOBI MUTTEBUX YMOB O€3/JpOTOBOIO KaHATY.
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m Transmit antennas n Recieve antennas

MIMO
Pucynok 2.26 - Texnomoris MIMO

MynbTHIUIEKCYBaHHS 3 KOJIOBAHUM OPTOTOHAJILHUM YaCTOTHHUM ITOJIJIOM KaHa-
niB (COFDM) € anbTepHaTUBOIO CUTHAITY 3 OJIHIEI0 HECYYOI0, SIKa YaCTO BUKOPUCTOBY-
€THCS Yepe3 0OMEKEHHsI CUCTEM 3 OJHIEI0 HECYUOI0 JIJIsi ITUPOKOCMYTOBUX MPOTpaM, Je
npucyTHs OaratompomeHeBicTh. Lli oOMekeHHs 3yMOBIJIEHI 4acTOTHO-BHOIPKOBUM 3a-
BMUPAHHAM, K€ CIPUYMHSIE 3HAUYHY PI3HUIIO MOTY>KHOCTI CUTHAITY TPUIOMY B IIHPO-
KOCMYTOBOMY KaHaJli, a TAaKOX MI>KCUMBOJIBHUMH TIEPEIIKOIaMH, SIKi MOKYTh BUHHKATH
B CEPEIOBHINAX 13 BEIMKUM po3mnoBCloKeHHIM 3aTpuMku. COFDM po3buBae mmpo-
KOCMYTOBHI KaHaJl Ha 0araTo OKpeMUX BY3bKHUX IiJIKaHATIB a00 MiTHECY4HX, SIK TTOKa-

3aHO HWK4Ye Ha (PucyHok 2.27).

I WX

Pucynok 2.27 - Curnanu COFDM
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TepMmiH «opToroHangbHa» o3Hadae TOW (HakKT, IO KOXKHA 3 MiTHECYUYUX CTBOPIO-
€THCSI TAKMM YHHOM, 1110 32 CBO€IO CYTTIO HE 3aBa)KA€ 1HILKM MiHECYYUM 0e3 HeoOX11-
HOCTI (DUIBTpAIlll KOKHOT 3 HUX Y YaCTOTHIN 00J1acTi, K I1e TPAJAUIIIHHO POOUTHCS IS
1307111111 KaHATIB OJTUH BiJl OJTHOTO.

[IpobGnema yacTOTHOrO BHOIPKOBOT'O 3aBMHUPAHHS BHUPIIIYETHCS HMUISIXOM MOE]I-
HaHHS BUKOPHCTAHHS MITHECYYMX 13 BUKOPUCTAHHSM KOIYBAaHHS 3 MPSMUM BUIIPAB-
aeHHsM noMuiok, sikuM € C' y COFDM. Konysanus FEC nepeTBoproe 3a1any KUIbKICTb
01TiB y OUIBIIIY KUIBKICTh OITIB, SIKI MICTSATh HQJIMIIKOBICTh 1HQopMariii. ['pybo kaxy-
YH, AKII0 X OITIB NEPETBOPUTH HA 2X OITH, MOJOBUHA 3 HUX MOXKE OyTH BTpadeHa, ajie
BHXIJIHI JaH1 BCE OHO BIIHOBJIATKCSA. Lleit clieHapiil Ha3UBAE€ThCSA KOJIOM IIBUIKOCTI Ya.
[lepeTrBopeHHs KOXHI 5 OIT 1aHuX Ha 6 01T Oyae kogom mBuAKocTi 5/6. Kox 5/6 no3so-
JIsi€ TPOIMYCKaTH OUIbllIe JaHUX KOPUCTyBaya, ajieé OUIbII COPUUHATIUBUN 10 BTpaTH
a6o nomkomxeHHs 0iTiB. Lle konyBannss FEC BUKOPUCTOBYETHCS 11 PO3IOALTY JaHUX
MK migHecydumu cuctemMd COFDM. TakuM yuMHOM, HaBITh SKIIO NEBHA IiJHECYyYa
CTPaXKJa€ BiJ] YaCTOTHO-CEJIECKTUBHOTO 3aBMUPAHHS J0 TaKOi MIpH, 110 BOHA MOBHICTIO
BTpayeHa, JJaHI MOKHA BIJIHOBUTH, OCKUIBKA BOHU OYJIM HAJJTMIIKOBO 3aKOJOBaHI Ha
THIIUX TiTHECYYHX.

besaporosuii 38's130k COFDM Takox 3a0e3nedye MpakTUYHE BUPIIIEHHS MPO-
osieMu MixkcuMBOIbHOL 1HTEpPepentii (ISI). L{ro npobiemy MoKHa MPOAEMOHCTPYBATH

3a IOMOMOI'0I0 HAaCTYMHOI UtocTpanii (Pucynok 2.28):
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CORRECT INTERVAL

Guard
Interval
D
Shortest Path Symbol Next Symbol
Longest Path Symbol
Time >

INCORRECT INTERVAL

Guard
(Too short) Interval
+«——
Shortest Path Next Symbol
Longest Path Symbol
e
Intersymbol

Interference

Pucynok 2.28 - MixxcumBomabsHa iHTepdepentis (IST)

M1 KOXKHUM TEepeJaHUM CHMBOJIOM 3aJTUIIAEThCS OC3IIyMHUN 3aXUCHUMN 1HTe-
pBai, mo6 y mpuitmMada OyB 4ac JiJIsi OTpUMaHHS KOTi CUMBOITY, 10 HAJIXOIUTh Ha J0-
BILIOMY BIJOMTOMY LUISIXY, 0€3 MEPEeKpUTTS 3 HACTYNHUM cuMBosioM. HaBenena Bumie
umoctpartist (Pucynoxk 2.28) mokasye, 1o Bi0yBaeThCs B MpUiiMadi, KOJIW 3aXUCHUM 1H-
TepBaJI JOCTATHHO JOBTHI1, @ KOJIM BiH 3aHAJTO KOPOTKUH, 10 MPpU3BOAUTH 110 [SI.

[IpoGiema MIMPOKOCMYTOBOI CHUCTEMH 3 OJHIEIO HECYYOIO TMOJISATa€E B TOMY, IO
JIOBKMHA CUMBOJTY CTa€ JYX€ Majoro JUis JaHOI MIBUAKOCTI Mepenadi faHux. Y mpak-
TUYHUX CLEHApPIAX 3aXUCHUM 1HTEpBad, HEOOXITHUHN Il BpaxyBaHHS BIIMIHHOCTEH y
JOBKHUHI IIUISIXY, MOYKE CTaTH TaKUM K€ UM JIOBIIUM, HI’K CUMBOJ. [le 3Ha4uHO 3MeHITye
KUIBKICTh JJTAaHUX, K1 MOXKHA HAJICJIATH, OCKIJIBLKH MEP10J MOBYAHHS MMOYUHAE JTOMIHY-

BaTu.
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CumBonu 6e3apoToBoi cucreMu COFDM craioTh AOBIIMME MPSIMO TPOHOPII K-
HO KUIBKOCTI BUKOPHCTAHHMX MiJHECYYHX. TaKMM UYMHOM, 3aXMCHHUM 1HTEpBaJ 3aJ1aHOl
JIOBKMHHM MaTHUMe HabaraTo MEHIIHMKM BIUIMB Ha KUIBKICTh JJAHUX, SIKI MOXKYTh OyTH I1e-
penaHi, OCKUTBKH CUMBOJI TIEPEHECEHHS JTAHUX JTOMIHY€E HaJl THXUM 3aXHCHUM IHTEpBa-
JIOM.

[Tpuitomu MIMO:

1. ®opMyBaHHS BIACHOIO POMEHS.

2. [IpocTopoBo-uacoBe koayBanHs STC.

3. [IpocTopoBe MyIbTUIIIIEKCYBAHHS.

VYci i MeTou, BUKOPUCTOBYIOTHCSL Yl OKPEMO 4l KOMOIHOBaHO, 3a0€3Me4yI0Th
KaHaJ 3B’S13KY 3 MEHIIIOKO MOTYKHICTIO Mepesayi, 3 OUIbIIO0 3aBaJOCTINKICTIO, TaJIbHI-

CTIO, 200 OUIBIIIOI0 POITYCKHOIO 3AaTHICTIO.

BucHoBOK

Ha nanwmii yac, B AKOCTI IpioOpUTETHUX HUIIXIB ontuMizanii bCM Ha piBHI cuc-
TEMHU TIepe/iadi JaHUX CIiJI BKa3aTH MPO BUKOPHUCTAHHS 3aBaJOCTIMKOTO KOyBaHHS, CH-
THaJIbHO-KOJJOBUX KOHCTPYKI[iM, 0araTorno3ulifHMX CUTHAIIB Ta 1X KOMOIHAI[I}.

B cBoro uepry, 3aciyroByloTh yBaru HampsiMK{, IO CIMPAIOThCS Ha BIPOBA-
JUKCHHS IHHOBAIlIMHUX TEXHOJIOT1H, sIKI OTPUMAJIM 3HAYHE MOIIMPEHHS B OLIbIIE PO3BH-
HYTHX Mepexax, Hanpukiaa: 8021.11ac(ax), 5G, MU-MIMO, Massive MIMO Ta iH.

B xoxi mocnimpkeHs 3amporioHOBaH1 BapiaHTH (OpMyBaHHS 0araromo3UIlIHHUX
curHajiB s pagiokananais BCM. 3amicts oquananoro curnany FSK (GFSK) 3actoco-
ByeTbcst OFDM-nioniOHumii curHanm 31 MBUAKICTIO TIepenadl JaHuX, sIKa JOPIBHIOE ITBHI-
KOCTI1 oJlHOTO cyOkaHaiy, mo meHmie B N pa3 (me N — KigpKicTh CyOKaHaiB, 1110 BiJiBe-
JIeH1 TiJ] mepeaady KOpUcHOi iH(opMallii) y MOpiBHAHHI 3 CUTHAJIOM KJIACUYHUM JIJIs
BCM Ha ocHoBi FSK (GFSK). Ilpu npomy, 3’sIBUIach MOXKJIMBICTH Bapialliii BHOOPY
MIDXK 3aBaJIOCTIMKICTIO Ta CIIEKTPaIIbHOIO e(heKTUBHICTIO pagiokanamy bCM.

[TinBumuTy 3aBagocTiiikicTh BCM MOXIIMBO TakoX 3a paxyHOK Y0CKOHAJICHHS

MPOLIETyp JETEKTyBaHHS CUTHAIIB.
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3anponoHoBaHWiI MeTO/l OOpOOKM CHTHAJIB, HAa BIIIMIHY BiJl BIJOMHX METOIIB
CHeKTpaJIbHOI (IBTpallli He MPU3BOAUTH 0 301JIBIISHHS 3arajbHOi KIJILKOCTI Mepesa-
HUX CHMBOJIIB, @ BUKOHYETKCS ITPOBEICHHSM aHaI3y CIIEKTPAIBHOTO CKIIATy MPUWHSATO-
ro curHany. Jlanuii MeTOJ, MOXKJIMBO BUKOPHCTOBYBAaTH, SK CAMOCTIMHO Tak i 3 MeToja-

MU O€3MepEPBHOIO KOJYBaHHS 3 BUIIPABICHHIM OMUJIOK.
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PO3JILT 3.
TEXHIKO-EKOHOMIUHE OBIPYHTYBAHHS [IPUIHATUX PILIEHD

3.1. EkciepuMeHTaIbHE M ATBEPIPKSHHS MPaIe31aTHOCTI METOY CIIEKTPAIIBHOTO

ACTCKTYBAHHA CUT'HAJTy B YMOBaAX BIIJINBY By3I>KOCMy1“OBO.1. 3aBaJin

Jlist peamnizaiiii ekciepuMeHTy OyB BukopucTaHui naketr Mathcad. JlocmikeH-
Hs1 OyJIM IPOBEJIEHI JUIsl 2-0X BaplaHTIB By3bKOCMYTOBO1 3aBa/JIN:

— CHHYCOiJaJIbHa HEMOYJIbOBaHA 3aBajla;

— BY3bKOCMYTOBHI (ha30MaHINMyIb0BAaHUN CUTHAJ 31 MIBUAKICTIO MaHIMYJSIT B
4 pa3u MEHIIIOI IIBUIKOCTI JIETEKTOBAHOTO cHrHaiy. [13]

Ha mouarky monemtoBanHsi B maketi Mathcad dopmyBaBcst Bekrop W, 110 wmic-
TUTh KOMOiHAIlII0 4-0X B1J€OIMITYJIbCIB 3 64-0X BIIUTIKIB 13 3arajibHOIO JIOBKMHOKO BHO1-
pKH piBHOT 256-TH BIJIIKIB 1 aMILTITYA0I0 IMITYJIbCIB, 10 JA0piBHIOE 1. [Ipukian komOi-

Harii (mocmigoBHicTh 1011) npencrapnennit Ha pucyHKy 3.1.

Pucynok 3.1 - TlocnigoBHICTh BICOIMITYIIBCIB, IO IMAJIATAE TIepeaadi

Po3paxyHky 3Ha4€Hb BEKTOPY BY3bKOCMYTOBOI 3aBaJl BU3HAYABCS BUPA30M:

27 -k
kkrat

Ng = Ag- , (3.1)

ne A — aMIuliTyaa 3aBaid, Kyrat — KOE]ILiEHT KPaTHOCTI, 10 BU3HAYA€ YaCTOTY 3aBa-
au, K =0...255 — Homep BiUTiKy y BHOIpII.
Jauni, 3a TONOMOro0 J10JJaBaHHs BEKTOPY aaAuTUBHOIO 11ymy N 1 BEKTOpY By3b-

KocMyroBoi 3aBaau Ng, IMITyBaBcsl IpoLieC Iepeadl CUrHady 4epe3 CepefoBUILE Io-
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IIMPEHHS B YMOBaX BIUIMBY 3a3HAYCHHUX BUIIB 3aBal:
U=W+N+Ng. (3.2)
CriouaTKy pO3DISIHEMO MPOLEC 1 pe3ylbTaT IMITALIMHOTO MOJEIIOBAHHS IPU
BIUIMBI CHHYCOIAaIbHOT HEMOAYIBOBAHOI 3aBau. J{J11 BUKOHAHHA IUX YMOB KO€(]iIlieHT
KpaTHOCTI Ky gt BUOMpABCS piBHUM 2N, a B KOHKPETHOMY BHIIA/IKy — JOPiBHIOBAB 16-TH.
®opMyBaHHS aJUTHUBHOTO IIYMYy BHKOHYBAJIOCS 3 BUKOPHUCTAHHSM BOYIOBAaHOI
¢ynkuii Mathcad. Cyma BekTopiB mociiioBHOCTI BigeoimmyinsciB (Pucynok 3.1), anu-
TUBHOTIO IIyMY 31 cepeHboKBaapatnyHuM BiaxuieHHsM (CKB) pisaum 0,1 1 nepioguy-

HOT 3aBajiv 3 aMIUTITYI0I0 PIBHOIOI 5-TH MOKa3aHa HAa PUCYHKY 3.2.

