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AHOTAIISA

Omenpsnenps O. O. BrimB TEXHOJOTIYHMX TMapaMeTpiB Ha EKCIUTyaTalliiHi
XapaKTePUCTHKU EJIEKTPOHHOI Oe3MpOBOJOBOI CHUCTEMH TepeAaBaHHS JaHUX. —
Kgpamidikamiitna HaykoBa mpaiis Ha IIpaBax PyKOIHUCY.

Jucepraliiss Ha 3100yTTS HAYKOBOTO CTymeHs JokTopa ¢urocodii 3a
cunemianpHicTiIO 171 «Enextponika». — HamioHanbHUN TEXHIYHUN YHIBEPCHUTET
Vkpainn «KuiBcbkuil momitexHiunuii iHCTUTYT iMeH1 Iropst Cikopcbkoro», MOH
VYkpainu, Kuis, 2025.

B nucepranii oTpuMaHO Taki HOBI HAyKOB1 pe3yJIbTaTH:

1. OTtpumaB mnojmanblIMKA PO3BUTOK METOJA JOCIIKEHHS EKCIUTyaTallliHUX
XapaKTEPUCTUK OE3MPOBOJOBUX MEpPEXK Ha MIAIPYHTI KOHLEMLII BipTyalabHOTO
KOHKYPEHTHOTO BIKHA /IS BHU3HAYEHHS [IOKAa3HUKIB SKOCTI  IepeaaBaHHs
MyJIBTUMEAINHOTO Tpadika B 3MIIIAHUX MEPEXAX 3 MPIOPUTU3ALIELD;

2. YIO0CKOHAJI€HO METO]I OLIHIOBAHHS BIUIMBY TEXHOJOTIYHUX MapameTpiB Ha
IPaHUYHI EKCIUTyaTalliifHl XapaKTEPUCTUKU EJIEKTPOHHOI Oe3MpOBOIOBOI CHUCTEMU
nepenaBanHs AaHux 3a cra"gaptom IEEE 802.11 ac B pexumi KOHKYpPEHTHOIO
JOCTYIY.

3. Bmepmie oOrpyHTOBaHO OIIIHKH €(QEKTHBHOCTI TEXHOJIOTIYHUX pIIICHbD,
3aCTOCOBAHUX JJIA MIABUIIEHHS MPOMYCKHOI 3aTHOCTI O€3MPOBOJOBOI €JIEKTPOHHOI
cuctemu nepenaBanHs ganux 3a cragmaptom [EEE 802.11 ac 3a ymoB oOMexkeHOTO
C€HEPreTUYHOTO PECYPCY.

4. OtpuMana NoJajdbIINi PO3BUTOK Teopis (PYHKI[IOHYBaHHS O€3MPOBOJOBOL
MEpeXi TepeaaBaHHs JTaHUX 3 KOHKYPEHTHUM JIOCTYIIOM B PEXUMI MpiopUTe3allii
Tpadiky.

HucepraiiitHy poOOTYy MPHUCBSIYEHO TMOTIUOJICHOMY OCHIKEHHIO BILTUBY
TEXHOJIOTIYHUX MapaMeTpiB Ha EKCIUTyaTalliiiHl XapaKTepUCTUKU EJIEKTPOHHOI
0e3MpoBOJIOBOT CUCTEMHM IepefaBaHHs JaHuUX 3a crneuudikariero 802.11ac mns
YAOCKOHAJIEHHS TPOIleCy MPOEKTYBaHHs 1 €KCIUTyaTallli 3a3HaYeHUX MEPEeXK ILITXOM

BpaxXyBaHHA I'PAaHUYIHO MOKIIMBOTI'O piBH}I SIKICHMX TTOKQ3HHUKIB.



B poGoTi BuUKOpHUCTaHO METOJA aHaji3y, IO TIPYHTYEThCA Ha KOHIEMIIIi
BIPTyaJbHOI'O KOHKYPEHTHOTO BIKHA, SIKUW J03BOJISIE BpaxyBaTH BCl TEXHOJIOT1YHI
napaMeTpu i MOJENIOBAHHS TPOIIECIB B EIEKTPOHHUX CHCTEMax TMepelaBaHHs
JAHUX.

3MICT AUCepTaIlifHOrO JOCTIIKEHHSI BUKIAACHUNA y I'ATH PO3JiJax, y SKHX
MOJIaHO PE3YJIbTATU TEOPETUYHUX 1 EKCIIEPUMEHTAIBHUX JOCI1HKEHb.

VY Beryni guceprainiiHoi poOOTH OOIPYHTOBAHO JOIUIBHICTH 1 aKTyalbHICTh
oOpaHoro HampsiMy  JOCHIKeHb. l[lokazaHo, 110 TexHOJOrii Oe3MpOBOAOBUX
nokanbHux Mepex cranaapty IEEE 802.11 (Wi-Fi) HaOynu 3Ha4HOTO MOIIMPEHHS SIK
3aci0 CTBOpPEHHS JOKAIBHUX MEpex OOMIHY JaHUMU 1 3acid JOCTYIy /10 PecypciB
InTepner. 3 wacy crBopenHst y 1997 poiii TexHosorii (i3MYHOTO 1 KaHAJIBHOTO PIBHIB
mepexx IEEE 802.11 3a3Hanu CcyTTe€BHX 3MIH 1 YJAOCKOHAJEHHS. Y JIOCKOHAJIEHHS
COpsIMOBaH1 Ha 30UIBIIECHHS MPOIYCKHOI 3AaTHOCTI MEpEXl 1 MOJINIIEHHS SKICHUX
noka3HukiB. B mexax ogHoro cranmapty IEEE 802.11 koxHy ioro moaudikarito
o(OpMIICHO OKpPEeMOIO crienudikalliero, o € HeBiJa €EMHUM CKJIATHUKOM CTaHIApTy.
3apa3 HaiouIb nomupeHuMu cnenudikamismu € 802.11 n, ac 1 ¢ O4iKyBaTH, 110
Taka CHUTyarlisi 30epekeThCs TMPOTATOM TPUBAIOTO Yacy. 3ampOBaKYy€EThCS
oOsagHaHHs 71 0e3mpoBoIOBUX Mepexk 3a crenudikamiero 802.11 ax, mo cyTTeBO
BIJIPI3HSETHCS BiJ MOMEPEAHIX BEpCii, B K BUKOPUCTAHO CHUCTEMY MHOKHHHOIO
noctyny OFDMA. Ha cranii cragmaptu3aritii 3naxoauthes TexHosoris IEEE 802.11
be.

JlocmimKeHHIO MPOIIECiB B Mepexkax NepelaBaHHs JaHUX MPHUCBSYCHO Oarato
JOCITITHUIIBKUX POOIT, ajle OTPUMaHi B HUX PE3yJIbTaTH YacTO € CYNEepEeWIMBUMU 200
OTpPUMaHI 3a CIPOIICHOIO CXEMOIO.

Oco6muBicts Mepexx IEEE 802.11ac € po3mmpeHHs 4YacTOTHOTO Jiana3oHy
YaCTOTHUX KaHajiB, 3aCTOCYBaHHS 0araToOmOTOKOBOTO T€pEelaBaHHA JaHUX,
3aCTOCYBaHHS KBaJAparypHOi Moaysmii HociiiHux yactor OFDM  cumBony
KBaJIPaTypHOIO  MOMYJISIEI0  30UIBIIEHOI  KpaTHOCTI.  TeXHOJoris  Mepex

IEEE 802.11ac € ocTraHHROO 1 HaWHOUIBII JOCKOHAJIOK TEXHOJOIIEK 13



3actocyBaHHAM moayJsiiii OFDM. IlpoBeaeni B nuceprariiiinii poOOTi TOCIIIKEHHS
JTIO3BOJIATH OUTBIN €PEKTUBHO BUKOPUCTOBYBATH MOXKJIMBOCTI 3a3HAUYCHOI TEXHOJIOTI.

B nmeprioMy po3iii HaBeEHO pe3yNbTaTi KPUTUYHOTO aHai3y 0COOIUBOCTEN
TeXHIYHUX pimeHb nepeadauenux creuudikamiero [EEE 802.11ac. 3oxpema
PO3TISHYTO MHUTaHHS JOCTYMy JO CEPEJOBHINA, YACTOTHI PECYpPCH, MOXKIHUBI IS
3aCTOCYBaHHs, CIIOCIO opradizaiii 4acTOTHMX KaHaJIiB B Mexax gianmazony S5 [T,
PO3IOILT Yacy 1 TPUBAJIOCTI YaCOBUX IHTEPBAI I/l YaC KOHKYPEHTHOTO JOCTYIY 0
KaHaTy, 0COOJIMBOCTI pajJiloKaHaTy 1 XapaKTePUCTUKU CUCTEM MOJYJISAIIT 1 KOJTyBaHHS.
Takox MpoaHaNi30BaHO CTPYKTYpPY KaJpy Oe3 arperyBaHHSI 1 arperoBaHoro Kajupy.
OkpeMo pO3MIISIHYTO CTPYKTYPY €JIEKTPOHHOI CHCTEMH TMepefaBaHHs JdaHuX 1
ocoOnMBoOCTI ii amapaTHOi peanizamii. Ha 3aBepiueHHs mepmoro po3aiiay HaBeIEHO
pe3yabTaTH OTJSAY JOCHIIKEHb EKCIUTyaTallliHUX XapakTepucTuk Mmepex |EEE
802.11ac, onpuiroJHEHUX B HAYKOBO-TEXHIYHUX 1H(OPMALIIMHUX JKEepeIax.

Hpyruil po3aul MPUCBAYEHO TEOPETUYHOMY OI[IHIOBAHHIO €KCIUTyaTalliHUX
xapakrepuctuk Mepex IEEE 802.11ac.

ITepm 3a Bce OOrpyHTOBAHO METOJ TOAAIBIIMX AOCHIKeHb. Ha mijcrasi
aHai3y METOJIB YacOBOTO CJOTy, 3ampomnoHoBaHoro J[x. B’sHK1, 1 mMeTomy, 1110
IPYHTYETHCS Ha KOHIIEMIll BIPTyaJlbHOTO KOHKYPEHTHOTO BIKHA, OOpaHO OCTaHHIN
OCKUIBKH B IIbOMY METO1 C(POPMOBAHO MATEMATHYHY MOJIE]b, B SIKI yCTAaHOBJIEHI
OJIHO3HAYHI 3aJIe)KHOCTI MDK CHUCTEMHUMHU TapamMeTpaMH 1 eKCIUTyaTalliiHuMuU
XapaKTePUCTHKAMH.

[3 3acTocyBaHHSM METOJy BIPTYaJbHOIO KOHKYPEHTHOI'O BiKHa 3pOOJIEHO
TEOPETUYHI JTOCHIKEHHSI MPOMYCKHOI 3/JaTHOCTI Oe3MpOBOJOBOrO KaHaly B pasi
BUKOpUCTaHHA 4acToTHUX cMyr 20, 40, 80, 160 MI'1y nns mepex 0e3 KOHKypeHIIi
(oHA CTaHIIS 3 HACHYCHUM HaBAaHTAXEHHS) 1 IS PKUMY KOHKYPEHTHOTO JIOCTYITY 3
YUCJIOM CTaHIId Big 2 10 16. B mocnimkeHHI pO3TJISHYTO PEKUMH MOMYJIALIL 1
koayBaHHs Bim MCSS 1o MCS9. OTtpuMaHO OLIHKM JIJIs1 3aTPUMKH TIepeaaBaHH 1 il
HEPIBHOMIPHOCTI.

3’sicoBaHO, 110 31 30UIBIICHHSAM K1JIbKOCTI aKTUBHUX CTaHIIIA Y MEPEXkKi 3pOCTae

HMOBIPHICTb TOTO, 0 HE BC1 CTAHIIi 3MOXKYTh NIEPEIaTH CBOT KaJIpH 3 BUKOPUCTAHHSAM



ceMu (MepIIoi 1 MecTH MOBTOPHUX) HaAaHUX CIpoO. 3aleXHO BiJl THMY KaJpiB 1
HaJIaITyBaHHS MEPEeXi Takl KaApu MOXKYTh OyTH BIAKMHYTI a00 OyayTh IIPOJIOBXKEHI
crpobu ix mepeaary.

31 30UIBIICHHSIM KUIBKOCTI aKTUBHUX CTaHIIA y O€3MpoBOJOBINA Mepexi
CyMapHa MpOITyCKHA 3JaTHICTh 3pOCTA€ B IHTEPBAJIl BiJ OAHIET 10 YOTUPHOX CTAHIIIN
BHACJTIIOK 3MEHIICHHS YCEPEIHEHOI BEIUYMHHM KOHKYPEHTHOTO BIKHA, a TOTIM
3MEHIITYEThCS Yepe3 BUHUKHEHHS KOJII31d, TUM IIBUAIIEC, YAM OUIbIIE CTaHIN Y
Mepexi. 3O0UIbIICHHS I[IMPUHU YacTOTHOI CMyrd O€3mpOoBOJOBOrO KaHaly B
OJIHOIIOTOKOBOMY PEXHUMIi € He Jay’ke e(peKTUBHUM 3aCO00M 301JIbIIIEHHS MPOITYCKHOT
3JJaTHOCTI KaHaJly 3a B1JICYyTHOCTI arperyBaHHs MaKeTU30BAHOI'O MOTOKY JIaHUX.

B pasi 3acTocyBaHHS arperoBaHux KaApiB A TE€pelaBaHHS HACHYCHOTO
Tpadiky (HanmpuKiIaa, «3aKaukay BENUMKUX (DaiiyliB) MPOMYyCKHA 3/aTHICTh
0€3MPOBOIOBOT0 KaHAIy 3HAYHO 3pOcTae. SIKIIO 3aCTOCYBATH arperyBaHHsS BX1JHUX
¢aiimie  PSDU no wakcuManeHOTO piBHS TnepeadayeHoro B cnenudikarii
IEEE802.11ac (11454 GaiiTn) npoIryCKHa 3/1aTHICTh KaHaTy 3pocTae 1 mepeBuirye S0,
MaKCUMaJIbHOI TEOPETUYHO PO3PaXOBAHOI BeMUMHU B KaHanax 20 1 40 MI'w.