RTITTIITIININIIN
TYYTRRyUIveYIYY

i

Lh

2DD
k

Pucynox 3.2 - Cymim iHpOpMaiiifHOTO CUTHAITY, aTUTUBHOTO IITyMY

Ta MePIOANIHOI 3aBa/ I

[Ticyist mepeTBOpEHHS 3 4aCOBOI B YACTOTHY 00yiacTh BekTopy U 3a 10momMororo
nporenaypu AI1D, npoBoauiiocs ioro mopiBHIHHS 3 eTaJoHHUMHU criekTpamu JIID ycix
MOXUIMBUX 16-TH KOMOiHAIINA MOCIIIOBHOCTEH 13 4-0X BigeoimnyibciB. Etanonu J(I1D
KOMOiHaIi Oyau 00YMCIIeH] 3a3/alierib 1 MPU MPOBEACHHI PO3PAXYHKIB 3UNTYBAIHUCS
3a IONOMOTIOI0 cTaHAapTHUX QyHKIIH Mathcad 3 ¢aiiniB «*.prn» Ha )KOPCTKOMY JTUCKY.
Tak, Ha puc. 3.3 pencTaBlIeHU CIIEKTP CyMIIIl CUTHANY Ta aJIUTUBHOTO IITyMY, OTPHU-
MaHUM 3a JOMOMOTOI0 Mpolenypu AUcKpeTHoro neperBopenHs Pyp’e (AI1D). Ha pu-

cyHKy 3.4 nokazane J{II® cymimr curaany aJuTUBHOTO IIyMY Ta IEpiOAUYHOI 3aBa/IH.
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Pucynok 3.3 - Cnektp iHpopmMariiHOTro CUTHAITY i aJUTHBHOTO IIyMY
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256

100 200
n

Pucynok 3.4 - Cnekrtp iH(hopMaliitHOro curHaty, aAUTUBHOTO LIyMY

Ta MEeP10AUYHOI 3aBaIU

BignoBnenHs BuxijHOi koMmOiHaIi nociigoBHOCTI W nipoBOIMIOCS TOPIBHSIH-
HsM ckJ1as1oBoi JIII®D npuitHATOro BEKTOpY 3MIIIAHOTO CHTHAITY, IITyMY Ta By3bKOCMYTO-
BO1 3aBaJu 3a MeTooM HaiimeHmmx kBajpariB (MHK). Jlictunr anroputMmy oOGuucieH-
us ¢pynkuionana MHK npencrasnennii B JJOIATKY b.

Otpumanuii pesynprar aroput™my no MHK nns 16-tu komO1iHaniii npeacrasie-
HU Ha puc. 3.5.a. Sk BugHEe HHOTO, MiHIMaIbHE 3HaYeHHs (yHKIioHana MHK Biamosi-
nae komOiHaiii Ne 11, mo Bignosigae npuiiHsaToMy curdany 1011 y nBiiikoBiit mocmigo-
BHOCTI. Pe3ynbrar BUKOHAHHS JI0aTKOBOTO aJITOPUTMY IO BU3HAYEHHIO HOMEpa 3 MiHi-
MaJbHUM 3HaYEHHSM (PYHKI[IOHaNA Y BEeKTOpl Sravre 1 1 BUBOAOM HOro 3HaYEHHS MOKa-
3aHuit Ha puc. 3.5.0.

3 aHaizy pe3yibTariB MojentoBanHs (PucyHok 3.5) BUaHO, 1110 CUTHAN yIeBHE-
HO PO3IMI3HAETHCS HA TII BY3bKOCMYTOBOI 3aBajJik, aMIUIITyAa SIKOi B 5 pa3 MEpEeBUIILYE

amMIuTiTyny iHpopMaliiHoro curHainy. B xo/i ekcriepuMeHTy iMiTyBanacs 3aBajia 3 aMmIil-
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JITyI010 OUIBIIOI0 B JECATKH Ta HaBiTh COTHI pa3. [Ipu 1poMy curnan OyB yneBHEHO
PO3ITI3HAHMIA.
Takum unHOM, Tipu 3actocyBanHi MHK onuHOYHMI cieKTpanbHUI BUKH]T HE3a-

JISKHO BiJl HOTO aMIUTITYIY, IPAKTUYHO HE BILJIMBAB HA KIHIIEBUN Pe3ysIbTar.

0
4.013-10%
1.621-10%
3.214-104

8.23-103
3.226°104
8.598°103

4.04-104
1.674°10%
1.609-104
8.307-103
8.109-103

323.7
8.221-103
691.7
1.637-104
8.836-103

a) 6)

Pucynoxk 3.5 - Pe3ynbratu BukoHaHHs anroputmy no MHK
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Tenep po3mistHEMO TIPOILIEC 1 PE3yIbTATH IMITAIIHHOTO MOJICIIOBAHHS TIPU BILIHU-
Bl CHHYCOIJJaJIbHOI MOJIYJIbOBAaHOI 3aBagu. [[js1 Toro mo6 ofepkaru iMiTallito MOayJbo-
BaHO1 3aBaju Oyna BuKopucTaHa BiacTuBicTh JIID, mo oOymoBieHa MOYaTKOBUMU
YMOBaMH Ta OOMEKCHHSIMHU ITi€T IPOIICAYPH, a caMme:

—  CIIOCTEPEKECHHSI 32 CUTHAJIOM TMPOBOIUTHCS B OOMEXKEHOMY 1HTEpBAJIl Yacy;

— 3a MEeXXaMH IIbOTO IHTEPBaJy Yacy CUTHAJ HECKIHUEHHO TTOBTOPIOETHCSI.

BpaxoByroun 3a3Ha4ueHi BIACTUBOCTI, JIJIS TOTO 1100 OJIep>KaTh MOAYJILOBaHY 3a-

BaJy KoedillieHT KpaTHOCTI Kyyat OyB y3arTuii HepiBHMM 2N, a came Kyrat =15,5. BHa-

CIoK 11boro, PyHKIis NS Ha iHTEepBal CIIOCTEPEKESHHS YKIIajuacs B HEIIJIE YUCIIO Tie-
pIOIB, 110 UTFOCTPYEThCS pUC. 3.6. 3aBIsSKMU Ipyrii 13 3a3HadeHux BiractuBocted J(I1D,
y pe3yabTari MepioUYHOTO MOBTOPEHHS 1I€i (QYHKIIIT 32 MeXaMHu 1HTEpBally CIOCTepe-
KeHHs Oyna oTpuMaHa ¢a3oMaHImyIp0BaHa 3aBajia 13 4acToTow (pa3oBux cTpuOKIB B 4

pa3y MEHIIOK YMM YacTOTa MPOXOMKEeHHS 1H(OpMaLIMHUX IMITYNIbCiB. CHEKTp CUTHAILY
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Ta 3aBaau MokazaHuil Ha puc. 3.7. IlopiBHiotoun pucyHku 3.3 1 3.7 MOXKHaA OMITUTH,
IO 3aBajia HA PUCYHKY 3.7 mpuadana JOJATKOBI CKIIAIOBI, SIKi CIIOTBOPWIM YaCTUHY

CIICKTPa KOPUCHOI'O CUTHAJTY.

TN

L

-5

Siaiiiiiisiiaitid

1
i} 100 200

k2

Pucynoxk 3.6 - Cymim iHopmaIiitHoro curHaty, aAuTUBHOTO IIyMY

Ta nepioandHoi 3aBagu npu Kyrat =155

3 T

100 200

Pucynok 3.7 - Cnektp iH(dopmMaIiitHoro curHaty, aANTUBHOTO IIIyMY

Ta (pa3oMaHIMmyJIbOBAHOI 3aBa/IU

Ha pucynky 3.8 mpencraBieni pes3yabTaTd BUKOHaHHS ainroputmy no MHK y
BUIIAJIKOBI BIUTUBY (Pa30MaHINyIb0BAHOI 3aBaju. 3 aHAJI3y PE3yJIbTaTiB BUILTUBAE:

— CUTHaJ pO3MI3HAaHWW MPAaBWIBHO TMpPU TOMY, IO aMIUNTyAa 3aBaju
5-KpaTHO MepeBUIIyBaia aMILUTITydy CUTHAIY;

— MIHIMYM, IO BU3Ha4a€ AeTeKTUpyrounii curHan (psmok 11 pucynky 3.8.a)
3HAYHO O1JIbIIIE MIHIMYMY B TOMY K PSIAKY PUCYHKY 3.5.a, IO CBIIYUTH PO MEHUIY 3a-
BaJ0CTIMKICTh METOLy B YMOBax BIUIMBY (pa30MaHIITyIbOBaHO1 3aBaIH.

BpaxoByrouu, 1m0 B peajbHUX yMOBaxX HEMOAYJIbOBaHAa CHMHYCOilalibHa 3aBaja
3yCTPIYa€eThCS JOCUTH HE YacTo, a 1i 4acToTa Ta KUIbKICTh IIIJIUX MEepiojiB y BUOIpIll Oy-
IyTh BUMAJKOBUMH, TO Ha MPAKTUL OLIbII 3aTpedyBaHe Oyle BUPIIICHHS 3aBAAHHS BU-

JIJIEHHS CUTHAJTY Ha TJIi MOAY/IhOBaHO1 3aBajau. OJHAaK y TUX BUMAJKaX, KOJIHU B POJI 3a-
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BaJu OyayTh BUCTYIATH HABEIACHHS EJIEKTPOMEPEXKi, TO, BUKOPUCTOBYIOUM METOIH aja-
nTaili, MOXKHa po3paxoByBaTH Ha pe3yNIbTaTH Taki SK IMPH BIUIMBI HEMOIYIHOBAHOI 3a-

Baau.

0
8.642:10°
8.378°105
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8.246°10°
8.519-10°
8.258:10°
8.549:105
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Pucynok 3.8 - Pesynpratu BukoHanus anroputmy no MHK y BumaakoBi BIuBy (a3o-

MaHIMyJIbOBaHO1 3aBau

TakuMm unHOM, y poOOTI MPOBEACHE IMITAIlIITHE MOJICIIIOBAaHHSI METOLY CIIEKTpa-
JHHOTO JCTEKTYBaHHS CHUTHAJy B YMOBax BIUIMBY BY3bKOCMYTOBOI 3aBajiv, a TAKOX MPHU
BILJTMB1 O1JI0TO TayCOBCHKOTO IIyMY 13 TOPiBHSHO HeBenukuM 3HaueHHIM CKB. Pesynb-
TaTW MOJEIOBAHHS CBIUaTh MPO Mpale3/laTHICTh 3alpornoHoBaHoro meroay. Cruif mo-
MITHTH, 110 TIPH MOJICIIFOBAaHHI HE BUKOPHUCTOBYBAIUCS JTOAATKOBI METOIM OOPOOKH CHT-

HAaJB.
3.2. TexHivHi acriekTr MpakTHYHOTO 3actocyBanHs WSN Zigbee
TuroBa cTpykTypa Mepexi Zighee npexncraeieHa Ha pucyHky 3.9. [lpu mpomy,

MO)XHA BUJIJIUTHA HAaMOIbIIIe YacTO MIATPUMYBaHI TOMOJIOTIT MEpeXi: 31pKa, KiIacTepHa

ta komipkoBa (Pucynok 3.10). Ha manuii yac, icHyrTh 3 pi3Hi TUIIKM PUCTPOIB Zigbee.
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Pucynox 3.10 - Tomomnorii Zigbee

1. Koopnunarop Zigbee (ZC) — dhopMmye HUISIXU IpeBa MEpexki Ta 3B A3y€ThCS 3
IHITUMHA MepekamMu. Y KOXHIN Mepexi € TUIbKH OJUH KoopauHatop. Koopaunartop 3a-
nyckae Mepexy BiJ mouarky. Bin 30epirae iHdopmalio mpo Mepexy, 30epirae Kiodi

O€3IeKH 1 SIBISIEThCA JOBIpeHUM IeHTpoM. KoopnuHarop BiAMOBiIa€E 3a OE3MEKy Mepe-
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K1, 1a€ O3B YU 3a00POHSE MIAKIIOYATUCA HOBUM MPUCTPOSIM 10 Mepexi. [Ipu mosiBi
Mepeniko/l B edipi mepecTporoe Mpoliec nepeKiaaay NpUCTpoOiB B MEPEkKl Ha 1HIIIHIA.

2. Mapmpytuzarop Zigbee (ZR) — mapuipyTu3atop Moxke OyTH MPOMIXHUM Ma-
pUIPYTHU3ATOPOM, TIepeaaroyu JaHi 3 1HIIUX NpUCTpoiB. ZR moxke 3amyckatu (yHKIIIO
noxatka. Bin moctiiiHo B po6oTi Mepexi. ZC Takox € MapuipyTuzatopoM. ZR mocTiitHO
HNIATPUMYIOTh TaOJIMLI MapLIpyTU3alil UIs NPOKIAAKA PallOHAIBHOTO MapuIpyTy 1
MOIITYKY HOBOTO, SIKIIIO MPUCTpii BuiIoB 3 gaxy. [lpuknan, ZR-om B Mepexi ZigBee
MOXe OyTH pO3yMHa pO3€TKa, OJIOKM YNPAaBIIHHA OCBITIIOBAIBHUMH INpUIagamMu a0do
IHIIUAN TIPUCTPIN, AKUH T11]1 € THAHUM 10 €ICKTPOKUBIICHHS.

3. Kinnesuii mpuctpiit Zigbee (ZED) — oOMiHIO€ThCS 1HGOpMALII€I0 3 MaTEPUH-
CBKHM By3J10M a00 koopamHaropoMm ZC, abo 3 Mapmpytu3atopom ZR BiH HE mepenae
JaHl 3 1HIMX TpucTpoiB. Tomy By3on ZED OinbinicTe vacy mepebyBae B «CILITUOMY
CTaH1», UM BIH 30UIblllye TepMiH eHeproxusieHHs. s ZED morpibno miHIMym
nam’sTi UM 37CHIABIIY€ETHCS HOro BUPOOHHUITBO.[17]

VY TonoJorii 3ipka, e ZC Zigbee BINOBIIAE 32 1HINIIOBAaHHS Ta MIATPUMKY MPH-
CTPOiB Yy MepexXi, 1HII MPUCTPOi Oe3MocepeHbO CHIIKYIOThCSA 3 KoOpauHaTOpoM. Lls
TOMNOJIOTISI MIAXOAUTH AJII MEPEXK 13 LEHTPAII30BAHUM MPUCTPOEM 1 TOAATKIB KPUTHY-
HUX JI0 Yacy.

VY xnactepHoMy nepeBi ZC 4K 1 paHillie BIAMOBIIAE 32 MEPEKY Ta TEXHIYHE 00-
CIIyTOBYBAaHHS; OAHAaK, ZR MOXYTb OyTHM BUKOPHMCTaHI JJI PO3IIMPEHHS Mepexi. ZR
YIOPABJISIIOTH MMOTOKAMU JIaHUX 3a JOMOMOTOI0 1€papXivyHOi cTpaTerii MapmpyTu3aiii B
Mepexi.

VY xoMmipkoBii Mepexi ZC BIANOBIIANBHI 32 3aIlyCK MEpeXi Ta IMpu BUOOP1 MeB-
HUX KIIFOUOBUX TapaMeTPiB MEPexki, OJHAK MEepeka MOXKe OyTH pO3IIHUpEHa 3a PaXyHOK
BUKOPUCTaHHA ZR. ZR MOXYTbh OyTH BUKOPUCTaH1 JJIsl PO3LIUPEHHS MEPEKI.

KomipkoBa Mepexa 103B0JIsl€ CTBOPUTH MOBHICTIO OJIHOPAHTOBH 3B’ S3KHU. SKIIO
BY30J1 HE IOCTYITHUH, TOA1 IHILIUN MapIIPyT BUKOPUCTOBYETHCS IJI JOCTABKH JTAaHUX.

BinsHa koHuenuis Zigbee 1 ontumizailis Woro podoTH 3aydyae BCe€ HOBUX PO3-
poOHuKkiB. Lle 3HAUNTh, 1110 pO3yMHUI OYIMHOK ITiJ1 IIEW CTaHAapT BapTO PO3MVISAATU U Y

SKOCTI BiacHoro mpoekry. Cepen HHMX Taki ImpoekTd sk: Xiaomismarthome, Wulian,
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Legrand. Tak camo, Habopu moaymiB Xbee Zigbee Mesh, 103BosIIOTE CTBOPIOBATH Bila-
CHI CMapT-MPUCTPOi, Y3TOJKYIOUH 3 Zigbee MIKpOKOHTposiepH Ta riatyu. Tuibku B 2016
p., IPO CIIBPOOITHUIITBO 3 AJBSTHCOM OrojocwiIn Taki kommadii sik Phillips, Digi Int-
ernational, Enerbee, Greenpeak Technologies, Jiuzhou Greeble: MMB Networks, Mur-
ata 1 Ubisys.

Monyni ZCL BUKOPHUCTOBYIOTH PO, K1 3B’ A3YIOTh OE3pOTOBI MPUCTPOI Pi-
3HUX KOMIaHIH 1 ekocucTeM. L1 crerianizoBaHi e1eMeHTH Mepexki 00’ eTHaH] B «ITy0JIi-
yHi podini» (Hanpukiaa, «Homeautomationy), ane me qocTynHi npodiii aias opraHi-
3a11ii Mepexi B JIIKapHAX, Ha OyIIBHUIITBI a00 3aBojax. OCKUIbKY BUXITHHUM KOl Y CHC-
TEMHU BIOKPUTHUI: TOCTYNHUI yepe3 npoekT ZBOSS, y cTopoHHIX po3pOOHUKIB CIIOCTE-
piraeThbcsi 3yCTpiuHUM TMpoliec cTanaaptu3aiiii. Tak, Hanpukiag, Moyt KoMmanii Atmel

cyMicHI 3 Zigbee 3a 3aMOBUYBaHHSIM.

3.3. [lpukian peanizaliii po3yMHOT0 10My Ha OCHOBI Zigbee

Hanani nouinpHO po3mIsSSHYTH JI€SK1 €1EMEHTH pO3yMHOTO oMy 3 Zigbee.

Xab — TOJIOBHUM MIPUCTPIM, NEHTP KEPyBaHHS Ta KOHTPOIIO. YXBAIIOE KOMaHIH
JIIOAWHY, a MOTIM Mepecuiae IXHIM MPUCTPOSM 3 MIAXOASAIIO] A0 3aMUTy Creliaai3alli-
eto. Crioci0 chijKyBaHHSI pO3yMHOTO OYIMHKY M JIFOMUHY 3aJI€XKHUTh Bl (opM-pakTopa
xaba. Y Horo craHgapTHHUX peajizailisix BU BUKOPUCTOBYeTE TIbKH mojatku Ha [1K 1
cmaptdoHe, a oT po3yMHi kooHku Google Home a6o Amazon EchocoBmemniaror xa0 13
BOY/I0BaHUM MIKPO(OHOM 1 TMHAMIKOM JIJIsI TOJIOCOBOTO KEPYBaHHSI.

VY po3ymuux kononkax, Google, Amazon a6o Cubic BUKOPHUCTOBYIOTh BJIACHUX
TOJIOCOBUX MOMIYHUKIB. OCKUIBKH po3po0iroBad xaba oOMexye BUOIP CYMICHHX TPHU-
CTpPOIB paMKaMH YMOBHOI «EKOCHCTEMBI», BaM JIOBEIETHCS 3aBECTH OOHOBIIOBAHUI UeK-
apKyIll KOMITaHi¥, Yui TPUCTPOi cepTrdiKOBaH1 3 BallTUM XaOOM.

Exocucrema po3ymMHOro OyIMHKY — MOJIeb CYMICHOCTI, B OCHOBI SIKOi JIEXKaTh
HE CTUIbKM TEXHOJIOTIYHI CTaHAApTH, CKUIBKA JIOMOBJICHOCTI MK TBOpISAMH Xxaba i
MPUCTPOIB po3yMHOTO OyauHKYy. Ile 3HauuTh, mo cMmapr-yaiHuk Xiaomi Kettle ve miak-

mounThes 10 ekocucteme Google Home, xoua, HaneBHO, Mir Ou.
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Benuxi rpasui sk Google abo Xiaomi 34aTHI OIHOYACHO BUITyCKaTH il Xal 1 cy-
MICHY 3 HUM JIIHIHKY PO3yMHUX MOOYTOBUX NpHiIaaiB. Tak BiiOyBaeThbCs TOMY, 10 TTOKU
TEXHOJIOT1sI HOBAa I pPUHOK HE BCTOSBCS, KOKHHI MParae 3p0OUTH CBOIO €KOCHCTEMY 3a-
TJIbHONIPUIHATUM CTaHAPTOM.

Brim, maiiganuuk Google Home Biakputuii juist OiIbIIOCTI po3poOIIOBadiB i
BXKE MIATPUMYE TaKi KOMIUIEKCHI MPOIYKTH, SIK cMapT-cucTema omaieHHs Honeywell.
Hagite 3akpute cepenoBuiie Applehome Kit ceprudikoBana 3 nmammoukamu Phillips
Hue.

[1nanyBaJIbBHUKK €KOCHCTEM 3aJIy4aroTh MPOAYKTU PO3pOOIIIOBaYiB 3 OOKY, TOMY
110 3aBJaHHS TOTO K IOMAIIHbOIO OMNAaJeHHs a00 BUCBITIEHHS NepedyBatoTh B 00aCTsIX,
JajJeKkux Bija cremiaiizamii koMmmaHii. KopoTko — xorenbHi Big Google xomryBanu 6 3a-
HAJTO JIOPOTO.

JlaTuuku — mpUCTpoi JJIsi MPSIMOTO, aBTOMATUYHOTO M BUIIYYEHOTO KOHTPOIIIO
HaJl CTAaHOM OYIHMHKY: TEMIIepaTypa, BOJIOTICTh MOBITPS, BUCBITIICHHS, 38 JUMJICHICTh 1
HE3aKOHHE NMPOHUKHEHHsI Nepe0yBaroTh y BiaHH1 naTtunkiB. Komm moTpiOHe yyacTs Jro-
JIMHU, BOHU PO3CHIIaIOTh noBigomiieHHs yepe3 Wi-Fi abo GSM-mepexa, ane B ITaTHO-
My PEXHMI aBTOMAaTUYHO MiATPUMYIOTh YCTAaHOBJIEHI KOpuCTyBaueM mnapamerpu. Ha-
MPUKJIAJ, CMapT-CUCTEMU OMNAaJIEHHs (TEPMOCTAaTH) PErYIIOI0Th TEMIIEPATYPy B OyAUHKY
3a rpadikom. Konmu memnikanii Wyt Ha poOOTy, TeMiiepaTypa B OyIMHKY 3HUKYEThCS
JUIs €KOHOMIT TerIa, a JI0 3aKiHYeHHsSI poOOYOTro JTHS OMaJICHHS 3HOBY 3apOOMTH 1HTCH-
cuBHile. SAkiio Bu 30upaerecs A0AOMY paHilie, T€ BiJAalICHO 3almycKaeTe Miairpis 0y-
nuHKy 31 cMapTdona. 3 Honeywell, Bu B3arani MoxkeTe MpPOCTO MOMPOCUTH aCUCTEHTa
Google nigHsATH TEMOEpaTypy.

lot — y paMKkax po3ymMHOro OyIuHKY, 11e Mepeka MoOyTOBUX MpUJIaiiB, raKeTOB
1 TOJIIOHUX TIPUCTPOIB, 5K 3B’sI3yI0ThC 3 xaboM 1o Wi-Fi uepe3 xmapuuii ceprep. Bu
YIOPABIISETE BCIEIO IIIEI0 MEPEXKEI0 3 OHOTO Aojarka Ha cmaprtdone, [1K abo romocom
yepe3 po3yMHOro momMiuHuka. ITpucTpiii, HecymicHUN 3 XxaboOM, 3MOXE YIPaBISITHCS
TITBKH Yepe3 OKpeMui nomarok. [s mpukianay, Hamani HaBEACHUM CIUCOK CYMICHHX
JATYMKIB 1 MPUCTPOiB ekocuctemu Xiaomi Smart Home (TaGmuis 3.1).

1. Smart-ocBiTenns: Smart-mamnu Xiaomi Yeelight Blue 1 Xiaomi Yeelight
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LED; Smart-cBitunpauk Xiaomi Yeelight Lamp; Ceitunbauk Rui Chi Philips Lamp;
Hacrinpna namma Xiaomi Philips Eyecare Smart Lamp 2; Smart-ctpiuka 3 LED-

cBiTnogiogamu Xiaomi Yeelight LED strip.

Tabmumsg 3.1 - EnemenTn ekocucteMu po3yMHOTO OyauHKY Xiaomi Smart Home

11>
\ /
Mi Smart socket 2 VYHuiBepcanbHuii myinbT Mi
Kontposep Xiaomi Magic ZigBee Version — Smart Home Universal Remote
Cube White — 499 rpH. 499 rpH. Controller — 649 rpH.
KonTponep Xiaomi besnporoBuii komyraTop Mi
Po3ymunit monitop cny Lunar Magic Cube Blue — Smart Home Wireless Switch —
Smart Sleep Sensor — 499 rpH. 444 rpH. 349 rpH.
qlp
= \/
®ywmiratop Xiaomi Mi Portable Po3ymHa po3erka Xiaomi
Electronic Mosquito Repeller Po3ymHua pozetka Mi Innolinks Smart socket —
Gray — 349 rpH. Smart socket — 444 rpH. 799 rpH.
‘ -
|
| B
r N
P 3 . -
Kommext BuMHKauiB cBiTiia Aqara smart
light control set — 1298 rpH. Ha6ip Mi Smart Home Set — 2399 rps.
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2. Knmimaruyne oOnamHanHs: ouucHUKH moBiTps Mi Air Purifier (2); 3BomoxxyBau
noBiTpss Xiaomi Air Humidifier; Bomsui Smart-ginstpy Mi Water (2); Smart-
xoHuIionep Mi-youth Smart Air Conditioner; Smart-sentmisarop Xiaomi Mi Smart
Fan.

3. Smart-TB: teneBizopu Xiaomi Mitv; Android Smart-TB npuctaBku Mi Box
TV (Mi Box 3 Pro, Mi Box TV mini); yriBepcasbuuii mysst JIK IR Remote Controller.

4. Enextpuka: Smart-pozetka Mi Smart Power Plug; Smart-nomosxyBau enexr-
puunuii Xiaomi SMART Power Strip; aBromo0inbHe 3apsiane 13 BOynoBanuM Bluetooth
1 FM-Tpancmutepom Xiaomi Roidmi.

5. Bineoxkamepu: nomamiHs kamepa Xiaomi YI Home Camera; Smart-kamepu
Xiaomi Mi White Smart Camera 1 Xiaofang Smart Camera; Smart-roguaauk Xiaomi
Mi Alarm Clock.

6. Wi-Fi: poyrepbl Xiaomi Miwi-fi; migcumoBau curnany Wi-Fi Xiaomi Wi-Fi
Amplifier

7. Pemra: kBaapoxkonrep Xiaomi Mi Drone; ckyrep Xiaomi Ninebot Mini; Sma-
rt-uaiinuk Xiaomi Kettle; Xa6 Xiaomi Mi Cube; Smart-mammuna npansaa Kokichi Sma-
rt Mini; po6or-ITrococ Xiaomi Mi Robot Vacuum; gomarsi Barn Xiaomi Smartscale;
IUTSYMiA Smart-TOMUHHUK 13 TpekepoM Xiaomi Mimi Rabit Watch. [23]

[Tomanpiuii pO3BUTOK KOHIIEMIIII PO3YMHOTO OyIMHKY OPIEHTOBAaHUW Ha BIIPO-
BaJKCHHSI XMApHOTO TOJIOCOBOTO TMOMIYHHUKA, SIKMM HANAIITOBYETHCS M1 KOHKPETHOTO
KOpUCTyBaya Ta KOHPITypyeThCS 3 POCTOM MOXKJIMBOCTEW IITYYHOTO 1HTEJIEKTY.

B inTepecax mpoMuCIOBOCTI MpoaykKiiro Zigbee mponoHyioTh KoMraHii: NXP
Semiconductors, Panasonic, ST Microelectronics, Uniband Electronic Corporation
(UBEC).