Tpetiii po3din MPUCBAYEHO JOCTIPKEHHIO 30HU OOCIYyrOBYBaHHS TOYKH
nocTyny. BuzHaueHo paniyc 30HM 0OCITYyrOBYBaHHS JiJIsi CTaHIIIi 3 BUITPOMIHIOBAHOIO
noTyxkHicTio 100 MBT 111 BCIX MOXKIIMBUX PEXUMIB MOYJIALIT 1 KogyBaHHs MCS0 —
MCSO. TlpoBeneHo po3paxyHKH pajilyCy 30HU OOCITYyTrOBYBaHHS B pasi 3aCTOCYBaHHS
KUTBKOX MPOCTOPOBUX MOTOKIB ISl IEpeIaBaHHs JaHUX.

3’sCcOoBaHO, IO PO3MIp 30HM OOCITYrOBYBaHHS 3aJICKHUTh BiJ 3aCTOCOBAHOTO B
MepeXi peKUMY MOIYJISIIIT i KOAYBaHHS, 1 paJilyC 30HA MOKE 3MIHIOBATUCH JI0 JIECATH
paziB. Lleit po3mip 3aleXUTh TAKOX Bl IMIUPUHU YACTOTHOI CMYTH paJlOKaHAy 1
3MEHIIIYEThCS BABIYI, y pa3i 301IbIICHHS YACTOTHOI CMYTHM B YOTHPU pa3u. Xoda B
nianaszoni SI'T1 curHanu 4acTOTHUX CMYT OKpEMHUX KaHaliB Ha piBHI «MiHyc»20 nb
Maibke HE TEPEKPUBAIOTHCS, BHACHIAOK BIJHOCHO BEJIMKOI 1HTEHCHBHOCTI
M103aCMYTOBOTO BUITPOMIHIOBAHHS 1 BEJIMKOI UyTJIMBOCTI MPHUNMAaUiB, y CYMIKHHX
YaCTOTHHUX KaHajaX MOXKYTh BUHUKATH MOMITHI B3a€MHI1 3aBaJlM MiJ] Yac INepeaaBaHHs

npeaMOysd TONEpeNHiX crhenudikamii cTaHzapTy, IO 3MEHIIye e(PEeKTUBHICTh



BUKOPHUCTaHHS KaHAJIIBHOTO PECYPCY.

VY derBepTOoMy pO3IUII PO3TASHYTO MUTAaHHSA I[IOB’S3aHI 3 TIEpelaBaHHIM
rosmocoBoro Tpadiky B mepexkax IEEE 802.11ac 3i 3MimaHuM HaBaHTa)KCHHSIM.
HaBeneHo pesynbTaTH MOPIBHSUIBHOTO aHANI3y KOJEKIB Il 3acTocyBaHHs B [P-
Mepexax. Po3riasHyTo 0COOIMBOCTI TEHEPYBaHHS TOJIOCOBOTO Tpadiky 1 3po0aeHO
PO3pPaxXyHOK MaKCHMaJIBHO MOJKJIMBOI KUIBKOCTI TOJIOCOBHX 3’€IHaHb B MEPEXKi 3
OJIHIEI0 TOUYKOIO JocTymy. JJis po3paxyHKy BUKOPUCTAHO XapaKTEPUCTUKU HAWMEHII
edexkTuBHOrO Koaeky G.711.

TeopernyHo pocnimkeHo (YHKIIOHYBAaHHS MEPEX 31 3MIlIAaHUM TpadikoM, B
ONHIM 13 SKUX TPIOPUTU3OBAHMM  Tpadik CKIaNae€TbCd 13  HACHMYEHOTO
HU3BKONPIOpUTETHOTO  Tpadiky TtHmy «background» 1 BHCOKONPIOPUTETHOIO
rojocoBoro Tpadiky (voice over IP), a B iHII1# — 13 HacuueHOTO TpadiKy 3araJibHOTO
MPIOPUTETY «best efforty 1 BHCOKONPIOPUTETHOTO TOJIOCOBOrO Tpadiky.
OOrpyHTOBAaHO MOKJIMBICTh OpraHizaiii BEJIWKOi KUIBKOCTI (KUIbKa JECATKIB)
roJOCOBUX 3’€/lHaHb 4Yepe3 OJHY TOYKY JOCTYyIy. 3 YypaxyBaHHSIM TOIO, IO
texHoJorito IEEE 802.11ac npu3HaueHo A7 BAKOPUCTAHHS B IPUMIIICHHIX B MEXax
BIJIHOCHO HEBEJIMKOI 30HM OOCIIyrOBYBaHHs, BOHA € HaJIMHUM 3acOO0OM opraHi3aiii
rOJIOCOBUX 3’ €/IHAHb.

VY m’satoMy po3AuTi HaBENEHO pPe3yibTaTH EKCIEPUMEHTATBHHUX TOCHIIKEHBb
MPOIYyCKHOI 31aTHOCTI 6e3npoBoaoBoro kanainy IEEE 802.11ac B peansHux ymMoOBax.
Jnst AochipKeHHsT BUKOPUCTAHO CTAI[lOHAPHUWA KOMII IOTEp, K (ailiooOMiHHMIMA
CepBEp JIOKAJIbHOI Mepexki, JBa HOYTOYKH, OJWHI3 SAKUX 3  OJHIEIO
npuiiManbHO/TIEpeIaBaIbHOI0  aHTeHOa, a IHIMUA — 3 JBOMa, CMapThOHWU.
BumiproBaHHsS MPOMYCKHOI 3aTHOCTI MEpEeXl 3MIHCHEHO MPOrpaMHUMH 3aco0aMu
OpenWrt, Wi-Fi Analyzer, SpeedTest.

BuzHnaueHo, mo mnpu nepenaBaHHI HACHYEHOrO Tpadiky TOYKH JOCTYITY
3IACHIOIOTh arperyBaHHsi ¢aiiaiB, MakCMMalibHa BEJIMYMHA SIKUX BHU3HAYAETHCS
HaJAIITYyBaHHSIMH BUPOOHWKA. [IpakTU4HI BUMIPIOBAHHS MIATBEPIUIN PE3YIbTaTH
TEOPETUYHUX JOCHIKeHb. [lig dYac eKCIepuMEHTIB OTPMMAHO OIIHKUA BIUIMBY

HEY3TO/PKEHOCT1 aHTeH a0OHEHTCHKOI CTaHIIIi 1 TOYKHU JOCTYIY, a TAKOXX BIUIMB YMOB



0araTonmpoMeHeBOro PO3MOBCIOKEHHS HAa PIBEHb CUTHANY Ha BXOJ1 a0OHEHTCHKOT
cTaHIlii. 3po0JIeHO EKCIIEPUMEHTH 100 OpraHizallii roJIoCOBHUX 3’€IHAHb 3 YOTUPMA
cmapT@oHaMH B MEpEeXi 3 HACHYCHUM TpadikoMm, sKi MIATBEPAWSIN BUCHOBKHU
TEOPETUYHUX PO3PAXYHKIB.

OTpumaHi pe3ynbTaTH AOCTIIHKCHh MAIOTh MPAKTHYHE 3HAYCHHS 1 MOXYThH
OyTr e(heKTUBHO 3aCTOCOBaHI ISl IPOCKTYBAHHS, TUIAHYBAHHS Ta OOCITYTrOBYBaHHS
oe3npoBooBux Mepex ctanaapty IEEE 802.11ac, 31 3Mororo copmyBaTH IPOTHO3HY
OLIIHKY IIBUAKOCTI T€pelaBaHHS JaHUX, [Js OOIPyHTOBAHOTO IUIAHYBAHHS 1
posropranHs 6e3mpoBooBux VolP Mepex, y HaBUaIbHOMY IPOIIECi B AUCIUILIIHAX,
MOB’SI3aHUX 3 OpraHi3aii€ero 1 PyHKIIIOHYBaHHIM OE3MPOBOJIOBUX JIOKATBLHUX MEPEK
nepemaaBanHs ganux 3a crangapTom [EEE 802.11ac.

KuouoBi ciioBa: amapaTHi 3aco0u, BHUIPOMIHIOBaHA IOTYXKHICTh, 30HA
00CIIyrOBYyBaHHSI, €JIEKTPOMAarHiTHa CYMICHICTb, €JIEKTPOHHA CHCTEMa, KOHTEHT,
OIliHKa €()EKTUBHOCTI, MEPEKHI TEXHOJIOT11, MPOIMyCKHA 3/IaTHICTh, CIIOCIO0 MOMYJIALIT

1 KOJIyBaHHS, IIIMPUHA YACTOTHOT CMYTH.



SUMMARY

Omelyanets O. Influence of technological parameters on operational
characteristics of an electronic wireless data transmission system. — Qualifying
scientific work on manuscript rights.

Dissertation for obtaining the scientific degree of Doctor of Philosophy in
specialty 171 "Electronics". — National Technical University of Ukraine "Kyiv
Polytechnic Institute named after Thor Sikorskyi", MES of Ukraine, Kyiv, 2024.

The following new scientific results were obtained in the dissertation:

The method of studying the operational characteristics of wireless networks
based on the concept of a virtual competitive window for determining the quality
indicators of multimedia traffic transmission in mixed networks with prioritization

has been further developed;

The method for assessing the influence of technological parameters on the
marginal performance characteristics of an electronic wireless data transmission
system according to the IEEE 802.11 ac standard in the competitive access mode has

been improved,;

For the first time, assessments of the effectiveness of technological solutions
used to increase the throughput of a wireless electronic data transmission system
according to the IEEE 802.11 ac standard under conditions of limited energy

resources have been substantiated;

The theory of the functioning of a wireless data transmission network with
competitive access in traffic prioritization mode has been further developed.

The dissertation is devoted to an in-depth study of the influence of technological
parameters on the operational characteristics of an electronic wireless data transmission
system according to the 802.11ac specification to improve the process of designing and
operating these networks by taking into account the maximum possible level of quality

indicators.



The work uses an analysis method based on the concept of a virtual competitive
window, which allows taking into account all technological parameters for modeling
processes in electronic data transmission systems.

The content of the dissertation research is presented in five chapters, which
present the results of theoretical and experimental research.

In the introduction of the dissertation, the expediency and relevance of the
chosen direction of research are substantiated. It is shown that wireless LAN
technologies of the IEEE 802.11 standard (Wi-Fi) have become widely used as a means
of creating local data exchange networks and a means of accessing Internet resources.
Since its creation in 1997, the physical and channel layer technologies of IEEE 802.11
networks have undergone significant changes and improvements. Improvements are
aimed at increasing network throughput and improving quality indicators. Within one
IEEE 802.11 standard, each of its modifications is framed by a separate specification,
which is an integral part of the standard. Currently, the most common specifications
are 802.11 n, ac, and this situation should be expected to remain for a long time.
Equipment for wireless networks according to the 802.11 ax specification is being
introduced, which is significantly different from the previous versions, which used the
OFDMA multiple access system. The IEEE 802.11 be technology is at the
standardization stage.

Many research works are dedicated to the study of processes in data transmission
networks, but the results obtained in them are often contradictory or obtained according
to a simplified scheme.

A feature of IEEE 802.11ac networks is the expansion of the frequency range of
frequency channels, the use of multi-stream data transmission, the use of quadrature
modulation of carrier frequencies of the OFDM symbol by quadrature modulation of
increased multiplicity. IEEE 802.11ac networking technology is the latest and most
advanced technology using OFDM modulation. The research conducted in the
dissertation work will allow more effective use of the capabilities of the specified
technology.



The first section presents the results of a critical analysis of the features of the
technical solutions provided by the IEEE 802.11ac specification. In particular, the issue
of access to the environment, frequency resources possible for use, the method of
organizing frequency channels within the 5 GHz range, the distribution of time and the
duration of time intervals during competitive access to the channel, the peculiarities of
the radio channel and the characteristics of modulation and coding systems are
considered. The structure of the frame without aggregation and the aggregated frame
was also analyzed. The structure of the electronic data transmission system and the
features of its hardware implementation are considered separately. At the end of the
first chapter, the results of the review of the operational characteristics of IEEE
802.11ac networks published in scientific and technical information sources are given.

The second section is devoted to theoretical evaluation of operational
characteristics of IEEE 802.11ac networks.

First of all, the method of further research is substantiated. Based on the analysis
of the time slot methods proposed by J. Bianchi and the method based on the concept
of the virtual competitive window, the latter was chosen because in this method a
mathematical model was formed in which unambiguous dependencies between system
parameters and operational characteristics were established.

With the application of the virtual competitive window method, theoretical
studies of the bandwidth of the wireless channel were carried out in the case of using
frequency bands of 20, 40, 80, 160 MHz for networks without competition (one station
with a saturated load) and for the competitive access mode with the number of stations
from 2 to 16. Modulation and coding modes from MCS5 to MCS9 are considered in
the study. Estimates are obtained for transmission delay and its non-uniformity.

It is found that as the number of active stations in the network increases, the
probability that not all stations will be able to transmit their frames using the seven
(first and six retries) given attempts increases. Depending on the frame type and
network configuration, such frames may be dropped or continued attempts to transmit

them.



As the number of active stations in a wireless network increases, the total
throughput increases in the interval from one to four stations due to a decrease in the
average size of the contention window, and then decreases due to the occurrence of
collisions, the faster the more stations in the network. Increasing the frequency
bandwidth of a wireless channel in single-stream mode is not a very effective means
of increasing the bandwidth of the channel in the absence of aggregation of the
packetized data stream.