BucHoBok
3 METOI0 MATBEPHKCHHS MPAIe3AaTHOCTI METOTY CIIEKTPAIBLHOTO JIETEKTYBAHHS

CUTHaJy B YMOBaxX BILJIMBY BY3bKOCMYTOBOI 3aBajJi OYyJIO MPOBEIECHO HOTO MareMaTUuyHe

mojentoBaHHs B nakeTi Mathcad. Jlocmixenns Oynu npoBeaeHi 1 2-0X BapiaHTIB BY-
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3bKOCMYTOBOI 3aBajii: CHHYCOiaJbHa HEMOMYJhOBAaHA 3aBajia; BY3bKOCMYTOBHM (ha3o-
MaHIMyThOBAaHWM CUTHA 31 IIBUJIKICTIO MAaHIMYJISIT B 4 pa3u MEHIIOI MIBUIKOCTI JIeTe-
KTOBAaHOTO CHUTHay. Pe3ymbraTu cBigdarh mpo mpare3aaTHICTh 3alpOOHOBAHOTO METO-
ay.

Binbpaa xoHmerist Zigbee 1 onTuMizariisi Horo poOOTH 3aiy4ae BCi HOBUX PO3-
po6nukiB. Lle 3HaUNTD, 1110 pO3yMHUN OYIUHOK Mij IIei CTaHIapT BapTO PO3MISAATH U y
AKOCTI BiacHoro npoekty. Cepen HUX Takl mpoekTu sk: Xiaomismarthome, Wulian,
Legrand. Tak camo, Habopu moaymiB Xbee Zigbee Mesh, 103BOsIIOTS CTBOPIOBATH Bila-
CH1 CMapT-MIPUCTPOI, Y3TOJKyIouu 3 Zigbee MIKpOKOHTposiepu Ta miaTu. Tinbku B 2016
p., PO CHIBPOOITHULITBO 3 AJbHCOM orojiocuyiv Taki komnadii sik Phillips, Digi Int-
ernational, Enerbee, Greenpeak Technologies, Jiuzhou Greeble: MMB Networks, Mur-
ata 1 Ubisys.

B sixocTi mpukiagy peanizaiiii poO3yMHOTO JOMY Ha OCHOBI Zigbee pO3IISHYTO
exocuctemy Xiaomi Smart Home, sika 703BoJIsi€ 3a19Th TTOHa A 45-Th TUITIB PI3HOBU/IIB

IIPUCTPOIB.
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BHUCHOBKHA

AxrtyanbHICTh qochimkeHb WSN odyeBuHa. Yke 3apa3 y 0araTbox ramyssx ix
BUKOPHUCTOBYIOTh. Lle ¥ MOHITOPUHT eKkojorii, aBToTpadika, Moroau Ta iH. 3 yI0CKOHa-
JIIOBaHHSIM TEXHOJIOTIHM Ta pi3HUX BUPOOHUITB, nmoTpedba B WSN 3pocrtarume. OCHOB-
HuUMU 3aBaaHHsIMU WSN €: mepiognuHo BUMIp MOKa3HUKA (1 0OYMCIIEHHS); TETeKTyBaH-
Hs1 TIOJ111; BUMIPIOBAHHS MMOKAa3HUKA 32 3aIlIUTOM.

Jlo HaiO1IBII MOIIMPEHUX BapiaHTIB CXeMO-TexHIYHUX pimenb WSN ciinx Bij-
nectu: DASH7, Z-Wave, Insteon, Enocean, ISA100.11a, Wirelesshart, Miwi, 6Lowpan,
One-Net, Wavenis, Rubee, Zigbee (Pro).

Ha »xanb, Bukopuctanugs CSMA/CA sik 0a30BUM pEKUMOM JIOCTYIy HE rapaH-
Ty€ BTpar 0ararboX IMaKeTiB B pe3ysbTaTi Koiizii. EkcriepuMeHTy 3 By3i1amMu CEHCOPHOT
Mepexi ctangapty 802.15.4 nokazanu, 1110 3Ha4Ha KUIbKICTh KOJI31{ B110OyBAa€ThCS KOJIU
ryoJIAThCS TAKeTH TUTBKH BiJl BY3JIiB 3 OUIBII C1aOKUM cUrHajioM. By3mu 3 OUTbII CHITb-
HUM CUTHAJIOM HEMAarOTh TaKUX KOJII31H.

B cBoro uepry, B pagiomianasoni 2,4 I'T BTpauaTucs naketu MoxyThb 10 90%, B
3QJIEKHOCTI BiJl IKOCTI Tpadika. [le cronykae 10 3aCTOCYBaHHS CIELialbHUX aJITrOpUT-
MIB BHSIBIICHHS 3aBaj Big Mepex crangapty Wi-Fi.

Bxoxal nociimkeHb BCTaHOBJIEHO, IO AJisi KaHamiiB 3B a3ky WSN BiacTuBi Ha-
CTYIHI €()eKTH Ta SIBUIIA: HECTAOUIBHICTh KaHAIIB, HECUMETPUYHICTh KaHaJiB, Bapiallii
PIBHS MOTYXHOCTI CUTHAITY, Helepea0ayyBaHICTh.

BoHu mMaroTh cuiibHUM BIUTUB HA pOOOTY BCI€T MEpexki B IJIOMY (BTpaTa 3B’SI3KY,
3HM)KEHHSA 3B’SI3HOCTI MEPEXi, MOMWIKHM B JIOKadi3alii Ta 1H.), a caMe roJOBHE — BILIU-
BalOTh Ha MMPOTOKOJM BEPXHIX PIBHIB.

Takum unHOM, MOXIHMBO chopMyBaTu HacTymnH1 Bumoru 10 WSN.

1. CTifiKiCTh 10 aKTUBHUX PaJi103aBal.

2. BusiBneHHs miaMiHU BY3JIiB.

3. HasBHICTB pe3epBHUX MapILIPYTIiB Nepeaayl JaHuX.

4. BusBieHHs Ta 3ano0Oiranss crpodaM pexoHpiryparii Mepexi, maMiHu aape-

CHOI 1H(popMallli, HECAHKI[IOHOBAHOI «II€PENPOLIUBKI MIPUCTPOIB,
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5. CTiiikicTh O BUKPUBJICHHS Ta (PUIBTpallli KaapiB.

Ha nanuii yac, B sKocTi npiopuTeTHUX nUIxiB ontumizaiii WSN Ha piBHI cuc-
TEMHU TIepeiadi JaHUX CITi BKa3aTH MPO BUKOPHUCTAHHS 3aBaOCTIMKOTO KOIyBaHHS, CH-
IHaJIbHO-KOJIOBUX KOHCTPYKIIHM, 0araTomo3uIliiHUX CUTHAIIB a0o ix koMmOiHarii. Ta-
KHAW TAX1J J0CTaTHHO OOTPYHTOBAHUM B ICHYIOU1H MHOXKHHI ITyOTiKaIliii.

B nocuts nepcniekruBHuX WSN, no sxux ciin Bimaectn ZigBee 1 Thread, Buko-
puctoByroThes TpancuBepu 3 FSK abo GFSK.

B cBoro yepry, 3aciayroByroTh yBarud HampsiIMKH, IO CIIUPAIOTHCS Ha BIIPOBa-
JUKCHHS IHHOBAllIMHUX TEXHOJIOT1H, sIKI OTPUMAJIM 3HAYHE MOIIMPEHHS B OLIbIIE PO3BHU-
HYTHX Mepexax, Hanpukian: 8021.11ac(ax), 5G, MU-MIMO, Massive MIMO Ta iH.

B xonmi mocnimkeHb 3ampornoHOBAaHO BUKOPUCTAHHS KIJTBKOX BapiaHTIB (QopMy-
BaHHS 0araromo3uliiHUX cUrHamiB /g pagiokaHamB WSN. 3amicTh OIMHUYHOTO CUT-
nany FSK (GFSK) 3actocoByerbess OFDM curnan. HIBuakicTs mepenadi JaHUX CHTHa-
7y, piBHa IMIBHJKOCTI CyOKaHaITy, IO MEHIIE B Kijbka pa3 Bia curHamy mias WSN Ha
ocHoBi FSK (GFSK). 30iibIiIeHHSsT eHEPTETHKU MOXKE BiJIOYBAaTHUCh 338 PaXyHOK BBEICHHS
HaJMIpHOCTI (IyOnbOBaH1 KaHAIM) Ta NepeBar 0OpoOKK Ha MpHUIMaNbHIN CTOPOHI CUT-
Hajie OFDM.

[Ipu upomy, 3’sIBUIACh MOKIIUBICTh BUOOPY MIK 3aBaJIOCTIMKICTIO Ta CHEKTpa-
apHOI0 edekTuBHICTIO pamiokaHany WSN. Bapro mMatu Ha yBasi, 110 A0 HaBEICHHX
MIPOTIO3HUIIII HE BKIIIOUECHA 1CHYI0Ya HOMeHKIarypa moaudikaiiii N-OFDM.

[TigBummTy 3aBagocTiikicth WSN MOXKIIMBO TakoX 3a paxyHOK yIOCKOHAJICHHS
MPOLIETYp ACTEKTYBaHHS CUTHAIIB.

3anpornoHoBaHU MeToJ; OOpOOKM CHUTHAJIB, HA BIAMIHY BiJ BIJJOMHX METOIIB
CHEKTpaIbHOI (ibTpallii He MPU3BOIUTE J0 30UIBIICHHS 3araJibHOI KUTBKOCTI mepesa-
HUX CUMBOJIIB, @ BUKOHYETBCS ITPOBEICHHSM aHai3y CIICKTPAIBHOTO CKIIATy MPUHHSTO-
ro curHany. Jlanuii MeToj;, MOKJIMBO, BUKOPUCTOBYBATH SIK CAMOCTIMHO TaK 1 3 METO/[a-
MU O€3IepEePBHOTO KOMYBAaHHS 3 BUIIPABICHHIM TTOMHUJIOK.

3 METOI0 MATBEPHKCHHS MPAIe3AaTHOCTI METOTY CIIEKTPAIBLHOTO JIETEKTYBAHHS
CUTHAJy B YMOBax BIUIMBY BY3bKOCMYTOBOi 3aBajid OyJIO MPOBEICHO HMOro iMirtarfiiine

mojentoBaHHs B nmakeTi Mathcad. Jlocmixenns Oynu npoBeaeHi 1 2-0X BapiaHTIB BY-
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3bKOCMYTOBOI 3aBajii: CHHYCOiaJbHa HEMOMYJhOBAaHA 3aBajia; BY3bKOCMYTOBHM (ha3o-
MaHIMyThOBAaHWM CUTHA 31 IIBUJIKICTIO MAaHIMYJISIT B 4 pa3u MEHIIOI MIBUIKOCTI JIeTe-
KTOBAaHOTO CHUTHaTy. Pe3ynbraTu cBigdarh mpo mpare3aaTHICTh 3alpOorOHOBAHOTO METO-
ay.

TakuM yuHOM, pe3yJbTaTaMu JUIUIOMHOT POOOTH €: MPOTO3UILT MO0 BUKOPHC-
TaHHS 0AaraTONMO3MIIIIHUX CUTHAJIB y CEHCOPHHUX Mepexax; pe3ylbTaTH IMITalliifHOTo
MOJICTTIOBAHHS METOJY CIICKTPAJIBHOTO JIETEKTyBaHHS CHTHAJIy B YMOBaxX BIUIUBY BY3b-
KOCMYTOBOi 3aBaju. Bce 1me Moxke OyTH BHUKOPUCTAHE JIJIS MOMABIINX JOCITIKCHb Ta

IIpu HO6YIIOBi ICPCIICKTUBHUX CCHCOPHUX MCPCIK.
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CHAPTER 1.
CHARACTERISTICS OF WIRELESS SENSOR NETWORKS

1.1. Purpose of sensor networks

The latest wireless communication technologies and progress in the field of mi-
croelectronics production have allowed in recent decades to move to the practical de-
velopment and implementation of a new class of distributed communication systems -
sensor networks.

A wireless sensor network (WSN) is a type of wireless network that includes a
large number of self-controlled, miniature low-power devices called sensor nodes or

motes (from the English motes - dust) (Figure 1.1).

Figure 1.1 - Wireless sensor network

Sensor networks, of course, encompass a huge number of spatially distributed
miniature embedded devices operating on battery power, which are combined into a
network to collect, process and transmit data to operators, and they control the compu-
ting and processing capabilities. Nodes are microcomputers that together form net-
works. The range of wireless communication depends on the power of the transmitted

signal level, and with increasing distance between sensors, the bandwidth of the com-
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munication line drops sharply. Since a sensor network involves the use of small auton-
omous sensors, the signal power level is severely limited, and increasing power leads to
a decrease in the autonomous operation time of the sensors and the use of more energy.

Typically, a mote is a board no larger than one cubic inch in size (Figure 1.2).
The board contains a processor, memory (RAM and flash), digital-to-analog and ana-
log-to-digital converters (DAC and ADC, respectively), a radio-frequency transceiver, a
power supply, and sensors.

Of the rather large number of examples of WSN use, we will highlight two. The
most famous is probably the deployment of the network on board an oil tanker by Brit-

ish Petroleum. Using a network built on Intel equipment, the vessel's condition was

monitored in order to organize its preventive maintenance.

—al

Figure 1.2 - Appearance of the motes
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British Petroleum analyzed whether the sensor network could operate on board
the vessel in conditions of extreme temperatures, high vibration, and a significant level
of radio frequency interference present in some of the vessel's rooms. The experiment
was successful, with the network automatically reconfiguring and restoring its operabil-
ity several times.

Another example of a pilot project implemented is the deployment of a sensor
network at the US Air Force (Air Force) base in Florida. The system demonstrated good
capabilities for recognizing various metal objects, including moving ones. The use of
the sensor network made it possible to detect the penetration of people and cars into the
controlled area and track their movements. To solve these problems, motes equipped
with magnetoelectric and temperature sensors were used. The corresponding application
software (SW) is being developed by several American universities.

Delta is a national military situational awareness system used by the Security
and Defense Forces of Ukraine; built according to NATO standards. Delta is an online
system that provides real-time information about the tactical and operational situation
on the battlefield. Thanks to Delta, soldiers see the battlefield with the location of ene-
my forces online. Data from aerial reconnaissance, satellites, drones, stationary camer-
as, radars, chats, etc. is pulled up to the platform. Delta is an important component when

planning military operations.

WSNs are used in many industries. However, before implementing networks,
they must be thoroughly tested, which is why research in this area is needed.

At present, the main advantages of WSNs include:
- complete absence of cables;

- the possibility of compact placement or even integration of motes into environmental
objects;

- reliability of both individual elements and, more importantly, the entire system as a
whole; in some cases, the network can function with only 10+20% of sensors (motes) in
working order;

- no need for personnel for installation and maintenance.
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In general, it is possible to distinguish the following main areas of application of
this technology:

- security and safety systems;

- environmental control;

- industrial equipment monitoring;

- security systems;

- monitoring of the condition of agricultural land;
- energy supply management;

- control of ventilation, air conditioning and lighting systems;
- fire alarm;

- warehouse accounting;

- enemy observation on the battlefield;

- cargo transportation observation;

- monitoring of the physiological state of a person;
- personnel control.

Each network node includes: a mote, which is equipped with a radio transceiver
or other wireless communication device, a small microcontroller and a power source. It
Is possible to use solar lighting batteries or other alternative energy sources.

Data from remote elements is transmitted over the network between the nearest
nodes via a radio channel. As a result, a data packet is transmitted from the nearest moto
to the gateway. The gateway is usually connected to the server by a USB cable. The
collected data is processed, stored on the server and can be accessed via a WEB
interface to a wide range of users.

The hardware of the wireless node and the network interaction protocols
between the nodes are optimized for energy consumption to ensure a long service life of
the system with autonomous power sources. Depending on the operating mode, the

node life can reach several years. A typical structural diagram of a moto with
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autonomous power supply is shown in Figure 1.3. Typically, piezo-resistive and tensor-

resistive sensors are used.

1.2. Architecture and working principle of WSN

Nodes are usually randomly located throughout the observation area (Figure
1.4). Each of them can use the data collection and knows the route of data transmission
back to the central node or the end-user device via the shortest route. Data is transmitted

using a multipath network architecture.

Light Sensor Temperature Humidity
Sensor Sensor
} } }
Signal conditioning unit P
A t T ’
ADC <+—> CPU <+—» Tx
a 'y I
Rx
Memory
Transceiver
+
Energy

Figure 1.3 - Composition of a WSN node
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Figure 1.4 - WSN architecture

The protocol stack contains information about power and routes, data about
network protocols and communicate effectively using the wireless medium, and thanks
to the cooperation of nodes. The protocol stack consists of: application layer, transport
layer, network layer, link layer, physical layer, power management area, mobility
management and task scheduling (Figure 1.5).

Depending on the data collection tasks, other types of software can be built on

the application layers.
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Figure 1.5 - Protocol Stack

The transport layer provides the means for data transmission over a network.
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The network layer provides the routing of traffic provided by the transport layer.
If the medium is noisy and nodes may move, the medium access control (MAC)
protocol must minimize the occurrence of collisions between neighboring nodes.

The physical layer carries physical signals from the source to the receiver. These
protocols help nodes perform tasks while saving power.

The three cross-layers include the following:

1. Power management plane.
2. Mobility management plane.
3. Task management plane.

The power management plane decides how a node should use power. For
example, a node can turn off its receiver after receiving a message from one of its
neighbors. This helps avoid message duplication. Additionally, when a node has a low
battery, it tells its neighbors that it cannot participate in message routing. All the
remaining energy will be used for data collection. The mobility control area (MAC)
creates and registers the movement of nodes. As a result, there is always a route for data
transmission to the central node, and nodes can determine their neighbors. Knowing
their neighbors, a node can balance the energy consumption, working together with
them. The task management area plans and sets the schedules for collecting information
for each region separately.

It is worth considering that not all nodes in one region are needed to perform
sensing tasks at the same time. Accordingly, some nodes provide more tasks than
others. This depends on their power. All these areas and modules ensure that nodes
work together and strive for maximum energy efficiency, optimize the data transmission
route in the network, and also share resources with each other. Without them, each node
will work individually. From the point of view of a sensor network, the most effective
case is when nodes work together with each other, which contributes to the extension of
the lifetime of the network itself.

Summarizing information about WSN, for the OSI model, the following
protocols can be distinguished.

1. Application layer — Modbus TCP, IEC 60870-5, MQTT.



86

2. Network layer (NWK) — Directed Diffusion, Rumor, LEACH, TEEN,
APTEEN, SPEED, 6LoWPAN.

3. Channel layer (MAC) — S-MAC, T-MAC, SS-TDMA, ZigBeeMAC, etc.

4. Physical layer (PHY) — ISM Band (433, 868 MHz — Europe, 902+928 MHz —
America, 2.4+2.4835 GHz — worldwide).

Thus, the main tasks of WSN include:
- cyclic measurement of the indicator;
- event detection;

- measurement of the indicator on request.

1.3. Analysis of the WSN nomenclature

The most advanced variants of WSN circuit solutions:

DASH7 is a WSN standard that uses a 433 MHz signal frequency in the
unlicensed frequency range. When transmitting data over a distance of up to 2 km, a
speed of 200 kbit/s is provided. DASH7 technology is open and represents serious
competition to patented WSN technologies such as Zigbee or Z-Wave.

Z-Wave is a wireless radio communication technology used to organize sensor
networks. The main purpose of the Z-Wave network is remote control of household
appliances and free home devices that provide control of lighting, heating and other
devices for the automation of management of residential buildings and office premises.
Z-Wave technology provides data transmission over a distance of up to 30 m in line-of-
sight conditions at a speed of 9.6 or 40 kbit/s, at frequencies of 908.42 MHz in the USA,
868.42 MHz in Europe, etc. Due to the fact that in home and office conditions it is
impossible to ensure that all sensors in the network are in line-of-sight to each other, in
the Z-Wave standard each node or device can relay a given other node. Thus, if it is
necessary to transmit data from a node that is out of sight, this can be done through a

chain of nodes. At the same time, Z-Wave networks have elements of self-organization
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depending on external factors. For example, when requests arise between the two
nearest network nodes, the signal will be automatically transmitted through a chain of
other network nodes.

Insteon is a combined (partially wired and wireless) sensor network. To transmit
information, a radio signal at a frequency of 902+924 MHz is used, which provides data
transmission over a distance of up to 45 m in line of sight conditions with an average
speed of 180 bit/s. To transmit information over wires, the electrical wiring of a house
or office is used. The use of a combined network ensures its reliability and allows you
to avoid problems associated with tasks or overlapping visibility zones when
transmitting data over a radio channel. The Insteon sensor network is traditionally used
for home or office automation. It originated in the USA, where it was created to replace
the X10 sensor network and from where it moved to Europe.

Enocean is a WSN organization technology that uses ultra-miniature sensors
with electricity generators, microcontrollers and transceivers. The use of electricity
generators and elements with ultra-low power consumption allows the elements of the
Enocean network to operate autonomously, practically without power supplies, for a
long time. The Enocean network is mainly used for home and office automation.
Enocean technology allows data transmission at a frequency of 868 MHz (for Europe,
in other countries the frequency may differ due to the fact that it is a licensed frequency)
at a speed of 120 kbit/s at a distance of up to 300 m within direct visibility. In rooms
this figure is much lower and depends on the materials of the walls and the layout of the
house. Each element of the network has its own 32-bit identification number and an
exchange protocol that protects neighboring sensors from mutual requests, which allows
you to install up to 4 billion devices in close proximity to each other (according to the
developers) without mutual interference.

ISA100.11a is a standard for organizing industrial sensor networks, sensors and
actuators. For transmission, low-speed wireless communication is used using elements
that have low power consumption. Distinctive features of ISA100.11a from other sensor

networks are:
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- orientation towards industrial use and, accordingly, special requirements for
robustness, noise immunity, reliability and security,

- possibility of emulation using ISA100.11a technology of protocols of already
existing and proven wired sensor networks and WSN.

Data exchange is created at a frequency in the region of 2.4 GHz and a speed of
about 250 kbit/s.

Wirelesshart is a data transfer protocol over a wireless communication line,
developed by the HART Communication Foundation for data transfer in the form of
HART messages in a wireless environment. HART is a data exchange protocol for
interaction with field sensors based on an extended set of simple "request-response"
commands transmitted digitally over a 2-wire line. Wirelesshart provides data transfer
at a speed of up to 250 kbit/s at a distance of up to 200 m (within direct visibility) at a
data transfer frequency in the 2.4 GHz range.

Miwi is a protocol for organizing sensor and personal networks with low data
transfer rates over short distances, which is based on the IEEE802.15.4 specification for
wireless personal networks. A Miwi-based network can publish up to 1024 nodes,
controlled by up to 8 coordinators. Each coordinator can provide interaction with up to
127 nodes. Data transmission is carried out in the 2.4 GHz frequency range (operation
in the 868 and 915 MHz frequency ranges with lower speeds is planned) at speeds up to
250 kbit/s.

6Lowpan is a standard that provides interaction of small wireless networks
(parts of a network or network sensors) with an IP network using the IPv6 protocol. It is
mainly used for organizing network sensors and automation of residential and office
premises with the ability to control them via the Internet. However, it can also be used
autonomously, as simple wireless network sensors. Data transmission in the 6Lowpan
standard implies the use of gigahertz mode and provides a transmission speed of 50 to
200 kbit/s over a distance of up to 800 m. Currently, 6Lowpan is most suitable for the
IEEE 802.15.4 standard.

One-Net is an open protocol for organizing WSNs and home automation

networks and distributed objects. It allows you to organize networks that include up to
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4096 nodes with multiple coordinators and repeaters, which increases the data
transmission range. Data transmission is provided at a distance of up to 100 m indoors
and up to 500 m outdoors at a data transfer rate of 28.4+230 kbit/s.

Wavenis is a wireless data transmission technology that uses 433/868/915 MHz
frequencies, providing transmission at a distance of up to 1 km outdoors and up to 200
m at a speed of up to 100 kbit/s. Wavenis technology is the choice for organizing
personal networks and network sensors. As a result, the ultra-low consumption of
transceivers allows them to operate autonomously for up to 15 years from a single
battery.

Rubee is a local wireless network, which is mainly used as a sensor network.
Magnetic waves are used for data transmission in Rubee, and the transmission is created
at a frequency of 131 kHz, which provides a speed of only 1200 bit/s at distances from
1 to 30 m. However, it allows to significantly reduce power consumption and allows
network nodes to operate autonomously for several years from a single battery.

The network is used mainly for specific purposes that do not require high speed,
but require long-term autonomous operation and reliable, secure communication. The
use of LF allows to avoid problems associated with data transmission indoors due to the
fact that the signal is not reflected and is not blocked by walls and other objects. The
Rubee network in the USA is certified by the Departments of Defense and Energy, and
is also recommended for use in high-risk facilities. Next, it is advisable to note Zigbee

more, as the most advanced WSN technology.

1.4. Zigbee-based WSN

Zigbee is a standard for a set of high-level communication protocols that selects
small, low-power digital transceivers, based on the IEEE 802.15.4-2006 standard for
wireless personal area networks. The Zigbee supplementary specification technology,

designed with the intention of being simpler and cheaper than other personal area
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networks (such as Bluetooth). Zigbee is intended for radio frequency devices where
long battery life and secure data transmission in the network are required.

The main feature of Zigbee technology is that it supports not only simple
network topologies (“point-to-point”, “tree" and "star") with low power consumption,
but also a self-organizing and self-healing cellular (mesh) topology with message
relaying and routing. . In addition, the ZigBee specification includes the ability to select
a routing algorithm according to software requirements and network conditions, a
mechanism for standardizing applications - application profiles, a library of standard
clusters, endpoints, bindings, a security protection mechanism, and also provides ease of
deployment, maintenance and modernization.

The Zigbee Alliance is the body that ensures the publication of Zigbee standards
and application profiles, which allows end-user manufacturers to create compatible
products. The exact list of application profiles published or in the works:

- home automation;

- energy efficiency (Zigbee Smart Energy 1.0/2.0);

- commercial building automation;

- telecommunications add-ons;

- personal, home and hospital monitoring;

- toys.

The cooperation between IEEE 802.15.4 and Zigbee is similar to that between
IEEE 802.11 and the Wi-Fi Alliance. The Zigbee 1.0 specification was ratified on
December 14, 2004, and is available to Zigbee Alliance members. The Zigbee 2007
specification was posted on October 30, 2007. The first Zigbee profile application,
Home Automation, was announced on November 2, 2007. Zigbee operates in the
Industrial, Scientific, and Medical (ISM) radio bands: 868 MHz in Europe, 915 MHz in
the United States and Awustralia, and 2.4 GHz in the rest of the world. Typically,
commercially available Zigbee chips are radio and microcontroller combinations with
60K to 128K Flash memory from manufacturers such as Jennic JN5148, Freescale
MC13213, Ember EM250, Texas Instruments CC2430, Samsung Electro-Mechanics.
ZBS240, and Atmel Atmegal28RFAL. The radio can also be used separately with any
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processor and microcontroller. Typically, radio manufacturers also offer a Zigbee
software stack, although other independent stacks are available.

Because Zigbee can wake up (i.e., go from sleep to wake) in 15 ms or less,
device response times can be very low, especially compared to Bluetooth, which
typically wakes up in 3 s. In turn, because Zigbee spends most of its time in sleep,
power consumption can be very low, allowing for long battery life.

The first release of the stack is now known as Zigbee 2004. The second release
of the stack is called Zigbee 2006, and basically replaces the MSG/KVP framework
used in Zigbee 2004 along with a "cluster library". The 2004 stack is now more or less
obsolete. The Zigbee 2007 implementation is currently the current one, and it contains 2
stack profiles:

- Stack Profile #1 (called simply Zigbee) for home and light commercial use,

- Stack Profile #2 (called Zigbee Pro).

Zighee Pro offers more features such as broadcasting, multipoint-to-point
routing, and high security using symmetric key encryption (SKKE), while Zigbee
(Stack Profile #1) takes up less RAM and Flash memory. . Both profiles should deploy
a full-scale network with a cellular topology and work with all Zigbee application
profiles.

Zigbee 2007 is fully compatible with Zigbee 2006 devices. A Zigbee 2007
device can connect to and work with a Zigbee 2006 network and vice versa. Due to
differences in routing options, a Zigbee Pro device can only be an end device (Zeds) of
a Zigbee 2006 network, and vice versa, Zigbee 2006 and Zigbee 2007 devices can only
be end devices in a Zigbhee Pro network. However, the add-ons that run on the devices
work the same, regardless of the implementation of the stack profile.

Zigbee protocols are designed for use in embedded applications that require low
data rates and low power consumption.

Thus, the purpose of Zigbee is to create low-cost, self-organizing networks with
a cellular topology designed to solve a wide range of tasks. The network can be used in
industrial control, embedded sensors, medical data collection, intrusion or smoke alarm,

building and home automation, etc. The resulting network consumes very little energy -
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individual devices according to this Zigbee certification allow energy batteries to work
for 2 years. Typical examples of Zigbee implementation are:

- home entertainment and control - smart lighting, advanced temperature control,
security and safety, movies and music;

- home security - water and energy sensors, energy monitoring, smoke and fire
sensors, smart access and negotiation sensors;

- mobile services - mobile payment, monitoring and control, security and access
control, healthcare and telecare;

- commercial building — energy monitoring, HVAC, lighting, access control;

- industrial equipment — process control, industrial devices, energy and property
management.