In the case of using aggregated frames for transmitting saturated traffic (for
example, "uploading” large files), the bandwidth of the wireless channel increases
significantly. If aggregation of incoming PSDU files is applied to the maximum level
stipulated in the IEEE802.11ac specification (11454 bytes), the channel bandwidth
increases and exceeds 50, the maximum theoretically calculated value in 20 and 40
MHz channels.

The third section is devoted to the study of the service area of the access point.
The radius of the service area for a station with a radiated power of 100 mW for all
possible modes of modulation and coding MCSO — MCS9 is determined. Calculations
of the radius of the service area in the case of using several spatial streams for data
transmission have been carried out.

It was found that the size of the service area depends on the modulation and
coding mode used in the network, and the radius of the area can vary up to ten times.
This size also depends on the width of the frequency band of the radio channel and is
halved if the frequency band is increased four times. Although in the 5 GHz range, the
signals of the frequency bands of individual channels at the level of "minus" 20 dB
almost do not overlap, due to the relatively high intensity of out-of-band radiation and
the high sensitivity of receivers, noticeable mutual interference may occur in adjacent
frequency channels during the transmission of the preamble of the previous
specifications of the standard, which reduces efficiency of channel resource use.

In the fourth chapter, issues related to the transmission of voice traffic in IEEE

802.11ac networks with mixed load are considered. The results of a comparative



analysis of codecs for use in IP networks are presented. The features of voice traffic
generation were considered and the maximum possible number of voice connections
in a network with one access point was calculated. The characteristics of the least
efficient G.711 codec were used for the calculation.

The functioning of networks with mixed traffic is theoretically investigated, in
one of which the prioritized traffic consists of saturated low-priority traffic of the
"background” type and high-priority voice traffic (voice over IP), and in the other — of
saturated traffic of the general priority "best effort™ and high-priority voice traffic. The
possibility of organizing a large number (several tens) of voice connections through
one access point is substantiated. Given that IEEE 802.11ac technology is intended for
indoor use within a relatively small service area, it is a reliable means of organizing
voice connections.

The fifth chapter presents the results of experimental studies of the bandwidth of
the IEEE 802.11ac wireless channel in real conditions. A stationary computer, as a
local network file sharing server, two laptops, one with one receiving/transmitting
antenna, and the other with two, smartphones were used for the research. Network
bandwidth was measured using OpenWrt, Wi-Fi Analyzer, and SpeedTest software.

It was determined that when transmitting saturated traffic, access points
aggregate files, the maximum size of which is determined by the manufacturer's
settings. Practical measurements confirmed the results of theoretical studies. During
the experiments, we obtained estimates of the influence of the mismatch between the
antennas of the subscriber station and the access point, as well as the influence of
multipath propagation conditions on the signal level at the input of the subscriber
station. Experiments were conducted on the organization of voice connections with
four smartphones in a network with saturated traffic, which confirmed the conclusions
of theoretical calculations.

The obtained research results are of practical importance and can be effectively
applied to the design, planning and maintenance of wireless networks of the IEEE

802.11ac standard, with the ability to form a predictive assessment of data transmission



speed, for reasonable planning and deployment of wireless VolP networks, in the
educational process in disciplines related to related to the organization and operation
of wireless local networks for data transmission according to the IEEE 802.11ac
standard.

Key words: hardware, radiated power, service area, electromagnetic
compatibility, electronic system, content, performance assessment, bandwidth,

modulation and coding method, frequency bandwidth, network technologies.
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IlepeJiik MO3HAYEHD | CKOPOYEHb

— Acknowledgment — kaap-miaTBepIKEHHS YCIIIIHOTO MPUAMaHHS Kaapy
JaHUX

Arbitration Interframe Space — ap6iTpakHHIT Mi>KKaJIpOBHIA IPOMIKOK
(4acoBwuii iHTEpBAI)

— Block Acknowledgment — kaap-miaTBepIKeHHS YCIIIITHOTO IPUHMAaHHS
0JIOKY KaJpiB JaHUX

— Best Effort (AC_BE) — «naiikpaiia cripo0ay; pe:KuM mnepenaBaHHs TaHNuX
13 3araJIbHUM MIPIOPUTETOM

— Background (AC_BK) — «(hoHOBHIT pe:xuM»; PEKUM MepeiaBaHHs TaHNX
13 HU3bKUM MPIOPUTETOM

— Clear-Channel Assessment — TeXHOJIOTisI OLIHIOBAHHS PiBHS
30BHIIIHBOIO BUIIPOMIHIOBAHHS B KaHaI

— clear to send — BinbHMIA 11 IEpeIaBaHHs, CIIy>KOOBUH KaAp-BiOBIIb
CTaHIIii-agpecara

— contention window — KOHKYpeHTHE BIKHO; MHO)KHHA YHCEJI, II[0 BU3HAYA€E
3aTPUMKY TIepejl OYaTKOM TepeIaBaHHs Kaapy

— Distributed coordination function — po3nosinena GpyHKIliss KOOPAUHALIIT,
(GyHKITS, IO BU3HAYAE CMIOCIO IOCTYIY JI0 CepeaoBUIIA TIepeaaBaHHs

— DCF Interframe Space — MixkapoBHii IPOMIXKOK, BU3HAUCHHIA
PO3MOIICHOIO (PYHKIIIEIO KepYyBaHHS

IEEE 802 — crnernudikarrist 6e3mpoBo1oBoi Mepesxi B Habopi mpoTokoiiB poauan IEEE

J1lac

L-LTF
LP
L-SIG
L-STF
MAC

MCS
MIMO
MU-
MIMO

OFDM

802.11 nns opranizauii jokanbHUX Mepex (WLAN) BHUCOKOT MPOMyCKHOT
31aTHOCTI B miana3oHi 5 [T

— Legacy long training field — cmagkoBe 10Bre TpeHyBalIbHE TOJIC

— Legacy preamble — cmragkoBa npeamOyiia

— CHaJKOBE TOJIe CUTHAIII3AIlT B TpeaMOyJIl KaJipy JaHUX

— Legacy short training field — cmagkoBe KOpoTKe TpeHyBaJIbHE TOJIE

— Medium Access Control — kepyBaHHs 10CTyIIOM JI0 CIiJIBHOTO
CepelOBHUIIA TIEPEIaBaHHs TaHUX

— Modulation Coding Scheme — cxema mMoaysiii i KoxyBaHHS

— Multiple-Input Multiple-Output — TexHoJOTIs TepeIaBaHHs
1H(OpMAaIIHHUX TTOTOKIB 3 OTHOYACHUM 3aCTOCYBaHHSM KIIBKOX
nepeaaBabHUX 1 KUIBKOX MPUMaNIbHUX aHTEH

— multi-user, multi-in multi-out — MeTon nepenaBanHs iHGOpPMAITiT KiTbKOM
KOPHCTYBauaM 13 3aCTOCYBaHHSAM KUJIbKOX IMepelaBaIbHUX 1 IpUMaTbHUX
aHTEH

— Orthogonal Frequency-Division Multiplexing — e Meton yIiiabHEHHS
yIpyIyBaHHSIM OPTOTOHAJIBHUX YaCTOT, cUCTeMa 0araTo4yacTOTHOI
MOIYJIAIIIT 1 KOyBaHHS
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OFDMA - Orthogonal Frequency-Division Multiple Access — ie MmeTon

QAM-
256

RST

SIFS
SoC

ST

VCW

VHT
VO
VolP

Wi-Fi

nepeaaBaHHs iH(opMariii 6araTboM KOPUCTYBa4aM OHOTO PaIiOCTIEKTPa 3
PO3MOIIIIOM yrpyITyBaHHS OPTOTOHAIBHUX YacTOT

— Quadrature Amplitude Modulation — kBagpaTypHa aMILTITYAHA
MOJTYJISIIIS, PI3HOBH/I OJTHOYACTOTHOI OaraTopiBHEBOI (256 piBHIB)

MOy JISIIIT

— Request to send — 3anut Ha nepenaBaHHs, CIIy>KOOBHH Kajp-
[MOB1IOMJICHHS

— Short Interframe Space — kopoTKuii Mi>kKaJpOBHI MPOMI’KOK

— System-on-Crystal — ckiagHa eneKkTpoHHa CHCTeMa, peajli3oBaHa Ha
OJIHOMY KpHCTal

— ST (slot time) — wacoBwuii c0T; iHTEpBA (hiKCOBAHOT TPUBAIOCTI JJIsI
dbopMyBaHHS 3aTPUMKH TIEPEAABAHHS KaJIPy

— Virtual contention window — BipTyaibHe KOHKYPEHTHE BiKHO;
CTOXaCTUYHMI nmapameTp 0e31poBo10BO1 Mepexi Wi-Fi1'y pexumi
HACHYEHOTO HABAHTAXKCHHS

— Very High Throughput — TexHoJtorisi 0e3MpOBOAOBUX MEPEXK 3 IyKE
BHCOKOIO MPOITYCKHOIO CITPOMO’KHICTIO

— Voice (AC_VO) — «1ipiopUTeT roJIOCOBOTO MOBITOMIICHHS; BUCOKHIA
MPIOPUTET NIEpeIaBaHHs Kaapy JaHUX

— Voice over IP (rosnoc uepe3 [P) — TexHomor1s iepejaBaHHs TOJI0COBOTO
Tpadiky y peaqbHOMY Yaci i3 3acTocyBaHHAM poauHu npoTtokoiis TCP/IP.
— Wireless Fidelity, Wi-Fi, WiFi (6e3npoBo/10Ba TOYHICTh BiITBOPCHHS) —
TOproBa Mapka MikHapoiHo1 opranizauii Wi-Fi Alliance ta
3arajJibHOBXKMBaHa Ha3Ba s cranaaprty IEEE 802.11
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BCTYII

OOrpyHTyBaHHSI BUOOPY TeMH J0CJIiIzKeHHs1. B Halll 4ac eJeKTpOHHI CUCTEMU
nepeiaBaHHsl JIaHMX BUKOPHUCTOBYIOTH B yCIX cdepax JisiibHOCTI. Taki cuctemu
CKJIQJIAIOTHCSA 3 CJICKTPOHHUX MPUCTPOIiB 00poOIeHHS 1H(QOPMAIITHUX TTOTOKIB 1 JITHIM
3B’s3Ky. [lommpennM TepMiHOM, I TAKOI CUCTEMH € «Mepexka MepeiaBaHHs JaHuX».
[upokoro 3acTocyBaHHs HaOyJIM SIK MPOBOJOBI MEPEXkKI MepelaBaHHs aHUX, TaK 1
OE3MpOBOJIOBI  MEpPEXK1 MEpelaBaHHS JaHUX, B SKUX HOCIEM CHUTHAJiB €
€JIEKTPOMArHITHI XBUII1, 1[0 PO3MOBCIOKYIOTHCSI B HABKOJUIITHBOMY CEPETOBHILLI.

MOXIJIMBOCTI €JEKTPOHHUX CHCTEM IEpElaBaHHs JaHUX 3aJ]eXaTh Bl
anroput™My (YHKIIOHYBaHHS CHCTEMHU (JOCTYNm [0 CEpeAOoBHINA TepeaaBaHHs,
npioputuzaiiss Tpadiky), 3aCTOCOBAHHUX aJITOPUTMIB OOpPOOJICHHS JaHMX 1
dbopMyBaHHS €IEKTPUYHUX CHUTHAIIB (MOAYJSIisl, MPOTU3aBagHE KOJyBaHHS,
mudpyBaHHs, CIIOCIO MepelaBaHHs CUTHAIIB), a TAKOXK BIJl TEXHIYHUX MOKIJIMBOCTEH
peanizyBaTy 3a3Ha4€Hi AITOPUTMHU €JIEKTPOHHUMHU anapaTHUMHU 3aCO0aMHU.

OnHuM 13 pI3HOBHJIB €JIEKTPOHHUX CHUCTEM IEpe/laBaHHs JAHUX € MeEepexi
noOynoBani 3rijHo 31 crannaptom [EEE 802.11.

TexHosorii 6e3npoBooBUX JoKaabHUX Mepex ctanaapty IEEE 802.11 (Wi-Fi)
Ha0yJIM 3HAYHOT'O MOUIUPEHHS SIK 3aC10 CTBOPEHHS JIOKAIBHUX MEPEX OOMIHY TaHUMU
1 3aci0 gocrtymny a0 pecypciB IatepHer. 3 yacy crBopeHHst y 1997 poini TexHOMOr1i
¢13uuHoro 1 kananbHOro piBHiB Mepex IEEE 802.11 3a3nHanu cyTTeBuUX 3MIH 1
YIOCKOHAJIEHHS. Y JOCKOHAJIEHHS CIIPSIMOBaH1 Ha 301IbIIIEHHS TPOIMYCKHO1 3aTHOCTI
MepexXi 1 MOMIMIICHHS SIKICHUX TIOKa3HUKiB. B Mexkax ognoro crannapty IEEE 802.11
KOXHY oro Moaudikarito oopMIIeHO OKpeMOto crienndikaiiieto, Mo € HeBil €MHUM
CKJIQJHUKOM CTaHAApTy. 3apa3 HalO1IbII nomupeHumMu crernudikaiismu € 802.11 n,
ac. 3ampoBaKy€Thbcs OONMaAHAHHS ISl OE3MPOBOIOBUX MEPEXK 3a CHerudiKaIiero
802.11 ax, 1m0 CyTT€BO BIIPI3HAETHCS BiJ MOMEPENHIX BEPCiil, B AKIH BUKOPUCTAHO
cuctemy MHOXuHHOTO aoctynmy OFDMA. Ha cranii cranmaptuzamii 3HaAXOIUTHCS

texnosoria [EEE 802.11 be.
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BaxnmnBoro ocobnusictio texHosorii IEEE 802.11 € 3BopoTHa CyMiCHICTb.
TobOto oOnagHaHHS, MO (YHKIIIOHYE 32 HOBUMHU CIEIHU(IKAISIMH € CYMICHHM 3
oOnasHaHHAM TonepeaHiX Bepciii. OCHOBHUM MPUHIMIOM (PYHKIIOHYBaHHS MEpPEx
IEEE 802.11 € npuHuIMO KOHKYPEHTHOTO JOCTYyMy, 3a SIKOTO BCl KOpPHUCTYyBaul
0e3mpoBOIOBOI MEPEKi MaIOTh OJIHAKOBI MPaBa JIOCTYITY 0 CEpEAOBHUIIA TIEPeIaBaHHs
iHpopmMartii. Takuii croci® AOCTyMy MPU3BOIUTH 1O BUHUKHEHHS KOMi31i B Mepexkax 3
BEJIMKOIO KUJIBKICTIO KOPUCTYBAUiB, 10 YCKJIAIHIOE MPoIiec PYHKI[IOHYBAaHHS MEpexi
1 IpU3BOAMTH JI0 AETpajallii IKICHUX TOKa3HHKIB.

MonenroBaHHIO TIPOIECiB B OE3MPOBOAOBUX Mepexax MPHUCBSIUYEHO Oarato
poOIT, ajie 4epe3 CKIAIHICTh IUX TMPOIECIB MNPaKTUYHI PEKOMEHIAIlli 1100
IUTaHyBaHHSI 0€3MPOBOJIOBUX MEPEX YaCTO IPYHTYIOTHCA HA pe3yibTaTax HaTYpHHUX
BUMIPIOBaHb 1 onepeaHb0 HadbyToro qocsiay. s Toro, mob kpamie ysBiIsTH BILIUB
OKpeMHX YHHHHUKIB Ha (PYHKIIOHYBaHHS O€3MPOBOJOBOI MEpexi 1 TUM CaMuM
MOJTIMIIIATH MPOIIEC MPOCKTYBAHHS TAKUX MEPEX HEOOX1THO yIOCKOHATIOBATH METOIN
JOCIIIJKEHHSI 3 ypaxyBaHHSM YyCiX YHMHHHKIB, IO BIUIMBAIOTh Ha EKCIUTyaTalliiHi
XapaKTepUCTUKU. J[esKi pe3yabTaTH HAIIMX MOMEPEAHIX AOCTIHKeHb 0e3MpOBOAOBOI
mepexi 802.11n HaBeaeno B [1]. B mexax aucepraiiiinoi poOOTH JOCIIIKEHO OCHOBHI
XapaKTEePUCTUKU  MEPExKi 802.11ac 1 oTpumMaHO OIIIHKA €(EKTUBHOCTI
YIOCKOHAJIEHHUX TEXHIYHUX PIIICHb 3aIPOIOHOBAHMX B Iii crienudikarii.

VY nianazoni 2,4 [T curnamm Wi-Fi Mepex po3moBCIO/DKYIOThCS Ha OUIbIIY
BiJIcCTaHb, HDK B Jiama3zoHi 5 I['Tm, ane HasABHICTP BEIUKOI KIIBKOCTI JDKEPEN
BUMIPOMIHIOBaHHS 1 MDKMEPEXKHHUX 3aBajJl CIIOHYKa€ PO3POOHHKIB TMPOTIOHYBATU
KOpHCTyBauaM HaJaBaTu mnepeBary aiamasony 5 ITn [2]. ¥V mianmazoni 5 I'Tn
GyHKIIOHY€E 3HAYHO MEHIIIE TEXHIYHUX CHUCTEM, IO MOXYTh OyTH JDKepelaMu 3aBal
st mepex Wi-Fi, a kpiM 1IbOTO B 3a3Hau€HOMY Jiama3oHi MOXKHA OpraHi3yBaTu
O1JIbIIIe YACTOTHUX KaHATIB 0€3 NIePEeKPUTTS YACTOTHUX CMYT MOPIBHSHO 3 A1ala30HOM
2,4 ITu. Ilpore, B miamazoni 5 [T peanpHI XapakTEPUCTHKHA MEPEXK CYTTEBO
BiZpi3HsIOTECA Bin 3anmexnmapoBanux [3]. Crammapt IEEE 802.11 mpusnaueno mis

oprasizaiii 0e3mpoBOJOBUX MEpex Ha (PI3UYHOMY 1 KaHAJIbHOMY PIBHSIX MOJAENI
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OSI. Ilutanaam moxao ¢yukuionyBanas mepex IEEE 802.11 na xananpHOMY piBHI
IPUCBSIUEHO 06AraTo MOCIIHKeHb, a MUTAHHS (DYHKIIOHYBaHHS Mepexi Ha (Q13HUHOMY
PiBHI 3aWIIAEThCs 3A€OUTBINIOTO 1Mo3a yBaroio ¢axisiiB. BogHouac mporecu, mo
MaloTh Miclie Ha (Di3UIHOMY piBHI, CyTTE€BO BIUIMBAIOTH HA XapaKTEPUCTHKU MEPEXKI 1
iX BpaxyBaHHS MOXe 3a0€3MEeYUTH Kpalll eKCIUTyaTalliiiHi MOKa3HUKU Mepexi B
JIOMY, 110 i BU3HAYA€ aKTyalIbHICTh MPOBEACHUX JOCIIIKEHb.

MeTtorw auceprariiftHoi poOOTH € 3pOOUTH TOTIUOICHE AOCIIHKCHHS BIUIUBY
TEXHOJOTIYHUX MapaMeTpiB Ha eKCIUTyaTalildHl XapaKTePUCTUKH EJEKTPOHHOI
0e3MpoOBOJIOBOT CUCTEMM IMepefaBaHHs JaHuUX 3a cneuudikamiero 802.11lac ans
YJIOCKOHAJIEHHS TPOIIeCy MPOEKTYBaHH 1 €KCILTyaTallli 3a3HaueHUX MEPEX IIITXOM
BpaxyBaHHS TPAaHUYHO MOXJIMBOIO PiBHS SIKICHUX ITOKAa3HHKIB.

JUIsi NMOCATHEHHST METH JUCepTaliiHOI POOOTH HEOOXIAHO BHPIIIATU TakKi
3aJJaHHS:

— JOCIIIUTHU €KCILTyaTalllitHl XapaKTEepUCTUKH MEPEXKI B PEKUMI
KOHKYPEHTHOT'O JIOCTYIY 3aJIEKHO B1J] 32CTOCOBAHOIO PEXKUMY (PYHKIIOHYBaHHS;

— MIPOAHAJII3yBaTH MapaMeTPu 30HU OOCTYTrOBYBaHHS TOUKH JOCTYIY MEpexki
cranaapty IEEE 802.11ac, 3anexxHo0 BiJl mapamMeTpiB MOJYJISILIT il KOAYBaHHS, a
TaKOX B3a€EMHHI BIUTHB cCyMibKHUX Mepex ctannapty IEEE 802.11 na craGinbHICTh
iX (DyHKIIIOHYBaHHS;

— JOCTIIUTU €(DEKTUBHICTh 3aCTOCYBAaHHS TEXHOJIOT1i (POPMYBaHHS MPOMEHIB
Ta TEXHOJIOT1i faratonoTokoBoro nepenaBanns nanux (MIMO) 3a ymoBu 0OMekeHOT
BUINIPOMIHIOBAHOI MOTY>KHOCTI TOUKH JOCTYIIY;

— JocIiauTU €(hEeKTUBHICTh 3aCTOCYBaHHS MplopUTH3allii Tpadiky B Mepexax 3i
3MINIaHUM Tpadikom;

— 3pOOUTH EKCIIEPUMEHTANIbHY MEPEBIPKY OTPUMAHUX PE3YJIbTATIB.

006’exkTOM JTOCHTIKEHHS € 0e3MpOBOJOBI €IEKTPOHHI CUCTEMHU IepeIaBaHHS
JaHMX.

IIpenmeroMm foCHiKEHHS € BIUIMB TEXHOJONIYHHMX HapaMeTpiB  Ha
eKCIUTyaTallliiHI XapaKTepUCTUKU EIEKTPOHHOI O€3MPOBOAOBOT CHCTEMH NIEpeIaBaHHs

nanux 3a cranaaptoM IEEE 802.11ac.
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Metoau pocaimkennsi. [Ijis BU3HAUCHHS] HAMPSMIB JTOCIIKEHb 3aCTOCOBAHO
KPUTHYHUN aHaNi3 HAYKOBHUX MaTepiajiB 3a TEMOIO AUCEPTallii; MOPIBHSIBHUM aHami3
3aCTOCOBAHO JJIsi BUOOPY METOY JOCIIPKEHHS MPOIIECiB B OE3MPOBOIOBUX Mepexax
nepefaBaHHs JaHUX 3 KOHKYPEHTHUM JIOCTYIIOM; JIJIsl BU3HAUEHHS CKCIUTyaTallliiHIX
XapaKTePUCTHK 3aCTOCOBAHO METO/T OI[IHIOBAHHS ITPOLIECIB B OE3MPOBOOBUX MEPEKAX
nepenaBaHHs JaHUX, [0 IPYHTYETbCS HA KOHIICMIIi BIPTYyalbHOTO KOHKYPEHTHOTO
BIKHA; TEOpis HWMOBIPHOCTEH IS OIIHIOBAHHS TMIPOIECIB TIEpPEeIaBaHHS aymdio
iHdopmalli B Mepexax 31 3MIIIAHUM HAaBaHTAXXEHHSAM, METOJ HaTypHOIO
€KCIIEPUMEHTY JJIsl MIATBEPAKEHHSI IOCTOBIPHOCTI OTPUMAaHUX PE3YJIbTATIB.

Oco0ucruii BHecoK 3100yBaya. B poO0Tax TEOPETUYHOT0 XapaKTePy 3a TEMOIO
aucepTamii  3700yBady  HaleXUTh OOIPYHTYBaHHA 1 IUIaHYBaHHS HampsMiB
JOCIIIJIKEHb, 3/IIMCHEHHS] TEOPETUYHUX JOCIIIKEHb 1 IHTepIpeTanis pe3yabTaTis. B
po0OOTI EKCIEPUMEHTAILHOTO XapakTepy 3700yBay OpaB ydyacTh B oOprasizaiii
EKCIIEPUMEHTY, aHalli31 1 IHTeprpeTaIii pe3yabTariB.

HaykoBa HOBH3HA.

1. OtpumaB mnoAanbIIUi PO3BUTOK METOJ JMOCTIKCHHS EKCIUTyaTaliiHuX
XapaKTEepUCTUK OE3MPOBOJAOBUX MEPEX Ha MIAIPYHTI KOHIEMNIi BipTyalabHOTO
KOHKYPEHTHOTO BiKHA IS BHU3HAUEHHS IIOKAa3HUKIB  SIKOCTI  IEpeIaBaHHS
MYJIBTUMENINHOTO Tpadika B 3MINIAHUX MEPEKax 3 MPIOPUTUBAITIELD;

2. YIOCKOHAJICHO METOJ| OI[IHIOBaHHS BIUIMBY TEXHOJIOT1YHHMX IapaMeTpiB Ha
IPaHUYHI EKCIUTyaTalliifHl XapaKTEPUCTUKU EJIEKTPOHHOI Oe3MpOBOMIOBOI CHCTEMH
nepenaBanHs AaHux 3a crapaptom [EEE 802.11 ac B pexumi KOHKYpPEHTHOTO
JOCTYTY.

3. Bmepiie oOGrpyHTOBAaHO OINIHKM €(QEKTUBHOCTI TEXHOJOTIYHUX PIIICHb,
3aCTOCOBAHUX IS MIABUIIICHHS MPOMYCKHOI 31aTHOCTI 6€3MPOBOIOBOI €IEKTPOHHOT
cuctemu nepenaBannsa naHux 3a crapgaptom IEEE 802.11 ac 3a ymoB oOMexeHOro

€HEPreTUYHOro pecypcey.
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4. Otpumaina TOJANbIINK PO3BUTOK Teopis (YyHKIIOHYBaHHS OE3MPOBOAOBOI
MepexXi IMepefaBaHHs JTaHUX 3 KOHKYPEHTHUM JIOCTYNIOM B PEXUMI MpiopuTe3arii
Tpadiky.

I[IpakTnyHa 3HAYUMICTHL POOOTH TONSITa€E B MOXKIUBOCTI BUKOPHCTaHHS
OTPUMAaHUX PE3yJIbTATIB:

1. Jlns mpoeKkTyBaHHs, MJIaHyBaHHS Ta 00CIyroByBaHHS 0€3MPOBOIOBUX MEPEK
crannaptry IEEE 802.11ac, 31 3Moroio chopmyBaTé MPOTHO3HY OIHKY IIBHIKOCTI
nepeaBaHHs J1aHuX, 3aJ€KHO BiJl MICISl PO3TalllyBaHHS KOPUCTYBALIbKOI CTaHIIii B
30HI OOCIYyroByBaHHS TOYKM JOCTYNy Ta HasABHUX NEPEHIKOJ Ha IIIAXY
posmnosctokeHHs OFDM curnaiy 1 BiJi HaSBHOCTI 1HIIMX, OJM3bKO PO3TalIOBAHUX
mepex [EEE 802.11.

2. lna oOTpyHTOBAHOTO IUTAHYBaHHS 1 po3ropTraHHs 0e3mpoBonoBux VolP
MEpPEK.

3. Anst mpuitHATTS pilmeHHs [moao0 BUOOPY oOJaaHaHHSA A Oprasizarii
oe3npoBooBoi Mepexki 3a cranaaproM IEEE 802.11ac.

4.V HaByaJIbHOMY MpOIECI B AMCIMIUIIHAX, IMOB’S3aHUX 3 OPraHi3aIi€ro i
(GyHKILIOHYBaHHAM O€3MPOBOJOBHUX JIOKAJIBHUX MEpPEX INepelaBaHHs JaHuX 3a
crangapTom IEEE 802.11ac.