The protocols are built on the AODV (dynamic routing protocol for mobile ad-
hoc networks (MANET) and other wireless networks) and Neurfon algorithms, which
are designed to create ad-hoc (decentralized wireless network formed by random
subscribers) or nodes. In some cases, the network is a cluster of clusters. It can also take
the form of a network or a single cluster. Current profiles are derived from Zigbee
protocols and support networks with or without beacons.

In networks with beacons disabled (where the order of the beacons is 15), a
channel access mechanism is used. In this type of Zigbee network routers, your
receivers are usually supported by long-term activations, which requires powerful
power support. However, this allows heterogeneous networks, in which some devices
receive while others only transmit, when external signals appear. A typical example of a
heterogeneous network is a wireless lamp switch. The Zigbee node in the lamp can be
used continuously, since it is connected to the common power supply, while the switch
that appears in the lamp with the battery remains in sleep mode, as long as the switch is
turned off. The switch then goes into active mode, sends commands to the lamp, waits
for confirmation, and returns to sleep. In such networks, the lamp node must be at least
a Zigbee router, if it is not a coordinator, the switch node is of course this Zigbee end

device.
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In networks with ad hoc network nodes, Zigbee routers transmit periodic
messages to confirm their presence to other nodes in the network. Nodes can be in sleep
mode between beacons, which reduces their switching frequency and increases battery
life. Beacon intervals can vary from 15.36 ms to 15.36 * 214 = 251.65824 s for 250
kbps, from 24 ms to 24 * 214 = 393.216 s for 40 kbps, and from 48 ms to 48 * 214 =
786.432 s for 20 kbps. However, the low duty cycle of operations (signals) together
with the long beacon intervals require precise timing, which can be part of the
requirement for low product cost.

In general, Zigbee protocols reduce the time it takes for radios to turn on and
reduce power consumption. In beacon networks, nodes must be active only when the
beacon is transmitting. In beaconless networks, power consumption is significantly
asymmetric, with some devices always active while others spend most of their time in
sleep mode. Zigbee devices must be compatible with the IEEE 802.15.4-2003 wireless
personal area network standard (except for the "power-efficient” profile 2.0). The
standard defines the lower layers of the protocol - the physical layer (PHY), and the
access control (MAC) as part of the data link layer (DLL). This standard specifies
operation at 2.4 GHz (worldwide, unlicensed frequency), 915 MHz (USA) and 868
MHz (Europe) ISM bands. There are 16 Zigbee channels at 2.4 GHz. Each channel
requires a bandwidth of 5 MHz. The fundamental frequency for each channel can be
calculated as:

fo =(2405+5- (CH —11)) [MTI'u],
ne CH=1112,..., 26.

The radio segments use wideband direct spread spectrum modulation which is
controlled by the digital stream in the modulator. Dual phase shift keying is used on the
868 and 915 MHz bands, and offset quadrature phase shift keying, which transmits 2
bits per symbol, is used on the 2.4 GHz band. In its pure form, when transmitted over
the air, the data rate is 250 kbps for each channel in the 2.4 GHz band, 40 kbps for each
channel in the 915 MHz band, and 20 kbps for each channel in the 868 MHz band. The

transmission distance is from 10 to 75 m and over 1.5 km for Zigbee Pro, although it
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depends heavily on the individual equipment. The maximum output power of the radio
is generally 0 dBm (1 mW).

The basic channel access mode is "carrier sense multiple access/frame collision
avoidance" (CSMAJ/CA - probabilistic channel MAC layer network protocol). That is,
before nodes start transmitting on the information exchange path, they briefly check that
none of them is transmitting before starting the general operation. There are three
exceptions to the operation of CSMA. Beacons are sent for a predetermined time
interval and CSMA is not used. Message acknowledgements also do not use CSMA.
Finally, devices in beacon-oriented networks that have low secrecy in real-time
requirements can also use guaranteed time slots, which by definition do not use CSMA.

Zigbee RFACE specification. On March 3, 2009, the RFACE (Radio Frequency
for Consumer Electronics) concern agreed to work with the Zigbee Alliance to jointly
distribute a standardized specification intended for radio frequency remote control.
Zigbee RF4CE was designed for widespread use in remote-controlled audio-video
products such as TVs and set-top boxes. It promises a number of advantages over
existing remote control solutions, including expanded connectivity, increased reliability,
enhanced capabilities and flexibility, compatibility, and removal of the line-of-sight
barrier, etc.

The software is designed to simplify the process of building small, low-cost
microprocessors. The radio designs used in Zigbee are optimized to achieve a low price
point among the large number of products in this line. There are several analog cascades
where it is possible to use digital circuits.

Although the radios themselves are inexpensive, the Zigbee qualification
process includes a complete verification of the requirements at the physical layer. This
reporting of the physical layer has numerous advantages, because all radios derived
from this semiconductor equipment will have the same RF characteristics. On the other
hand, if the physical layer is not certified, incorrect operation can reduce the battery life
of other devices connected to the Zigbee network. Where other protocols can hide poor
sensitivity or other hidden problems that manifest themselves in the distorted reduced

response of Zigbee, radio circuits have hard engineering constraints related to power
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supply and function width. There are solutions that integrate a microcontroller and a
radio in a single package, such as the STM32W series microcontrollers from
Stmicroelectronics.

The Zigbee specification is available to the general public for non-commercial
use. An entry-level membership in the Zigbee Alliance, called Adopter, provides access
to unpublished specifications and allows you to create products for the specification for
commercial use. Registration to use the Zigbee specification requires a commercial
developer to join the Zigbee Alliance. Since the GPL does not distinguish between
commercial and non-commercial use, it is not possible to make a licensed Zigbee stack
compliant with the GPL or to make a Zigbee implementation compliant with GPL-
licensed code. Helping a developer join the Zigbee Alliance also conflicts with other

free software licenses.

1.5. Analysis of WSN operation features

Using CSMAJ/CA as the basic access mode does not guarantee the elimination of
even a significant number of packets due to collisions. Experiments have shown that
such collisions occur due to the peculiarities of the CCA algorithm implementation. Due
to the peculiarities of information traffic in sensor networks, competitive transmission
often occurs. There is a general opinion that collisions in sensor networks built using the
CSMA/CA algorithm can occur only in the case of a “hidden terminal”. However,
experiments with 802.15.4 standard sensor network nodes have shown that a significant
number of collisions occur even in the absence of a receiving terminal.

As a packet, with this type of collisions, it is lost only from nodes with a weaker
signal. Nodes with a stronger signal are more resistant to such collisions. In general,
lowering the sensitivity threshold (CCA Threshold) closer to the noise level allows you
to significantly reduce the number of collisions.

In turn, when using the 2.4 GHz function, lost packets can reach up to 90%,

regardless of traffic. This encourages the use of a special network loading algorithm



96

from the 802.11x (Wi-Fi) standard and the implementation of dynamic channel
switching in WSN (Figure 1.6).
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Figure 1.6 - Joint operation of Wi-Fi and WSN networks in the 2.4 GHz region

Input studies have established that WSN communication channels have effects
and phenomena:

- channel asymmetry;

- channel instability;

- change in the signal power level over long periods of time;

- the indicator of the dependence of the received signal level (Received Signal
Strength Indicator, RSSI) on temperature (changes of the order of 2 dB for every 10
degrees, and at elevated temperatures the level of transmitter output power and receiver
sensitivity also decrease);

- unpredictability.

They have a strong impact on the operation of the entire network as a whole
(loss of communication, reduced network connectivity, localization errors, etc.). The
presence of a power amplifier (PA) and a low-noise amplifier (LNA) requires thermal

compensation.
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In their case, these effects affect the protocols of the upper layers. Thus, the
packet reception rate (PRR) depends not only on the distance and environmental
conditions, but also on the error correction scheme used. Small packets are less prone to
errors (fewer bits in a packet - less probability of a packet error). If we take short
packets, it is impossible to precisely adjust the PRR when using longer packets. As a
result of using short packets to increase the transmission range. For example, control
packets are short and have a high probability of correct reception.

To ensure the proper level of WSN protection, it is necessary to develop
encryption algorithms focused on use in nodes with limited computing capabilities,
implement variable block duration, incl. taking into account the energy consumption of
the node. In addition, it is necessary to develop algorithms for authenticating network
nodes, taking into account their limited computing capabilities and traffic authentication
(ensuring data integrity).

As a result, to protect WSNSs, it is necessary to use:

- mechanisms for redundancy of the transport environment;

- interference-resistant data transmission technologies at the physical level;

- implementation of ultra-wideband communication systems (range 3.1+10.6
GHz with a bandwidth > 500 MHz).

Thus, it is possible to formulate the following requirements for WSNSs.

1. Resistance to active radio interference.

2. Detection of node substitution.

3. Availability of backup data transmission routes.

4. Detection and prevention of attempts to reconfigure the network, substitution
of address information, unauthorized "flashing" of devices,

5. Resistance to frame distortion and filtering.

Further research should be directed towards increasing the noise immunity of

WSN communication channels.

1.6. General statement of the problem
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Analysis of ways to increase the efficiency of WSN operation by using
communication channels with increased noise immunity, defining research tasks that
arose in the development of proposals for the implementation of digital processing of
positional signals based on many N-OFDM (OFDM).

As a result, the following research tasks are necessary in the work:

1. Substantiation of directions for increasing the noise immunity of WSN.
2. Analysis of signal modulation methods in WSN.

3. Development of proposals for the use of multi-position signals in WSN.
4. Feasibility study of the decisions made.

Mathematical formalization of the main research tasks will be carried out in the

sections in which they will be solved.

Conclusion

The relevance of WSN research is obvious. They are used in many industries:
this is monitoring the situational situation of troops, weather, ecology, etc. With the
improvement of technologies and various industries, the need for WSN will only grow.
The main tasks of WSN are: periodic measurement of the indicator; event detection;
measurement of the indicator on request.

The most advanced options for WSN circuit solutions include: DASH7, Z-
Wave, Insteon, Enocean, 1SA100.11a, Wirelesshart, Miwi, 6Lowpan, One-Net,
Wavenis, Rubee, Zigbee (Pro).

The main feature of ZigBee is that with low power consumption, not only a
simple network topology (“point-to-point”, “tree” and “star”) is supported, but also a
mesh topology with message relay and routing. In addition, the ZigBee specification
(based on IEEE 802.15.4) contains the ability to choose a routing algorithm, in
accordance with the requirements of the software and the network state, an application
standardization mechanism - application profiles, a library of standard clusters,
endpoints, bindings, a security mechanism, and also provides ease of deployment,

maintenance and modernization.
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Unfortunately, the use of CSMA/CA as the basic access mode does not
guarantee the elimination of significant packet losses due to collisions. Experiments
with 802.15.4 sensor network nodes have shown that a significant number of collisions
occur even if there is no accepted terminal; with this type of collision, packets are lost
only from nodes with a lower signal level. Nodes with a stronger signal are more
resistant to such collisions.

In turn, when using the 2.4 GHz function, lost packets can reach up to 90%,
regardless of traffic. This applies to the use of special algorithms for starting from the
802.11ax network (Wi-Fi) and the implementation of dynamic channel switching in
WSNs.

Initial studies have established that the following effects and phenomena are
inherent in WSN communication channels: channel asymmetry; channel instability;
signal power level variations over long periods of time; RSSI dependence on
temperature; unpredictability.

They have a strong impact on the operation of the entire network as a whole
(loss of communication, reduced network connectivity, localization errors, etc.), and
most importantly, they affect the protocols of the upper layers.

As a result, to protect WSNSs, it is advisable to use: transport environment
redundancy mechanisms; interference-protected data transmission technologies at the
physical level; implementation of ultra-wideband communication systems (range
3.1+10.6 GHz with a bandwidth > 500 MHz).

Thus, it is possible to formulate the following requirements for WSNSs.

1. Resistance to active radio interference.

2. Detection of node substitution.

3. Availability of backup data transmission routes.

4. Detection and prevention of attempts to reconfigure the network, substitution
of address information, unauthorized "flashing" of devices,

5. Resistance to frame distortion and filtering.

Further research should be directed towards increasing the noise immunity of

WSN communication channels.
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CpaBHeHWe 4ns ogHOUMIMYNTBLCHOW koMBUHaLMK

SravRe_2 := |for se 0. M -1
for ie 0..1
-1

k=0

TmpSr

TT-1
: S 2
TmpSri “«— Z (Rc(Udpr k) - Rc(Matnx_Timlonlk’i))
k=0

TmpSri “« Z (Im(Udpf 1\) - Im(Man‘ix_Etalonl k,i))z

SravNomlm 1 :=

1111pmm0 «— bra\'lm_lo

'l‘mpminl « 0
for ie1.15

il Srzl\flm_li < Tmpmin()

«— Sruva_li

Tmpmin 0

Tmpmin1 i

Tmpmin

TmpSr, < Z (Rc(Udpl'Zk,s) = Rc(Matrix_Ela]onzk,i))z



Sravim_2 :=

SravMod_2 :=

for se 0. M -1
for ie 0..1

T-1

k=0

TmpSr

for se 0. M-1
for ie0..1
=1 5
TmpSri, S Z (|Udp[‘2k,s| - IMalri,\_]?lal(mZk’iD'
k=0
TmpSr

DecOdnoimpRe := | for s€ 0.M -1

if SravRe 2 < SravRe 2
=08 = 138

Tmpmm( e Sra\-‘Rc_Z(),s

i

TmpmmLS « 0

if SravRe_2 s < SravRe_Z(

1,s 0,8

Tmpmin & SravRe_Zl .

0, 8

Impmm] 4 «1

Tmpmin

DecOdnoimplm := | for se 0. M -1

if Sravim_2 ¢ < Sravlm_2

0, “1,s
Tmpmin., <« Sravim_2
pmi, 0

Tmpmm] r «0

il Sravim_2 < Sravim_2
18 70,8

lmpmmo)s «— Sra\»-'Im_Z1 .