Anpobania pe3yabrartiB aucepraunii. OCHOBHI pe3yJbTaTU IUCEpTaIIiHOI
poOOTH ONMPUIIIOAHEHO Y 8 HAYKOBHX pOo0OTaxX, Y TOMY 4ucCil y 4 cTarTsax (haxoBUX
BHJIaHHAX YKpainu kateropii b, 2 mgomoBiai Ha MDKHApogHUX KodepeHIsax 1 2
nonoBial Ha BeeykpaiHChKHX KOH(EpeHIisX.

[lin wac HaBYaHHS B acHmipaHTypl OCHOBHI TIOJIOKCHHS Ta pe3yibTaTH
JTUCePTaIiitHOi poOOTH BUCBITIICHO B TaKUX ITyOJiKAIIIsIX:

1. 0.0. Omelianets. Evaluation of the Limitation of Operational Parameters of the
IEEE 802.11 ac Network in the 20MHz Channel/ O.0. Omelianets, V.S. Lazebnyi //
April 2024Microsystems Electronics and Acoustics 29(1) / DOI:10.20535/2523-
4455.mea.297580

2. OmenpsiHenp O. O. EnextpomartitHa cyMicHicTh Oe3npoBogoBux mepex IEEE

802.11ac / O. O. Owmenbsuenp, B. C. JlazeOuuii, // TexHomnorii Ta 1HXUHIPUHT. —
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2024. — Ne 1 (18). — C. 67-76/ DOI: 10.30857/2786-5371.2024.1.7 — URL.:
https://er.knutd.edu.ua/handle/123456789/26213

3. 0.0 OwmenbsHens. OcoOMMBOCTI TMEpeiaBaHHS TOJOCOBro Tpadika 3acobaMu

oe3npoBomoBoi Mepexxi IEEE 802.11 ac/ Owmenbsaenr O.0., JlaszeOuuii B.C.//
Pamiorexnika, Ne216, 2024p., 94 — 102/ https://doi.org/10.30837/rt.2024.1.216.09

4, Jlazeonmit B.C., Imp UYennsn, Owmenwsnenp O.0. J[locmimkeHHS peanbHOI
MPOMYCKHOI CHPOMOXKHOCTI 0€3MpoBOI0BOi 1H(pOpMaLIHHOT Mepexi crenudikarii
IEEE 802.11 n // Bueni 3amucku THY imeni B.I. Beprancekoro. Cepis: TexHi4HI
Hayku, Ne 5 Part 1, Vol. 29 (68), pp. 155-160, 2018 - URL:

https://www.tech.vernadskyjournals.in.ua/archive?id=38

5. 0.0 Owmenbsuens. OLIHIOBAHHS €KCIUTyaTalliHUX XapakTepuctuk mepexi [EEE
802.11 ac 3 xanamom 20MI'1/Omenbsaens O.0., Jlazeonuit B.C. //V International
Scientific and Practical Conference «RICERCHE SCIENTIFICHE E METODI
DELLA LORO REALIZZAZIONE: ESPERIENZA MONDIALE E REALTA
DOMESTICHE» "AOI'OX", c.221-230/ https://doi.org/10.36074/logos-
26.04.2024.046

6. 0.0 OmenssHens. OcobmmBocTi 3acTocyBanHs 6e3npoBiaaux Mepex IEEE 802.11
ac g nepenaBaHHsl TojocoBoro Tpadika /OmenbsHens O.0., Jlazeonuit B.C. //VI
International Scientific and Theoretical Conference «Theoretical and practical scientific
achievements: research and results of their implementation», bonounss, ITamis, 26 kBITHS
2024, Collection of  scientific papers "SCIENTIA", ¢.100-107/
https://doi.org/10.36074/scientia-26.04.2024

7. Iap YenmsH. JlocnmipKeHHS OCOOJMBOCTEH PO3MOBCIOMKCHHS 1H(GOPMAIIHHNX
BijleonoTokiB mepexkamu crangapty 802.11 / Iup Yennsn, Omenssnens O. O.,
Jlaze6umii B. C. // EnextponHa ta AkycTuyHa [HXKeHepis : HAyKOBO-TEXHIYHHI
xypHan. — 2019. — T. 2, Ne 2. — C. 30-35. — bibmiorp.: 14 na3s. — URI:
https://ela.kpi.ua/handle/123456789/33664 DOI: https://doi.org/10.20535/2617-
0965.2019.2.2.163110
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8. Enextponna ta Akyctuuna Imkenepis, 2(1), 43-49, 2019 — Anaii3 moka3HHKIB
YCHIIIHOCTI TepeAaBaHHs 3BYKOBUX IIOTOKIB 3acobamMu Oe€3MpOBOJOBOI Mepexi
cragmapty 802.11, 1Imp UYennsn, JlazeOuuit B.C., Owempsnens O.0.,
https://doi.org/10.20535/2617-0965.2019.2.1.1631009,
http://feltran.kpi.ua/article/view/163109

Ctpykrypa i 00’°em aucepramii. J[uceprariis CKIagaeTbCs i3 BCTYIMy, I SITH
O3B, 3arajJlbHUX BHCHOBKIB, CIIMUCKY JpKEpesl MocuiaaHHs 1 goaarkiB. [loBHui
o0csr poboTH ckianae 162 cropinku, 45 pUCYHKIB, CIIMCOK BUKOPUCTAHUX JHKEpEN 13

76 naliMeHnyBaHb Ha 9 ctopinkax, 2 nonatku Ha 10 cTopiHkax.
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1 AHAJII3 OCOBJIMBOCTEN ®YHKIIIOHYBAHHSI MEPEX
IEEES802.11AC HA ®IBUYHOMY I KAHAJIBHOMY PIBHAX

1.1 3aranbHa XapaKTepPUCTHKA TeXHIYHMX o0co0JuBOCTell crnenudikamii

IEEE 802.11 ac

Texnomoris  6e3npoBomoBux Mepexk IEEE 802.11ac € pe3ymbraTom
eposmoriiHoro  po3Butky TexHojorii IEEE 802.11n. 3nadnoro 30imbmieHHS
PO3paxyHKOBOI MPpomycKHOi 31aTHOCTI Mepex cranaapty IEEE 802.11 ac nocsrayTo
BHACIIJIOK YJIOCKOHAJEHHS MEXaHI3MIB JOCTyny J0 O€3npOBOJOBOrO KaHamy 1
nepenaBaHHsl  1HQOpPMAIIMHUX TOTOKIB, PO3MIMPEHHS Jiama30Hy CHCTEMHHX
napameTpiB. 30Kpema s 30UIbLIEHHS MPOIYCKHOI 3aTHOCTI Oe3MpOBOJOBOTO
kanamy mepexi IEEE 802.11 ac nepenbadueHo MOKIHMBICTh BUKOPUCTOBYBATH KaHAIN
3 mupuHOK 4YacTtoTHOi cMmyru 20, 40, 80 1 160 MI'l, a Takok 3aCTOCOBYBaTH JJIs
HociiHuX uactoTr OFDM curnamy monynsiito Outbmioi kpatHocti (QAM-256)
MOPIBHSHO 3 HANOUIBIIO KPATHICTIO MOAYJIALIT, 3aCTOCOBAHOI B TEXHOJOTI]
IEEE 802.11 n (QAM-64). KpiM TOr0 301IBIICHO KIJIbKICTh TPOCTOPOBUX MOTOKIB IS
OIBII THYYKOi pealti3alii TEeXHOJIOTii 0araTomoTOKOBOIO TMeEpelIaBaHHS JdaHUX
(MIMO), a Takox crporieHo nopiBHsHO 31 crienudikariero IEEE 802.11 n mexanizm
JOCTYNy JO KaHaly B pexuMi Ayxke MmBUAKOro nepenaBanHs manux (VHT).
Cneundikamiero IEEE 802.11 ac mepeabaueHo 3aBXAM aKTUBYBAaTH  PEKUM
arperyBaHHsl KaJpiB, HaBITh B TOMY pa3i, KOJM HEMa 4Yeprd Ha TMepeaaBaHHS 1
nepeiaBaHHsl BIIOYBAE€ThCS MO OJAHOMY KaJpy IO Mipl HAIXOJKEHHS, a TaKOX
nepea0aueHo 3aBXK/M BUKOPHUCTOBYBATH PEXXUM MIPIOPUTHU3AIIIT KaIpiB BIAMOBIIHO J0

ix Bmicty [3].

1.2 OcoOumBocTi opraxizamii A0CTynmy A0 cepelOBHINA IEepeJaBaHHA B

Mmepe:kax cranaapty |[EEE 802.11ac

YacrotHi cmyru MoxiumBuX paniokaHamiB  mepex IEEE 802.1lac B

Helnen3oBanomy aiana3oni 5 I'T'i HaBeaeHo Ha puc.1.1 [2, 4].
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Pucynok 1.1 — Po3nonut 4acTOTHUX CMYT HENiIEH30BaHOTo Alanazony ST

Binbm cBITIMMHM CMyXKamMu T[I03HA4€HI 4YacTOTHI KaHalu, $KI BBEJCHO
nonatkoBo i moTped mepex IEEE 802.11ac B CIIIA.

VY BepxHid yacTuHi fgiarpamu, puc.l.l, HaBeaeHO HyMepalil0 KaHaiB
3apmmmpmiku 20 MI' 3riiHO 3 po30MBKOIO HENiIEH30BaHOro niamasony S5 I'Tn Ha
yacToTHI cmyru 1o 5 MI' 1 BiAMOBiAHOT iX Hymepailii, HaBeJeHoi B PermamenTi
enekTpo3B’si3ky MCE. 3rifHo 3 BHAUIEHMM YacTOTHUM PECYPCOM ISl OpraHizarlii
mepex [EEE 802.11ac B mianmazoni 5 [T B YkpaiHi 1 IHIIMX €BPONEHCHKUX KpaiHax
MOXHa opraHizyBatu 19 kaHamiB 3 yacToTHow cmyror 20 MIn, 9 kanamis 3
4acTOTHOIO cMyTor0 40 MI'li, 4 xaHanu 3 yactoTHOO cMmyror 80 Ml 1 2 kaHanu 3
yacToTHOIO cMmyroro 160 MI'u. Cranuii mepexi IEEE 802.11ac MaroTh 000B’13KOBO
nigrpumyBatu cmyru 20, 40 ta 80, a cmyry 160 I'T'1i, sk 101aTKOBY MOXIIUBICTH |2,
4].

1106 kpailie BUKOPUCTOBYBATH JOCTYIHUIN YaCTOTHUHN pecypc B crienudikarii
802.11ac BBeeHO PO3MO/ILI KaHATIB HA TIEPBUHHI 1 BTOPUHHI 200, IHIITUMHU CIIOBaMH,
Ha OCHOBHI 1 HEOCHOBHI. OCHOBHMI KaHajl — II€ KaHaJ, KWW MPU3HAYEHO TOYII
JOCTYMY JJIsl MOCTIHOTO BUKOPUCTaHHS, @ HEOCHOBHHMM KaHaj TOYKa JOCTYITy MOXeE
BUKOPHCTOBYBATH JJIsi 30UIBIICHHS MPOMYCKHOI 3/aTHOCTI B pasi, SKIIO YaCTOTHA
cMyra HEOCHOBHOI'O KaHaiy BlLabHAa. Ha puc. 1.2 HaBeneHO IpuKIag NpU3HAYEHHS
OCHOBHUX 1 HEOCHOBHUX KaHaJIB 3 Pi3HOIO MIMPUHOIO YaCTOTHOI cMyru. Ha pucyHky

HpOiJIIOCTpOBaHO KOHHGHHiIO HAaWHMKYMX BOCHBMH AOCTYIITHUX KaHaJIIB. J_—[JI}I
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oprasizaiii J0CTymy 10 KaHaixy B TexHojorii Mmepex 802.11 3aBxkaum 3aCTOCOBYIOTh
IpOIEAYPY OIIHIOBAaHHS YHM BIIBHHHM KaHaj. BaXTMBHM KOMIIOHEHTOM CTaHAAPTY
802.11ac € cmoci6, 13 3aCTOCYBaHHSIM SIKOTO TOYKa JOCTYIy MOXE€ JHHAMIYHO
NEpPEeMUKATH TMPOIYCKHY 3JaTHICTh KaHAIy IJIs KOXKHOTO OKpemoro kanapy. Komm
JOCTYITHAM € IIMPOKUN KaHal, TOYKAa JOCTYIy MOXKE€ aBTOMATHYHO 30UTBIINTH
HMIMPUHY YACTOTHOI CMYTH 1 TUM CAMHM 3aCTOCYBAaTH O1JIbIII HIBUAKOCTI MEpelaBaHHs
JaHuX. SIKIO JOCTYNHUUN JIMIIE OCHOBHHUM KAaHAN 3 BY3bKOK) YACTOTHOK CMYIOIO
KaHaiy, Toal Touka npoctymny |EEE 802.11ac noBepraerbes 10 poOOTH TIIBKH B MEXKaX
YacCTOTHOI CMYTH HBOTO KaHamy. [[si BU3HAUEHHS MOXIJIMBOCTI BHKOPHCTOBYBATU
YaCTOTHI CMYTH, K OCHOBHOIO, TaK 1 HEOCHOBHOTO KaHaJiB TiepeadadyeHo
3aCTOCOBYBATH YJIOCKOHAJIEHY MpOIIeypy OlLiHIOBaHHS 4yu BUibHUM kaHan (CCA —
Clear-Channel Assessment).