)

Tmpmm1 B «— 1

Tmpmin

DecOdnoimpMod := | for se 0. M -1

if SravMod_2 . < SravMod_2
= 0L8 = 1.8
1 mpmin, P < SravMod 2 0,5

lmpmm1 5 <0

if SravMod 2. < SravMod_2
1,s 0,s
Tmpmmo, o Sra\'l\/Iod_ZI %
lmpmml’s « 1
Tmpmin

TmpSrl.’S « Z (Im(Udpf?k’S) - Tm(Matrix_Flalon‘Zk’ i))z
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CpaBHeHVie AN MHOroMMny NsCHOM KoMBWHaLWm

0 0
0 5.063-105 0 3.137°105
1 5.108-105 1 3.285°105
2 5.149-105 2 3.156°105
3 5.195-105 3 3.304:105
4 5.186°105 4 3.275°105




5) 5.234:105 5 3.42:105
6 5.433-105 6 3.132:105
round(SravRe_1.1) =| 7 5.482-105 round(Sravim_1,1) =| 7 3.277-105
8 5.092-105 8 3.159°105
9 5.299-105 9 3.146°105
10| 5.178-105 10| 3.177-105
11| 5.385°105 11| 3.164'105
12| 5.215°105 12| 3.296°105
13| 5.424-105 13 3.28:105
14| b5.463-105 14| 3.153-105
15| 5.672°105 15| 3.137°105
Rnois = 0.1 Rsin = 5 krat = 14

Bbino nepeaaHo WsokrT =(0 0 0 0)

MpuHATO ChDesToD\-'(SravNomRe_lI,4)T= 000 0)
CpaBHeHWe AN ofHOMMIY NMBECHOM KOMBUHaLUK (MOLLIAroBo)

4832 10* 3.12x 10 1.05x 10 1533 % 10°
SravRe 2 = Sravim_2 =

4.959 x 104 3.77 x l(_)4 1.312 x 104 6.38 x 103

(5.085 b3 104 5.098 x 104 5179 % 104 5.138 x 104‘}

SravMod_2 = L

5211 X 104 5.267 x 104 5.441 x 104 5.473 x 104J

2.528 x 103 1.978 x 104 4.129 x 10_/1 4.985 x 104

2.528 x 103 1.978 x l()4 4.129 x l(J4 4.985 x 10

SravRe 1
8 re= p——————
.
J i T 0 1 2 3 4

0| 2.779| 2.792| 2.803| 2.816| 2.813

2.826

2.879

2.892

HekoanpoeaHo
no peancHon No MHUMOW COCTaBnsoLein
g 5 2
Sraifomiile, 1= | 2002 %10 3.132x 10°
0 SravNomIm_1 =
6
8.054 x 10°
no Moo SravNomMod_1 =
)
[exoanpoBaHo
no peansHon Mo MHUMOW COCTaBNSOLLEN

4 4 4 3
4.832x 10 3.12x 10 1.05x 10 1.533 x 10 ]

DecOdnoimpRe =
0 0 0 0]

DecOdnoimplm =
0 1 0

no MoAYo DecOdnoimpMod =
0 0 0

5.085 x 104 5.098 x 104 5.179 x ](')4 5.138 x l(')4
0

0 1.978 x 104 0 4.985 x 104

|

1
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YAOCKOHAJIEHHA POFOTH CEHCOPHOI MEPEKI 34 JIOIIOMOI 01O
KAHAJIIB 3B’A3KY 3 IIIJIBHILIEHOIO 3ABA/JOCTIHKICTIO

HogiTHi TexHO0T1i 6€31pOTOBOrO 3B'sI3KY Ta Mporpec B 001acTi BUPOOHU-
[TBa MIKPOEJIEKTPOHIKH J03BOJIMIM MPOTATOM OCTAaHHIX ACCATHIITH MEpPerTH 110
IPAKTUYHOI pO3pOOKM Ta BIPOBAIXKEHHIO HOBOTO KJIaCy PO3MOAUICHUX KOMYHIKa-
[IHHUX CUCTEM — CEHCOPHUX MEPEK.

be3npoToBi ceHcopHI Mepexi — 11e epCreKTUBHA TeXHOoJoris. B mporeci
PO3pOOKH CEHCOPHUX MEpeK, OyIu BUSBIICHI HEIONIKUA KaHAIB 3B 3Ky 0€31pOTO-
BUX CEHCOPHUX MEPEX TaKi SIK: aCUMETPUYHICTh KaHaJIIB, HECTAOUIbHICTh KaHAJIB,
Hernepen0auyBaHICTh, 3MiHA PIBHS MOTY>KHOCTI CUTHAIy Ha TPUBAIUX MPOMIKKAX
yacy. Bcl 1l sBUIa BHOCATH CBI BIUIMB Ha CTAOLIBHICTh poOOTH Mepexi. Tomy
HaBITh BUKOPHCTOBYIOUM METOJ] MHOKHHHOTO JOCTYITy 3 BHUSBICHHSM HECydol i
yaukHeHHs komi3id (CSMA/CA), He € rapaHTOM KOMIEHCAIlli BTpaT MaKeTiB BiJl
koJi3iil. [Ipu iboMy TyONATHCS TTAKeTU TUIBKHU BiJ BY3J1iB 3 HAWOLIBII CIaOKUM pi-
BHEM CHUTHAJTy, a BY3JI1 3 OUIbII CHJIIBHUM PIBHEM CUTHAITY CTaO1JIbHI.

106 migBUIUTH, €(hEKTUBHICTh BUKOPUCTAHHS PAIOYaCTOTHOTO CIIEKTPY
3Hama 3actocyBanHsa TexHosnoriss OFDM  (MynbTUTIIIEKCYBaHHSI 3 OPTOTOHAIb-
HUM YaCTOTHUM PO3JILJICHHSM KaHAIIB).

MynbTUIIEKCYBaHHST 3 KOJOBAHUM OPTOTOHAJIBHUM YaCTOTHUM TOJIJIOM
ka"ainiB (COFDM) e anbTepHaTHBOIO CUTHATY 3 OJHIEI0 HECYYOIO, SIKA 4acTO BU-
KOPHCTOBYETHCS Yepe3 OOMEKEHHSI CHCTEM 3 OJTHIEI0 HECYUOIO JJIsI ITUPOKOCMYTO-
BUX MPOrpam, 1€ BUKOPUCTOBYEThCS OaratornpoMmeHeBicTh. L{i oOMexeHHs 3yMOB-
JIEH1 YaCTOTHO-BUOIPKOBUM 3aBMUPAHHSM, SIKE€ CIPUUYUHSE 3HAYHY PI3HULIIO MOTY-
YKHOCT1 CUTHAaJy MPUIOMY B IIMPOKOCMYTOBOMY KaHali, a TAaKOX MIKCHUMBOJIbHU-
MU TIEPEIIKO/IaMH, sIKi MOKYTh BUHHKATH B CEPEIOBHUIIAX 13 BEJTMKUM PO3MOBCIO-
JUKEHHSIM 3aTPUMKH.

COFDM Ttakox 3a0e3neuye 0e31pOTOBHIA 3B'SI30K BUPIMICHHSIM MPOOIEMH
MDKCUMBOJIBHOI 1HTepdepentti (ISI). Mixk KOKHUM TIepeaHnM CHUMBOJIOM 3aJIH-
IIAE€THCS 3aXMCHUHN 1HTEpBaJ, 00 y mpuiiMada OyB 9ac JJis OTPUMaHHS KOTIi CUM-
BOJTY, III0 HAAXOAUTH HAa JOBIIOMY BIJOMTOMY LIISAXY, O0€3 NEPEKPUTTS 3 HACTYITHUM
CUMBOJIOM. B npuiiMadi BiIOyBa€THCS IEPEKPUTTSI CAMBOJIIB, B MOMEHT KOJIU 3aXHU-
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CHUU 1HTEpBaJ JOCTATHHO JOBIUH 1 KOJU BIH 3aHAATO KOPOTKUM, IO MPU3BOIUTH
710 MDDKCUMBOJIBHOT 1HTEp(EpEeHIIii.

B mmpoxocMyroBiii cUCTeMi 3 O/IHIEI0 HECYUYOIO JOBXKHHA CHMBOIY CTa€
JTy’Ke MaJIoro JUIsl JaHO1 MIBUAKOCTI Mepeiadl JaHuX. 3aXUCHHUI 1HTepBaJl, HEOOXi -
HUN ISl BpaXyBaHHS BIJIMIHHOCTEH y JIOBXKHHI IUIAXY, MOXKE CTaTH TaKuUM ke abo
JOBIIMM, HIXK CUMBOJ. Lle 3MEHIINTh KUIBKICTh JAHUX, SKI MOXKHA HAJICIIaTH, TakK
K T1ay3a Oy/e 301JIbITyBaTHCS.

CHUMBOJIM CTaBaTUMYTh JOBIIUMHU MPSIMO MIPOTIOPIINHO KIJIBKOCTI BUKOPHC-
TaHUX TiJHECYYnX. TakuM YMHOM, 3aXMCHUN 1HTEpBaJl YCTAHOBJICHOI JTOBXKHHU
MEHIIIe BIUTMBATHME Ha KUIbKICTh JaHMX, AKI MOXKYTh OyTH Mepe/aHi, TaK K CUM-
BOJI TIEPEHECEHHSI TAaHUX TIEPEeBaKaTUME HaJl 3aXUCHUM 1HTEPBAJIOM.

MynbTHIUIEKCYBaHHS 3 KOJAOBAHWM OPTOTOHAJIBHUM YaCTOTHHUM TOJIJIOM
KaHaJI1B MPAKTUYHO HEUYTIUBE /10 3aBMUPAHb Ta KOPOTKOYACHUM 3aBaJlaM.

Taxox, Tpeba BpaxyBatu TexHosorito MIMO (MHOXHHHOTO BXOIYy — MHO-
YKUHHOTO BUXOJY).

Curnan Ha BXO/ll ABOX MPUHAMAIbHUX AHTEH, CIIOTBOPIOETHCS IIIyMOM, SIKHI
HE KOpeJIbOBaHUN MK aHTEHaMH, TAKUM YHHOM 00’ €HABIIHU JIBa CUTHAJIH, MOXKHA
OTpUMATH Kpalluii curHayl. PO3HECEHHS TaKOX MOKHA JIOCSATTH 3a JIOTIOMOT00 Ki-
JBKOX MEepeaBaIbHUX aHTEH METOJIOM HpOCTOpOBO-‘{aCOBOFO koayBanus (STC).

Bce 1ie cBiquuTh Ipo IpsAMUM B3a€MO3B’ 30K 3aBaIOCTIHKOCTI 3 €HEpreTH-
YHOIO T4 YACTOTHOIO e()EKTHBHICTIO O€3POTOBHX CEHCOPHUX Mepek. IX ofHOoJac-
HE IIJIBUIICHHS BIUIMBA€ Ha HAJIMHICTh poOOTH B IIOMY, SIK CHCTEMHU. 3aBa-
JOCTIMKICTh puiiMaHHs curHaiiB B cuctemi MIMO cyTTeBo 3anekuTh BiJl BUOOPY
MEeTOay OOpOOKHM CHUTHANIB Ha MpUiMaibHOMY Oori. IcHyroui meroan 0OpoOKu
CUTHAIIB, sIK1 3a0€3Me4yI0Th 3aJlaHy SKICTh mepeaadi iH(opMmailii, MaroTb BUCOKY
O0UYHMCITIOBANIbHY CKJIAJIHICTh, TOMY BUHUKA€ HEOOXIJHICTh YJOCKOHAJCHHS LUX
METO/IIB.
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BM BcranoBmowThes nobausy tpy6u (5-10 M), Ha nesHii Bigcrani (100 m) Ta
3'€/IHYI0ThCA MK c00010 3a JlonoMorow 6e3poToBoro paioss'sasky [2], yrBopiowodn
CEHCOPHY Mepexky IOCIHIJJOBHO PpO3TAllIOBAHMX O€3poTOBHX MHpPUCTPOIB, SKI 3a
JIOIIOMOTOI0 peTpaHCisiLiT epelaloTh 1H(GopMaLIiio Bl TOHKH J0 TOYKH.

Bubip OesporoBoro kanany 3B's3Ky JUif nepejadi JaHux mipk BM ta EOM
NOSICHIOETBCSL  CKJIQ/IHICTIO MpOKJIajJaHHA Kabemo y BaKOAOCTYNHHX paifoHax
eKCIUTyaTalii ra30npoBOIIB.
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YIOCKOHAJIEHHS POBOTH CEHCOPHOI MEPEKI 3A A0NIOMOI 010
KAHAJIIB 3B°A3KY 3 HIJIBUHIEHOIO 3ABAJTOCTIHKICTIO

HogiTHi TexHounorii 6e3poToBoro 343Ky Ta nporpec B o6nacti BUpOOGHHIITBA
MIKPOEIEKTPOHIKH JIO3BOJIMIIM  IIPOTArOM OCTAHHIX JECATWITH MepediTH o
NpakTHYHOI  po3poOKH Ta  BOPOBA/DKEHHIO HOBOIO  KJacy  pO3MNOALICHHX
KOMYHIKALIHHHX CUCTEM — CCHCOPHHUX MEpEeiK.

BesnipotoBi ceHcopHl Mepexki — 1@ MEpCHeKTHBHA TexHouoris. B mpolect
PO3pOOKH CEHCOPHUX Mepe:k, Oy/IH BUSIBIICHI HE/IOMIKH KaHAIIIB 3B’ 3Ky 0e31pOTOBHX
CEHCOPHHX Mepek Takl $K: aCHMMETPHYHICTh KaHalllB, HecTablIbHICTh KaHAIIB,
Helepe10auyBaHICTh, 3MIHA PIBHS NOTYKHOCTI CUTHATY Ha TPHBAIMX IPOMIKKAX 4acy.
Bel wi sBuima BHOCATL cBlil BILIMB Ha crabulbHIicTh poboru Mepexi. Tomy HaBiTh
BUKOPHCTOBYIOYH METOJl MHOXKHHHOIO JOCTYITY 3 BUSIBJICHHSIM Hecy4ol 1 YHHKHEHHS
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xomisiii (CSMA/CA), He € rapaHToM KOMIIGHcallli BTpaT MakeTiB Bij komisiid. Ilpu
1[bOMY TI'YOJISTbCA MAKeTH TUILKU Bl By3/IB 3 HaiOUIbMI cllaDKUM pIBHEM CUrHaIY, a
BY3/I4 3 OLIbLI CHIILHUM PIBHEM CHIHAY CTAOLIbHI.

o6 nigBumuTH, e(EeKTHBHICTL BHKOPHCTAHHS pPajlo4acTOTHOIO CHEKTpY
3Haiinuia 3actocyBanHs TexHosoris OFDM (MynbsTHIUiekcyBaHHS 3 OPTOrOHAIIBHUM
YaCTOTHHUM PO3JLICHHSM KaHallB).

MyJIbTHILIEKCYBaHHS 3 KOJOBAHHM OPTOrOHAILHUM YaCTOTHHM I1OI1JIOM KaHAIIIB
(COFDM) € anbTepHaTHBOW CHTHALY 3 OJHIEI0 HECY4ow, sKa 4acTo
BUKODUCTOBYETbCSH  4epe3 OOMEXEHHS CHCTEM 3  OJHICI0 HECY4OW  Julsi
IIUPOKOCMYTOBHX  IIporpaM, Ji¢ BHKOPUCTOBYeThbesi OaratonpomeHeBicTb. L1
OOMEKCHHS 3YMOBICHI 4aCTOTHO-BUOIPKOBUM 3aBMUPAHHSM, SIKC CIIPHYHHSE 3HAYHY
PI3HHIIO MOTYXKHOCTI CUTHAIY NPHHOMY B IIHPOKOCMYIOBOMY KaHall, a TaKOX
MIKCHMBOJILHHMH MEPEIIKOaMH, K1 MOKYTb BHHHKATH B CEpEOBHINAX 13 BEIIMKHM
PO3MOBCIO/IKEHHAM 3aTPHMKH.

COFDM Takoxk 3abesnedye Oe3JpoTOBHI 3B'A30K BHPILICHHAM IpodIeMH
MikcuMBonbHOI 1HTepdepenuii  (ISI). Mik KOKHHUM IepeJaHUM  CHMBOJIOM
3aMIIAEThCs 3aXUCHUI 1HTepBall, 100 y npuiiMaya OyB 4ac Uit OTPUMAHHS KOIIi
CHMBOJLY, I110 Ha/IXOJNTh Ha IOBIIOMY BIIOMTOMY LUISIXY, D€3 IEPEKPHTTS 3 HACTYITHHM
cuMBoIOM. B npuiimadi B110yBa€ThCs NEpEeKPHTTS CHMBOJIB, B MOMEHT KOJIY 3aXHCHHH
IHTEpBaJl JOCTATHbO JOBIMH 1 KOJNM BIH 3aHAATO KOPOTKHH, WO IMPH3BOAHTL O
MIKCHMBOJILHOT 1HTepdepeHLi.

B mmpokocMyroBiii cucTeMl 3 OJIHIEI0 HECYHOI JOBKHHA CHMBOIY CTac JIykKe
MaJIOK JUIS JIaHOT MIBHKOCTI uepc,uaﬂi NAaHHX. 3aXHCHHH iH’rchaJJ, HeOoOX1IHHH T
BpaxyBaHHS BIIMIHHOCTEH y JJOBKHHI LUIIXY, MOYKE CTATH TAKUM 3Ke a00 JOBLIHM, HIXK
cumBoi. Lle 3MEHIINTE KUIBKICTB AaHMX, SKI MOJKHA HaJiclaTH, Tak Sk naysa Oyne
36LIbLITYBATHCS.

CHMBOIIH CTaBaTUMYTh JOBIIHMH [PSAMO IPONOPLIHHO KUIBKOCTI BUKOPHCTAHHX
nigHecy4ux. TakuM 4YHHOM, 3aXHCHHIl IHTepBaJl YCTAHOBIEHOI JOBKHUHH MEHINE
BIUIMBATHME Ha KUILKICTh JaHMX, #AKI MOXYTb OyTH IepeiaHi, Tak SK CHMBOI
HepeHECeHHs JaHUX IIepeBAKATHME Ha/l 3aXHCHHM IHTEPBAJIOM.

MyJIbTHIUIEKCYBaHHS 3 KOJOBAaHUM OPTOrOHAIBHHM YaCTOTHHM I[10/I1JIOM KaHaJlB
[PaKTHYHO HEYYT/IHMBE J10 3aBMUpPaHb Ta KOPOTKOYAaCHHUM 3aBajlaM.

Takoxk, Ttpeba Bpaxybatn Ttexnonorito MIMO (MHOxMHHOIO BXOAY —
MHOKHHHOTO BHXOJLY).

Curaj Ha BXOJI JBOX NPHIMAaIbHUX aHTCH, CIIOTBOPIOETHCS LIYMOM, SIKHH He
KOpEJIbOBAHMIT MK aHTCHaMH, TaKMM YMHOM 00’€/IHaBIIM JIBa CHUIHAJH, MOXHA
OTpUMaTH Kpal(Hii curHajl. Po3HeceHHs TakoK MOXHa JOCATTH 3a J0NOMOIOK
KIILKOX Iepe/laBallbHHX aHTEeH METO/I0M IpocTopoBo-4acoBoro kojaysanus (STC).

Bee 1ie cBIIYUTD PO MPSIMHH B3a€MO3B SI30K 3aBaJJOCTIHKOCTI 3 €HEPreTHYHOIO
Ta 4acTOTHOW eeKTHBHICTIO GE3/[POTOBUX CEHCOPHHX Mepex. IX ojHodacHe
IIBHILCHHS BIUIMBAE HA HAJLAHICTL poOOTH B LIIOMY, SK CHCTEMH. 3aBaJIOCTIHKICTh
npuiiManis cursanis B cucreMi MIMO cyrreBo 3anexuth BiL BHOOpY MeTony
00poOKkH curHanie Ha npuiiMansHoMy Oowi. IcHyroul MeTo i 06poOKH CHrHaNIB, SIKI
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3abe3neuyloTh 3ajlaHy AKICTb Nepejadl iHdopMalii, MalOTh BUCOKY 0OYHCIIOBAILHY
CKJIAJIHICTh, TOMY BHHHKa€ HEOOX1/IHICTE YIOCKOHAICHHS LINX METO/LIB.
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AKTyaJabHicTh gocaimkenb BCM odeBHaHA. IX BHKOPHCTOBYIOTh B 0ararbox
ragy3sx: I1eé MOHITOPHHT CHTYaTHBHOI OOCTAaHOBKH BIHCBHK, ITOTOJIH, €KOJIOr1i, Ta 1H. 3
YIOCKOHATIOBAaHHSIM TEXHOJOTIH Ta PI3HUX BHPOOHHUTB, moTrpeda B WSN Oyne
TUTBKH 30UThIIyBaTUMeThcd. OCHOBHUMH 3aBAaHHAMH WSN €: neplogudHHi BHMID
IIOKa3HUKA; JeTeKTYBaHHS I1O/Ili; BUMIPIOBAHHS ITOKAa3HHUKA 3a 3aIIHTOM.

MeTtor0 podoTH € yIOoCKOHalJeHHS edeKTHBHOCTI podotn BCM 3a paxyHOK
BHKOPHCTAaHHS KaHaIIB 3B’ SA3KYy IMIABHUINEHOI 3aBaJ0CTIHKOCTI. I1[00 TOCSTTH LOTO
HeOOX1/THO BHPIIIUTH HACTYIIHI 3aBAAHHSA:.

1. OOrpyHTyBaHHS HaIpsSMIB HIABHINEHHS 3aBaJ0CTIHKOCTI pCM. B

2 AHam3 MeTOo/IB MOAyJIsmi curHamB y bBCM.

3. BukopucranHs 0Gararonos3uIIHHHX cHTHaIB y BCM.

4 TexHiKO-eKOHOMIYHE OOTPYHTYBAHHS IIPHITHITHX PIIIEHb.
O00’ekT gocaimkeHHs1 — Iporec PyHKIIIOHYBAaHHSI CEHCOPHOI MepeiKl.
IIpeamer gocaimkeHHsI — IIH(PPOBa 0OPOOKA CUTHAIIB.

Metoa DoCaiIKeHHS — aHATITHIHHIL.



BE3ITPOBIJIHA CEHCOPHA MEPEXA




Jlo HaOUTPII MOMMPEHHX BaplaHTIB CXeMO-TeXHIYHHX pimeHs WSN cma
BigHect: DASH7. Z-Wave, Insteon, Enocean, ISA100.11a, Wirelesshart, Miwi,
6Lowpan, One-Net, Wavenis, Rubee, Zigbee (Pro).

OcHoBHa ocoOmuBIcTh ZigBee monsgrae B TOMYy, HIIO IPH MaloMy
eHEProCIoKNBaHHI MIATPIMY€E€ He TUIBKH MPOCTI TOIOJIOTI Mepekl («Todka-
TOUKa», «IepeBO» 1 «3IpKa»), a I mesh-Tomogoriro 3 peTpaHCIAMIED 1
MapHIpyTH3aIie noBiaoMiIeHb. Kpim Toro, cnemmdikamnisa ZigBee (6a3yeThcs Ha
IEEE 802.154) wmicTuTh MOXIHBICTH BHOOPY aIrOpHTMy MapHIPyTH3amii, B

3a1e)xHOCT1 BT BUMor 13 ta ctany mepeixki.




Bxom gocmikeHb BCTAHOBIEHO, IO 1A KaHamB 3B's13ky WSN BracTusi
HacTymHl e(eKTH Ta SBUINA: aCHMETPHYHICTh KaHAIIB, HEeCTAaOUIBbHICTh KaHaIB;
Bapiamii pIBHY IOTY/KHOCTI CHTHAIy Ha TPHBAINX MPOMDKKAaX dYacy:
Hernepea0aIyBaHICTh.

BoHn MaroTh CIIBHIIT BIUTUB Ha POOOTY BCl€l Mepeskl B IIIIOMY (BTpara 3B'S3KY,
3HIDKEHHS 3B'I3HOCTI Mepeki, IMIOMIUIKH B JIOKam3alli Ta 1H.), a caMe TOJIOBHE —
BIUTHBAIOTH HA MPOTOKOJIN BEPXHIX PIBHIB.

Sk wHacmmok, mrg 3axucty WSN [IOMUTBHO BHKOPHCTOBYBATH: MeEXaHI3MH
pe3epBYBaHHA TPAHCHOPTHOTO CEPEIOBHUINA; 3aBaI03aXMINEeHI TEXHOJOTI Iepe/iadi
JaHNX Ha (PI3MYHOMY PIBHI; BIPOBADKEHHS HAMIIIPOKOCMYTOBHX CHCTEM 3B’ SI3KY
(mama3on 3.1+10,6 I'T1 31 cmyroro nmponyckanus > S00 MI ).

Takum grmHOM, MOXTIBO chopMyBaTH HACTYIHI BuUMorn 10 WSN.

1. CTiiikicTh 10 aKTHBHIX Pajlo3aBal.

2. BusBneHHS MIIMIHH BY3IIB.

3. HasgBHICTh pe3epBHUX MapIIPYTIB Ilepeadl JaHIX.

4. BusBieHHS Ta 3amoOIraHHS cIpodaM peKoHpirypami Mepexi, MIMIHI
aapecHoi IHpopMallli, HeCaHKIIIOHOBAHOI «IIePelpOIIIBKID MPUCTPOIB,

5. CTIiKICTh 10 BUKPUBIEHHS Ta (PUIBTpaIni KaapiB.

[Tomampmmi  JOCTI/DKEHHS ~ AONUIBHO — CHOpPSAMyBaTH  Ha  IIIBUINCHHS
3aBaJ0 CTIIKOCTI KaHaTIB 3B’ 13Ky WSN.



Tunosa crpykrypa mepexi

) ) —> KiHyesi syanu

38'A30K TUNY "mesh” €=
38'A30K TMNY "3ipKa"

Koopaunatop/FFD
Poytep/FFD

KiHuesuit By3on/RFD )



Ha manmii wac, B AKOCTI mplopuTeTHHX nuigxiB onrmuMizami bCM Ha piBHI
CHCTEMH Tiepefadl JaHNMX CIA BKa3aTH MPO BHKOPHCTAHHS 3aBaJO0CTIHKOIO
KOIYBAaHHS, CHIHAJThHO-KOJOBIX KOHCTPYKII, OaraTOMO3HINIHUX CHTHATIB Ta iX
KOMOIHAITII.

B cBOro dWepry, 3aciIyroBylOThb yBarl HaNpSMKH, IO CIHPAOThCS Ha
BIIPOBA/DKEHHS I1HHOBAIUITHUX TEXHOJOTIH, fKI OTPHMAINd 3HAYHE MONINPEHHS B
OuTbIIIe PO3BHHYTUX Mepeskax, Hanpukiaaa: 8021.11ac(ax), SG, MU-MIMO, Massive
MIMO Ta 1H.

B Xxom [gocaypKeHb 3alpOINIOHOBAHO BHKOPHCTAHHSA KUIBKOX BaplaHTIB
dopMyBaHHS Oararomo3MINIHUX CHUTHaAMB 11 pamiokaHamB BCM. 3amicTh
omuamaHoro curany FSK (GFSK) 3actocoByerbcs OFDM-nomiOHmMIT curHam 3i
MIBIJIKICTIO TIepefadl JaHNX, SKa JOPIBHIOE IMBHIKOCTI OIHOTO CYOKaHaTy, IO
meHIre B N pa3 (e N — KUIBKICTh CyOKaHaTIB, IO BIABEAEHI M1 Iepeaady KOPHCHOI
iH(popMari) y MOpIBHAHHI 3 curHaiaoMm kiaacmaHuM a18 BCM Ha ocHoBi FSK
(GFSK). IligBuimeHHS eHEpreTHKH MO)Ke BIIOYBAaTHCh 3a PAaxXyHOK BBEICHHSA
HaaMIPHOCTI (AyOmpOBaHI KaHAIN) Ta IepeBar oOpOOKHM Ha MpHIIMaIbHIII CTOPOHI
curgamie OFDM. Ilpu mpomy, 3’SBIUTach MOJKIHBICTH Baplamiii BHOOPY MK
3aBaJI0CTIIKICTIO Ta CIEKTPaIbHOI epeKTHBHICTIO pagiokaHaty bBCM.
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BUCHOBOK

Taxkum unHOM, pe3yIbTaTaMH JHIJIOMHOIPOOOTH €:

NPONO3HIIil 010 BHKOPHCTAHHSA 0araTono3HIIHHHX CATHAJIIB Y CEHCOPHHX
MepesKax; pe3yJbTaTH IMITANIHHOIO MOJEJIOBAHHHA MeTOAY CHeKTPaJbHOIO
JAeTeKTYBAHHSI CHTHAJIY B YMoOBaX BILIHBY BY3bKOCMYIOBOI 3aBaau. BoHu
MOKYTh OYTH BHKOPHCTAHI JJI51 NOJAJbIINX JOCTIIKEHb 32 JAHOK TeMATHKOIO
TA NPH NOOYI0Bi NepCIeKTHBHHX CEHCOPHHX MepekK.