Homep kaHany 36 40 44 48 52 56 60 64

20 My, 20 My
NepBUHHUN | | BTOPUHHWIA

40 Mly 40 My
BTOPUHHUIA nepBUHHUN

80 My 80 My,
BTOPUHHUN NepBUHHUN

160 MI'y

Pucynok 1.2 — [Ipukian po3nofiny 4aCTOTHUX CMYT OCHOBHHMX 1 HEOCHOBHHX
KaHaiB [2, 5]

Ha mpaktumi cranmis |EEE 802.11ac Moxke y3romkyBath BUKOPHCTaHHS
YaCTOTHOTO CIEKTPY 3 CYMDKHUMH MepexaMu Habarato eeKTUBHIIIE, HIXK CTaHIIIS
IEEE 802.11n, ockiiibku  BUSIBJIEHHS  aKTHUBHOTO  MEPEXHOTO  OO0JaJHaHHS
IEEE 802.11ac Ha HEOCHOBHUX KaHaIaX peaslii30oBaHO 3HAYHO Kparllle.

EdexkTuBHICTD plllIEHHS 1010 3aCTOCYBAaHHS MOHATTS MEPBUHHUX 1 BTOPUHHUX
KaHaJIIB MOJsrae B TOMY, IO II€ HAJa€ MOMJIMBICTh KUIBKOM MepeKaM CHUIbHO
BUKOPHCTOBYBAaTH TOW CaMU{ YacTOTHHI mpocTip. Yepe3 BeNUKy Pi3HOMAHITHICTD
IOPUCTPOIB 1 BUMOTM CTOCOBHO INBMJIKOCTI MEpelaBaHHsA [aHUX, MEPexa, fAKY
po3po0IeHO 11715 3a0e3MeYeHHs] MAKCUMATbHOT IITBUKOCTI 3 BUKOPUCTAHHSAM KaHaJIiB

160 MTI't, He 3aBxau moTpeOyBaTUMeE IMOBHOI MPOITYCKHOI 3/aTHOCTI KaHaiy. JIBi
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MepeXi 3 MAaKCUMAJTbHUMU YaCTOTHUMH CMyTaMH MOXXYTb CIIJIbHO BUKOPUCTOBYBATH
onuH kaHan 160 MI'. Bonu 0611Bi MOXKYTh NiepeaBaTH KaJIpy B YACTOTHUX CMyTax
80 MI'tt ogHOYACHO, SIKIIO 3T1IHO 3 HaJAIITyBaHHSM iXHI OCHOBHI kKaHaimu 80 MI'1t
pi3HI.

MOXIMBICTh CIUJIBHOTO BUKOPUCTAHHS OUTBII ITMPOKUX KaHATIB 3aJICKHUTh BiJ
3patHocTi mpuctporo |EEE 802.11ac BusiBisiTM mpoliec mepeaaBaHHs HE JIUIIE HA
CBOEMY OCHOBHOMY KaHaji, ajie¢ i Ha OyAb-SKMX BTOPUHHUX BUKOPHCTOBYBAHHX
kaHanax. B mepexxax 802.11n MoiauBOCTI oliHOBaHHS BuIbHOro kanamy (CCA —
clear channel assessment) B HEOCHOBHHMX CMyrax 4YacToT OyjM OOMEXKeHi, TOMy
posropranus nBox Mmepex |IEEE 802.11n 3 mepekpuTTsiMm 30H 0OCIyroByBaHHS Ha
MpaKTHUI[l BUMarajgo, o0 OCHOBHI KaHajau Oyau oaHakoBuUMH [6]. B oOmamnanH1
mepexx IEEE 802.11ac mepenbadyeHO YJIOCKOHAJIEHY TEXHOJOTIIO OI[IHIOBaHHS
3aitHsaTOCTI (CCA) HEOCHOBHOIO KaHaTy, TOMY JBI MEpeki MOXKYTh (DYHKIIIOHYBaTH
napajielbHO 3 BHUKOPUCTAaHHSAM OCHOBHHMX YacTOTHUX CMyTr 1 3a Haroau
BUKOPUCTOBYBAaTH YACTOTHY CMYTy HEOCHOBHOTO KaHAlly, IO MPU3BOAHUTH O
30UJIBIIICHHS TTPOITYCKHOT 3/1aTHOCTI. Y ockoHaeHni mexaHi3M CCA 3acTOCOBaHUM y
cnenugikamii 103BOJSE peadi3oByBaTH KiJbKa CIEHApIiB JJIi PO3TrOPTaHHS MEpEex
IEEE 802.11ac.

JIisi  BU3HA4YEHHS TOYKOK JIOCTYNY YHM BUIBHMM KaHal IepeadoadeHo
BUKOPHUCTOBYBAaTH OJHOYACHO JBa METOAM OLIHIOBaHHS PIBHS €JIEKTPOMArHiTHOTO
BUMPOMIHIOBAaHHS B KaHali: BUSABIEHHS curHairy Wi-Fi 1 Bu3HaueHHS piBHA
paaloyacTOTHOI €Heprii B KaHaml. 3riJHO 3 MEpPIIMM METOAOM, MpUiMay MOYMHAE
JIEKOTyBaTH CUTHAI, 110 HaaxoauTh Bif iHIuX Mepexx IEEE 802.11, a 3rigHo 3 Apyrum
— MpuiiMad OIIHIOE PIBEHb Pa/I0OYaCTOTHOTO CUTHAIY JOBIIBHOTO TMOXOJKCHHS B
YaCTOTHIM CMy31 KaHaIy.

[ToporoBi 3Ha4eHHsI PIBHIB CUTHAIIB, 0 BU3HAYAIOTH 3aWHSTICTh KaHAIY,
HaBezieHo B Ta0u.1.1 [2].

VY pasi niiapHOro po3ropTaHHs 0€3MPOBOJIOBUX MEPEK HA OOMEXKEH1H TepUTOPIi

Tpeba BpaxOBYyBaTHU MOKJIMBUN B3aEMHUI BILJTUB CUTHAJIIB CYMIKHUX YACTOTHHX CMYT.



31

Tabmuns 1.1 — IloporoBi 3Ha4eHHs PiBHS MOTYXKHOCTI 7Sl BUSIBJICHHS  BIJIBHOTO
KaHaITy
Curnansuuit opir, | CUTHaJIbHUI NOPIT, .
[lIupuna KaHaiy, . . Enepretnunui
nbm (ocHOBHUI nbm (HeoCHOBHUH :
MI'm nopir, 1bm
KaHaJ) KaHaJ)
20 -82 -72 -62
40 -79 -12 -59
80 -76 -69 -56
160 -73 HE BU3HAYCHO HE BU3HAYCHO

Ileli BIIIMB BU3HAYAETHCA PIBHEM CHUTHANIB, C)OPMOBAHUX 3 YpaxyBaHHSIM

4acTOTHO1 Macku, puc. 1.3.

CriexrpansHa minsHicTs (ab) A a3
TeKTpanbHa MacKa

30 Yacrtora Ml 1)

Pucynok 1.3 — CrniekTpanbHa Macka JJisl KaHaITy 3 4aCTOTHOXO cMmyroro 20 MI'i

mepexi IEEE 802.11 [7]

CnekTpagbHa Macka pO3MOAUTY I03aCMYTrOBOI'O BUIIPOMIHIOBAHHS OJHAKOBa

g gactoTHuX kaHams 20, 40, 801 160 MI'.

1.3 Po3moaisi yacy B peKUMi KOHKYPEHTHOrO [JOCTYNy B Mepe:Kax 3a

cnenudikamiero IEEE 802.11ac

OCHOBHE MPaBWJIO JOCTYIY /0 KaHAIy 3aJIUIIAETHCS HE3MIHHUM 1 TIOJISITaE B

TOMY, 1110 KaJp MOKe OyTH MepeaaHuid, IKIO CepeIOBUIIIE NepeiaBaHHs BUTbHE. UH €
MOJKJIMBICTh CKOPUCTAaTUCh CEPENOBUILEM, 3aJIEKUTh Bl TOr0, HACKIJIbKU IIUPOKUN

KaHaJl mepea0avyeHo NS mepeaBaHHs. SIKIo B 4aCTOTHIN CMy3i poOOYOTO KaHATy
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BUSIBJICHO DPIBEHb EJIEKTPOMArHITHOI €HEpTii, M0 IEepPEeBHINYE TOPOTOBUK pPIBEHb
3aMHATOCTI, IPUCTPIH 3A1HCHIOE TIPOIEAYPY BIATEPMIHYBaHHS, 100 OTPUMATH JOCTYTI
JI0 KaHaJTy TIICIIs HOTO 3BUIBHEHHS.

[locnimoBHICT  YacCOBUX  IHTEpBANiB, MepeadaueHUX ISl PEKUMY
KOHKYPEHTHOTO J0CTyny, HaBeneHo Ha puc. 1.4. Crneuudikauiero nependadeHo
peainizoByBaTu Tpaauiiauii pesxkuM goctymy RTS/CTS 1 000B’s13k0BY peaizallito
npioputuzaiii Tpadiky. [licas 3BITbHEHHS YaCTOTHOTO KaHAy CTaHIIis, [0 TOTOBA J0
nepeaaBaHHs KaJapiB JaHUX BiJpaxoBye MDKKaApoBuid apOiTpaxuuit intepan AIFS,
BiIpaxoBy€ IHTEpBaI OYIKyBaHHS KOHKypeHTHOro BikHa CW, o0ymoBienuii
JYMIBHUKOM 3BOPOTHOTO BIJUTIKY, 1 Tiepeaae kaap RST, mo Mictuth iHpOpMaIIito npo
TPUBAJICTh NIEPEIaBaHHS 1 IEAKY 1HIIIY CUCTEMHY 1HQOpMaIlito. Y BiJIMOBI/Ib HA 3aIUT
CTaHIIis, JI0 SIKO1 3aITaHOBaHO TiepenaBaHHs, Haacwiae kaap CTS. 3rimHo 31 cxemoro,
HaBeJIEHOI0 Ha puc. 1.4 MDK KajpamMu NEpellaHMMU B OJHOMY LMK JOCTYIy O
KaHaJly 3aCTOCOBAaHO KOPOTKI MikKaapoBi iHTepBamu SIFS, mo yHemoxmmBitoe
CIpoOu HIIMX CTaHIIN JaHOT MEPEXi CKOPUCTATUCH KAHAJIOM JIJIsl TIEpe/IaBaHHs CBOIX
JaHUX. 3a TaKOi CXEMU JOCTYIy KoJi3isl (0JIHOYACHE MepeaBaHHs KaApiB KITbKOMa

CTaHITiSIMHA) MO>KJIMBA TUJTLKH IT1T Yac TiepenaBands kaapiB RTS.

16 mKkc
AIFS ' cw LP RTS | siFs LP VHTP Data
—_—— . — — = — — cemeeaed
6 M6it/c 24 M6it/c 16 mKe 6 M6it/c 6 M6it/c 16 MKC

| siFs LP TS | siFs LP BA

—_ —

6 M6it/c 24 M6it/c 6 M6iv/c 24 M6ir/c

Pucynok 1.4 — Cxema po3nofiny yacy B peXXKuMi KOHKYPEHTHOTO TOCTYITY

Ha cxemi posmominy uacy [3] 3pobOnaeHo Taki mno3nauenus: AIFS —
MDKKaapoBui apOitpaxuuit inTepBai; CW — inTepBan, copmoBaHuil T1UMIBHUKOM
3BOpOTHOro Bimmiky; LP — ycmankoBana mnpeamOyna; RTS — BwmicT Kaapy
MOBIJIOMJICHHST TIPO JOCTYyH 10 KaHany s mnepenaBanHs;, SIFS — koporkuit
MiXKanapoBui iHTepBan, 16 mkc [2, 8]; CTS — BMicT Kajapy BiONOBiAI BiJl CTaHIIIi-
azpecaTta mpo MOXIIMBICTh nepenaBanHs; VHTP — mpeamOyna gyxe IMIBHIKICHOTO

pexuMy nepenaBanHs (s nepenaBanHs MK cranmismu |EEE 802.11ac); Data —
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OJIOK KOPHUCTYBALIbKUX JAaHUX pa3oM 3 1H(OpMAILi€l0 MPOTOKOJIB BHUCOKUX PIBHIB
mozeni OSI); BA — 6510koBuit Kaip-BiIMOBIAL MPO IPUHHATHN Kaap JaHUX B MEpexKax
3 MIMPOKUM yacToTHUM KaHasioM (40, 80, 160 MI'r) abo ACK — B Mepexi 3 4aCTOTHOIO
cmyroro 20 MI.

3a3HaunMMo, 110 TPUBAIICTh MIXKKAAPOBOro apoOiTpaxkHoro iHTepBaiy AIFS i
TPUBAIICTh IHTEPBAILY B1IPaX0OBAaHOTO JITYMIBHUKOM 3BOPOTHOTO BIAJIIKY 3aJIC)KHUTh Bij
TUNy JAaHMUX 1, BIANOBIAHO, HAJaHOTO MpioputeTy. JlaHi AJig po3paxyHKy 3rajaHuX

iHTepBaiB HaBeAeHO B Ta0. 1.2 [9].

Tabmuus 1.2 — CucteMHi mapaMeTpu i PI3HUX KJIACIB KOPUCHOTO HaBAHTAKECHHS

[Tapamerpu EDCA 3a no4aTKOBUM HaJAIITYBAHHSM JIJII KOKHOIO KJIACy JOCTYITY
Knac noctymy CWhin CWax AIFSN
®onosuii (AC_BK) 15 1023 7
Kpama cnpo6a (AC_BE) 15 1023 3
Bigeo (AC VI) 7 15 2
['omoc (AC _VO) 3 7 2
Vcemagkosanui DCF 15 1023 2
*AIFSN — yucno (N) onsa eusnawenus mpusaiocmi apOimpaicHo2o iHmepeaty
(AIFS).
Tpusamicts iHTepBaty AIFS Bu3HauarTh 3a popmysioro [9, 10]:
AIFS[AC_XX] = SIFS+ AIFSN-ST, (1.1)

ne ST (slot time) — TpuBamicte wacoBoro cioty, ST = 9 mkc, XX — tun
npiopuTrsoBaHoro tpadika, Tadn.1.2 .

TpuBanocTi MiXKKaapOBUX IHTEPBAJiB, MPOTATOM SKUX CTaHII Mepexi He
3MIACHIOIOTh N1 JJIsl AOCTYNy 1O KaHally, MaloTh Taki 3HaueHHA: SIFS= 16 mkc
(KopoTKui intepBan), DIFS (ycnaakoanmit  DCF) = 34 mkc,
AIFS[AC_BE] = SIFS+3-ST = 16+39= 43 wmxc, AIFS[AC VO] =
SIFS+2-ST = 16429 = 34 mkc, AIFS[AC_BK] = SIFS+7-ST = 16+7-9 = 79 mkc.

MDKKaPOBUI

VY pa3i BUHUKHEHHS KOJi3ii cTaHLii 3A1MCHIOIOTh TOBTOPHY CIpOOy mepeaatu
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KaJpH JaHUX 1 3aBaHTAXYIOTh B JIYMWIBHUK 3BOPOTHOTO BIJUTIKY YMCIO 13 MHOKHUHU
KOHKYPEHTHOTO BiKHA, 301JIbIITYBAHOTO 3a JBIMKOBUM ITOKa3HUKOBHUM 3aKOHOM 3T1JTHO

31 criBBigHOIIEHHIM [11]

CW:=2(CW+1) -1, (1.2)

ne CW — yucrnoBe 3Ha4eHHsS] KOHKYPEHTHOTO BIKHA, II0 BU3HAYAE MHOXHHY
qHcell, 13 AKUX CTaHI[S BUIAJAKOBHUM YMHOM BHOMpAE UMCIO AJIA 3aBAaHTAKEHHS B
JIYWIBHUK 3BOPOTHOTO BIJIIKY.

VY pasi nepegaBaHHs MPIOPUTHUIOBAHOTO TpadiKy MEPIIO0 OTPUMAE AOCTYI A0
KaHaJly CTaHIisl, SKa 3aCTOCOBYE MEHUIMM KOHKYPEHTHHH MDKKaJpOBHUH IHTEpBal
AIFS 1 mae kopotmmii iHTepBan 3aTtpumku CW, oOyMOBIEHHI TIYUIBHUKOM
3BOPOTHOTO BIJTIKY.

Crangaprom nepeadauyeHo MOKIMBICTE BUKOPUCTOBYBATH KpIM MEPUIOi cripoOu
e micTb noBTOpHHUX crpod (R =6) mepematu kKaap AaHUX Yy pa3l BUHUKHEHHS
KUIBKOX KOMi3ii mocnuib. [IpoTe BUPOOHWUKH MEpeKHOTO OOJagHAHHS YacTo
BUKOPUCTOBYIOTh CBOi OPHUTIHQJIbHI AJITOPUTMH TOJIOJAHHS KOJMi3ii 1 MOBTOPHOTO
nepeaaBaHHs KaJapiB B pasl ix BTpatu. Hanpukian, gesiki BAPOOHUKHU HANAIITOBYIOTh
oOnajHaHHS Tak, MO0 MICHS TPEThOi HEBJATIOi CHpoOM mMepenaTd Kaap CTaHIlis
aBTOMATUYHO Iepexouia Ha OUTbII 3aBaJOCTIMKUI PEXKUM MOIYJIALII 1 KOAyBaHHS
(MCS 3 MEHIIINM THIEKCOM).

[Ticns KOXHOTO YCHINTHOTO TIepEeNaBaHHS CTaHIliSI TIOBEPTAETHCA B CTaH
MOYAaTKOBOTO HAJIAIITYBAHHS 1 3aBAHTAXKY€E JIYMIBHUK 3BOPOTHOTO BIJJTIKY YHCIIOM 13

MHOKHUHH, 00MeskeHOT CWin.

1.4 OcobsmBocTi pagiokanaay mepexi IEEE 802.11ac

VY wmepexax IEEE 802.11, moumnaroun 31 cneuudikarii IEEE 802.11a, mis
nepegaBaHHs 1H(QOpPMaIITHUX TOTOKIB 3aCTOCOBYIOTh CHUCTEMY 0araro4acTOTHOI
monymsanii 1 komyBanHs OFDM. Illupuna 6a30BOi 4aCTOTHOI CMYTH pajlliOKaHATY

ctanoButh 20 MI'. V¥V cneuudikamnii [EEE 802.11n mepeadayeHO MOMIMBICTD
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BUKOPHUCTOBYBAaTH yacToTHY cMmyry 40 MI'n, a B crienudikarii 802.11ac nepenbayueno
JIOAATKOBY MOXJIMBICTh BUKOPHUCTOBYBaTH 4acToTHI cmyrd 80 MIm it 160 Ml
(omiiino) [2, 3]. Uepe3 0OMeKEHICTh YaCTOTHOTO PECYPCY CTaHAAPTOM IepeadaueHo
MO>KJIMBICTh CTBOPIOBATH PaJII0YaCTOTHUN KaHaj 3 YacTOTHOK cmyroiro 160 MIm
o0’eHaHHAM JBOX CcyMmikHUX cMmyr mno 80 MI abo nusixom OJHOYACHOTO
BUKOPHUCTAHHA JBOX HECYMDKHUX cMyT 1o 80 MI11.

st hopMmyBaHHS yrpymyBaHHs opToroHanpbHHUX uYactoT OFDM cumBomiB
4acTOTH HOCIMHUX po3HeceH1 Ha 312,5 k['1. KibKicTh HOCIHHUX Y4acTOT MPOMOpITiiHA
IIMPHUHI YAaCTOTHOI CMYTU BIJMOBIIHOTO KaHaiy. [IeBHy 4acTHHY HOCIMHHMX 4acTOT
(MIOTH1 HOCI¥HI ) BUKOPUCTOBYIOTH JIJIs OI[IHIOBAHHS IePEIaBaIbHOT XapaKTEPUCTUKU
KaHally. 3arajbHy KUIBKICTb HOCIMHMX YacTOT JUIsl pajioKaHaiB 3 PI3HUMH

YaCTOTHUMH CMYTaMH i KUTbKICTh IMIJIOTHUX HOCIHHUX HaBeaeHO B Tabu. 1.3 [2].

Tabnuis 1.3 — XapakTepucTHKa HOCIMHUX Y4acTOT Palo4acTOTHUX KaHaJIiB

[upuna 3arampHa | KuipkicTh Kinekictes | Bimnocua | BigHocHe
YaCTOTHOI'O | KIJIBKICTh | CUTHAJBbHUX | IIUIOTHUX | YacTKa 30LJIBIIIEHHS
KaHaiy, HOCIMHUX | HOCIHHUX HOCIHHUX | MUIOTHUX | MPOIMYCKHOT
MI'm JacTOT HOCIMHUX, | 3JaTHOCTI
% KaHaITy

20 56 52 4 7 1

40 114 108 6 5 2,1

80 242 234 8 3 4,5

160 484 468 16 3 9,0

CumBonn OFDM cknanaetbest 3 KOPUCHOTO IHTEPBANy TPUBAIICTIO 3,2 MKC 1
3aXuCcHOro 1HTepBay. IlepenbadyeHO MOXKIMBICTH BHUKOPHUCTOBYBAaTH 3BUYAWHMIMA
3aXWCHUU 1HTepBaa TpuBaIicTh 0,8 MKC 1 KOPOTKUI 3aXUCHUMN THTEPBaAT TPUBAJICTIO
0,4 Mxc B pexxumi ay»ke msuakoro nepeaasanus (VHT). Tpusanicts cumBory OFDM
CTaHOBUTHME B1AMOBIAHO 4 MKC a00 3,6 MKC.

Ha Bigminy Bix cnemudikamii IEEE 802.11n B crenmdikamii IEEE 802.11ac
nepeadayeHo MEHIIy KUTbKICTh PeKUMIB MOYJISILIT 1 KoyBaHHs (MCS) ny1st HOCIMHUX
gactor OFDM cumBomy. Ycboro nepeadaueno aecsts pexxkumis (0, 1, 2, ..., 9), Tabm.

1.4.
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Tabnuns 1.4 — Iapamerpu curnanie OFDM wmepexi IEEE802.11ac (VHT _MCS)

20 MI'g 40 MI'g 80 MI't 160 MI'u
HT [VHT S, Mb6/c . S, Mo6/c . S, Mo6/c . S, M6/c .
mcs|mcs [V Ko MIn s MIn/ cssi MIn] cssi Min! s
800mc|400uc|SNR 800mc 400uC|SNR 800uc|400uc|SNR 8001c|400uc|SNR

OpuH IpOCTOPOBUH MOTIK
0 0 BPSK 12 | 65|72 |2 |-82|135| 15| 5 |-79|293|325| 8 |-76|585| 65 | 11 |-73
1 1 QPSK 172 13 [ 144 |5 |-79| 27 | 30 | 8 |-76|585| 65 | 11 |-73| 117 | 130 | 14 | -70
2 2 QPSK 34 1195217 |9 |-77| 405 | 45 | 12 | -74|87,8|975| 15 | -71 |175,5| 195 | 18 | -68
3 3 | 16-QAM | 1/2 26 | 289 |11 |-74| 54 | 60 | 14 |-71| 117 | 130 | 17 | -68 | 234 | 260 | 20 | -65
4 4 |16-QAM | 3/4 | 39 | 433 |15 |-70| 81 | 90 | 18 | -67 [1755| 195 | 21 | -64 | 351 | 390 | 24 | -61
5 5 | 64-QAM | 2/3 52 | 57,8 |18 | -66 | 108 | 120 | 21 | -63 | 234 | 260 | 24 | -60 | 468 | 520 | 27 | -57
6 6 |64-QAM | 3/4 |585| 65 |20 |-65]|121,5|135| 23 | -62 |263,3|292,5| 26 | -59 [526,5| 585 | 29 | -56
7 7 | 64-QAM | 5/6 65 | 722 |25 |-64| 135 | 150 | 28 | -61 [292,5| 325 | 31 | -58 | 585 | 650 | 34 | -55
- 8 |[256-QAM | 3/4 | 78 |86,7 |29 |-59| 162 | 180 | 32 | -56 | 351 | 390 | 35 | -53 | 702 | 780 | 38 | -50
- 9 |256-QAM | 5/6 - - | 31|-57| 180 | 200 | 34 | -54 | 390 |433,3| 37 | -51 | 780 |866,7| 40 | -48

JIBa mpocTOpOBUX MOTOKU
8 0 BPSK 112 13 | 144 | 2 |-82| 27 |30 | 5 |-79|585| 65 | 8 |-76| 117 | 130 | 11 | -73
9 1 QPSK 1/2 26 (289 | 5 |-79| 54 | 60 | 8 |-76| 117 | 130 | 11 | -73 | 234 | 260 | 14 | -70
10| 2 QPSK 3/4 | 39 [433| 9 |-77| 81 | 90 |12 | -74|1755| 195 | 15 | -71| 351 | 390 | 18 | -68
11 | 3 | 16-QAM | 1/2 52 | 57,8 |11 |-74| 108 120 | 14 | -71 | 234 | 260 | 17 | -68 | 468 | 520 | 20 | -65
12 | 4 |16-QAM | 3/4 | 78 |86,7| 15 |-70| 162 | 180 | 18 | -67 | 351 | 390 | 21 | -64 | 702 | 780 | 24 | -61
13 | 5 | 64-QAM | 2/3 | 104 |115,6| 18 | -66 | 216 | 240 | 21 | -63 | 468 | 520 | 24 | -60 | 936 |1040 | 27 | -57
14 | 6 |64-QAM | 3/4 | 117 |130,3| 20 | -65 | 243 | 270 | 23 | -62 |526,5| 585 | 26 | -59 | 1053 | 1170 | 29 | -56
15 | 7 |64-QAM | 5/6 | 130 |144,4| 25 | -64 | 270 | 300 | 28 | -61 | 585 | 650 | 31 | -58 | 1170 {1300 | 34 | -55
- 8 |[256-QAM | 3/4 | 156 [173,3| 29 | -59 | 324 | 360 | 32 | -56 | 702 | 780 | 35 | -53 | 1404 | 1560 | 38 | -50
- 9 |256-QAM | 5/6 - - | 31|-57| 360 |400 |34 |-54| 780 |866,7| 37 | -51 | 1560|1733 | 40 | -48

TpH IPOCTOPOBHX TOTOKH
16| 0 BPSK 12 |195|217| 2 |-82| 405 | 45 | 5 |-79|878|975| 8 |-76|1755| 195 | 11 | -73
17 | 1 QPSK 1/2 39 |433| 5 |-79| 81 | 90 | 8 |-76 |1755| 195 | 11 | -73 | 351 | 390 | 14 | -70
18 | 2 QPSK 3/4 | 585 | 65 | 9 |-77|121,5|135 | 12 | -74 |263,3{292,5| 15 | -71 |526,5| 585 | 18 | -68
19 | 3 |16-QAM | 1/2 78 | 86,7 |11 |-74| 162 (180 | 14 | -71 | 351 | 390 | 17 | -68 | 702 | 780 | 20 | -65
20 | 4 |16-QAM | 3/4 | 117 | 130 | 15 | -70 | 243 | 270 | 18 | -67 |526,5| 585 | 21 | -64 | 1053|1170 | 24 | -61
21| 5 |64-QAM | 2/3 | 156 |173,3| 18 | -66 | 324 | 360 | 21 | -63 | 702 | 780 | 24 | -60 | 1404 | 1560 | 27 | -57
22 | 6 |64-QAM | 3/4 |1755| 195 | 20 | -65 | 364,5| 405 | 23 | -62 | - - |26 |-59|1580|1755| 29 | -56
23 | 7 | 64-QAM | 5/6 | 195 |216,7| 25 | -64 | 405 | 450 | 28 | -61 |877,5| 975 | 31 | -58 | 1755|1950 | 34 | -55
- 8 |[256-QAM | 3/4 | 234 | 260 | 29 | -59 | 486 | 540 | 32 | -56 | 1053|1170 | 35 | -53 | 2106 | 2340 | 38 | -50
- 9 |256-QAM | 5/6 | 260 [288,9| 31 | -57 | 540 | 600 | 34 | -54 | 1170|1300 | 37 | -51 | - - |40 |-48

Hpumitka. HT MCS — mBunkicauii pexum 3a crnernudikaiiero IEEE 802.11n; VHT MCS — nyxke
mBHAKICHUN pexxuM 3a crienudikaniero IEEE 802.11ac; S — mBuakicTs nepenaBanns 010Ky ganux; SNR —
BimHomeHHs curnan/mrym; RSSI (Received Signal Strength Indication) — miniManbpHe 3HaUSHHS OTYKHOCTI
Ha BXOJIi TpUitMaya.
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[TapameTpu nux pexuMiB HaBeaeHO B Tab6i.1.4 [12]. Kpim pexxumiB Moay i i
KOJlyBaHHS B 11 TaOJWIll HaBEJEHO MiHIMaJIbHI 3HAYCHHS PIBHIB CUTHAJIB 1
BIIHOIIICHHS CUTHAJI/IITYM Ha BXO/Il NMpUiiMadya a0OHEHTCHKOI CTaHIIii 6€31pOBOAOBOT
Mepexi A1 TPbOX CIEHapiiB (YHKIIIOHYBaHHS MEpexXi: 3 OJHUM, JBOMA 1 TpbOMa
MIPOCTOPOBUMH MOTOKAMH.

VY mepuioMy CTOBIMYHKY TaOu.1.4 HaBeIEHO HyMEpalilo PeXUMIB MOIYJIALIT i
koxyBanHsa (MCS) ms mepex cnemudikarii IEEE 802.11n (HT _MCS), y npyromy —
st mepex cnienudikanii [EEE 802.11ac (VHT MCS).

Xoua crangaptoMm IEEE 802.11ac nepenbayeHo MOXKIMBICTE BUKOPUCTOBYBATH
70 BOCBMH NPOCTOPOBUX IOTOKIB, MPOTE, 10 OKPEMOT0 KOPUCTyBaua 3aJ€KHO Bij
KUIBKOCTI TPUMUMaNbHUX aHTEH B aOOHEHTCHKOMY IMPHUCTPOi TOYKA JOCTYIy MOXKE
CIPSIMOBYBaTH OJIMH, JIBa 200 TpU MOTOKU. M0O1IbH1 Teie(hOHU MaIOTh 3a3BUYAN OHY
aHTEHY, HOyTOYKH MaroTh OJIHY a0o /Bl aHTeHH, agantepu Wi-Fi MatoTh 1B1 aHTEHH,
a JIesIK1 creniajibHl KOPUCTYBALBKI MPUCTPOI MOXKYTh MAaTH J10 YOTUPHOX aHTEH.

BaxnuBuM cucTeMHHM mapaMeTpoM Oe3MpoBOJOBOI MEpexki, IO 3HAYHO
BIJTMBA€ HA 11 eKCIUTyaTallliHI XapaKTePUCTUKH € BUIIPOMIHIOBaHA MOTYXHICTh
nepefaBaya  MEPEeXHOi CTaHlii. MakcuMmanbHy HOTYXHICTh BUIPOMIHIOBAHHS
pamioenekTpoHHuX 3aco0iB (PE3) 6e3npoBomoBux mepex cranmapty IEEES02.11 B
yacToTHIN cMy31 5150 — 5850 MI'y B YkpaiHi periiaMeHToBaHO noctaHoBoro KabineTy
MinictpiB Ykpainu Ne 801 Big 15 munus 2022 p. 3okpema B Hil BU3HAY€HO, IO
«ekcruryaraiist pagiooonaaaanas ctanaaptie IEEE 802.11n, IEEE 802.11ac i IEEE
802.11ax 31HCHIOETHCS BUKIIOYHO BCEpEIMHI MpUMilIeHb BiAmoBiaHo A0 BO1 3a
yMoBU BukopucTtanHs B PE3 iHTerpoBanux (KOHCTPYKTHBHUX ) HECIIPSIMOBAHUX aHTCH
13 koedimienTom miacuaeHHs 10 9 nbi Ta 0OMEKEHHS MaKCHMaIbHOI €KBIBaJICHTHOI

130TPOIHOI BUITPOMIHIOBAJIbHOT OTY>KHOCTI 10 100 MB1» [13].

1.5 Ctpykrypa kaapy

Jlis BU3HAYEHHSI MPOIMYCKHOI 3AaTHOCTI O€3MpOBOAOBOI Mepexi 1 IHIIUX

eKCIUTyaTalllfHUX MOKa3HUKIB BaXKJIMBO 3HATH CTPYKTYPY KaJpy 1 TPUBAIIICTh OKPEMHX



38

yactuH kanapy. Y cnerudikarii IEEE 802.11ac mepeadadeno crpoieHy mopiBHSIHO 3
IEEE 802.11n cTpykTypy Kaapy 1 B TOH >Xe€ Yac 3a0e3le4YeHO CYMICHICTh 3
nonepeaniMu crienudikamismu cranaapty IEEE 802.11. IlpeamOyna cimyk00BuX
KaJpiB Ma€e CTPYKTypy KalpiB momepenHix crneuudikarmiii. CTpykTypa Kaapy AaHHX
MICTHTh TIpeaMOyITy KaJpiB mornepenHix crnerudikamiii 1 mpeamOyay cyto 802.11ac,
puc.1.5 [14].

3aronoBok kaapy naHux 802.11ac micTuTh 1Bl peaMOyiu: npeamOyy KaJIpiB
cnernudikaiii 802.11a i npeamOyy ay»e mBHUAKICHOTO pexumy nepeaaBanus (VHT),

Ky CIIPUMMAarOTh TUIbKM cTaHIii 802.11ac.

OFDM Mo.,qynﬂuiﬂ . - Mogynsuis pexumy VHT
(opHakoBa ans BCiX KOPUCTYBavYiB) (npu3HavyeHa KOXXHOMY KOPUCTYBauy)
8 mkc 8 mkc 4 mkc 8 mkc 4 mKkc 8 mMkc 4 mkc Pi3Ha
VHT- VHT
L-STF L-LTF L-SIG| VHT-SIG-A STF VHT-LTF SIG-B Data

Pucynok 1.5 — ®opmar kaapy ¢izudHoro piHs mBHaKicHOro pexumy (VHT)

[TpeamOyna nonepennix crenudikaiii ckiramgaersbes i3 moiiB L-STF, L-LTF, L-
SIG 1 3aBxmu Mae tpuBaimictb 20 mkc. Lo mpeamOyny 3aBxaM nepenaroTh 13
3aCTOCYBaHHSAM HaWOUIbII 3aBafoCcTiKoi Moxynamii 1 komyBanHs (MCS0) 31
mBUAKICTIO 6,5 M06iT/c. B mpeamOyi € 1Ba TpeHyBaIbHI MOJIL: KOPOTKE TPEHYBAIbHE
nosie (L-STF) 1 nosre tpenyBanbsHe none (L-LTF). ITone (L-SIG) BUkopucToBYy€eTHCS
cragaprom 802.11a qist onucy MBUAKOCTI EpeJaBaHHS JTaHUX 1 TOBXHUHU Kaapy y
OaiiTax.

[TpeamOyna pexxumy VHT mMoske OyTH pi3HOT TPUBAIOCTI 3aJIEKHO B1J] KITBKOCTI
IIPOCTOPOBUX MOTOKIB. BOHa MICTUTB TI0OJIe CHTHAII3AIT, PO3MOAICHE Ha JIB1 YaCTUHH
VHT A (VHT-SIG-A) i B (VHT-SIG-B). Pa3om mi 1Ba moJisi OMKMCYIOTh aTpUOyTH
KaJpy, Takl K MIMPUHA KaHATy, MOJYJSIIsA Ta KOAYBaHHS, a TAKOX T€, YU € KaJap
OJTHOKOPHUCTYBALIbKUM 4 OaratokopuctyBaibkuM. Takox npeambyna VHT mictuth

nBa TpenyBanbHi 1ot VHT-STF (kopotke tpenyBanbHe nione) i VHT-LTF (mosre
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TpeHyBaibHEe Tmo0je). TpuBamicte monss VHT-LTF 3amexuTs Bim KUIBKOCTI
BUKOPUCTOBYBAaHUX MPOCTOPOBUX MOTOKIB. Haitmena tpuBainicts 24 Mxc, puc.1.5.

[Tone nanux (Data) MiCTUTBH MakeT MPOTOKOJY BHILOTO PiBHS a00, MOXKIIUBO,
CYKYITHUH (arperoBaHHii) Kajp, 10 MICTUTh KUIbKa MAaKEeTIB BUIIOTO piBHI. Dopmar
noJyis JAaHUX HaBeqeHO Ha puc.l.6. OcCkiIbKM TMOJ€ JaHUX 3HAXOIAUTHCS MICIs
3arojioBKa, HOro mepeaarTh 3 MaKCHUMajdbHO MOXJIMBOIO IMIBUIKICTIO, OMHCAHOIO
3aroJIOBKOM (hi3MUHOTO PiBHSA. Y Cl IaHi lepeiatoTh y popMmaTi arperoBaHoro kajapy A-
MPDU. HagiTth oauH Kajp, nepenarwTs y TakoMmy Gopmari [2].

Po3ninpHUKY 0JIOKIB JaHUX 3 OKPEMUMH TaKETaMH BUIIIOTO PIBHS MAIOTh PO3MIP
4 Gaiitu. CtaHIlisi aBTOMAaTUYHO (POPMY€E CYKYITHUM KaJIp B pa3l HAKOMUYECHHS K1JIbKOX

nakeTiB B Oydepi ganux. CtaHgapTOM BU3HAYEHO MaKCUMaJIbHY TPUBAJICTh Mepe/ayi,

110 CTaHOBUTH 5,484 M1JIICEKYH/IH.

OFDM Mo pynsuis Mopaynsauia pexumy VHT
(opaHakoBa Ans BCiX KOpUCTYBaviB) (npu3nayeHa KOXHOMY KopucTy Bavy)
8 Mkc 8 Mkc 4 mKc 8 mMKkc 4 MKc 8 mKc 4 MKc Pi3Ha
VHT- VHT
L-STF L-LTF L-SIG| VHT-SIG-A STF VHT-LTF SIG-B Data
2 Y 2z
g g g
z X z x z x
; ‘% IP naketr ; ‘% IP naket % \g IP naketr
gl 3 (MsDU) gl 3 (MsDU) gl 3 (MSDU)
O (=) O [e] O o
© o © o © o
3 8 8

Pucynok 1.6 — CtpykTypa 670Ky JaHUX B arperoBaHomy (opmari
MaxkcumanbHe 3HaueHHds MSDU cranoButs 2304 0OaiiTiB, MakKCHMaJIbHUI

po3mip A-MPDU cranoButh 11454 6aiiTiB.

1.6 3oHa 00cIyroByBaHHS

besnpoBonosi mepexi IEEE 802.11ac B Ykpaini npu3HaueHO BUKOPUCTOBYBATU

B MEXKaxX MPUMIIIEHb 1 ciopy . CTaHAapTOM nepeadayeHo MOKIIMBICTh HANAIITYBAHHS
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BCIX OCHOBHHMX CUCTEMHHX MapaMeTpiB: poO0YOi YaCTOTH KaHAy, ITUPUHU YaCTOTHOT
CMYTH, TapamMeTpiB MOAYJLI i MPOTHU3aBaJHOTO KOIy, MAaKCUMAJIbHOI BEIMYMHU
KOPUCHOTO HAaBaHTKEHHS KaJpy NaHHUX, KiJIbKOCTI MPOCTOPOBUX MOTOKIB. [Ipore B
CrelialbHIA TEeXHIYHIN JiTepaTypl BiACYTHs iH(OpMaIlis mMpo 3B’ SI30K pO3MipiB 30HU

00CITyroByBaHHs 1 3a3HAYEHUX CUCTEMHHX MapaMeTpiB.

1.7 Ocob6uBoCTi TeXHIYHOI peani3anii 0e3MPOBOA0BOI eJIeKTPOHHOL

CUCTEMU IIE€peaaBaHHA JaHUX

EnextpoHHa cuctema nepegaBaHHs JaHUX MOXKe 00’ €JHYBaTH Pi3HY KIJIbKICTh
MPUCTPOIB, K1 3M1ACHIOIOTH OOMIH JIAHUMH B MEXaX JOKaJI130BaHOTO CETMEHTY abo
OOMIHIOIOTHCSI TaHUMH 13 30BHIIIHIMU 1HPOPMALIHHUMH IPUCTPOSAMHU 1 CHCTEMAMH.

[Tpuknaa 6e3mpoBOOBOI cUCTeMH 0OOMIHY TaHUMU HaBeeHui Ha puc. 1.7 [11].

EnexTponHa cuctema nepeiaBaHHs JaHUX Y BUTIISIL JIOKai30BaHOTO CETMEHTY
YTBOPIOE JIOKAJIbHY MEpEXKY MnepenaBanHs nanux. HaBenena mokansHa 0€3MpoBOOBa
Mepexa € Mepexero, 1o GyHkiionye 3a ctangaprom 802.11.

B mepexi Ha puc. 1.7 HaBeeHO TOUKY AOCTYMY 1 pi3HI TUIH aOOHEHTCHKUX
npUCTPOiB. Mepexy, B siKiii aDOHEHTChKI MPUCTPOI 3/IIACHIOIOTH OOMIH Yepe3 TOUKY
JIOCTYITy Ha3UBAIOTh 1H(QPACTPYKTYPHOIO.

B HaBegenomy Ha puc.l.7 cermeHTi JIOKaJdbHOI Mepexi (PYHKIIOHYIOTh JiBa
HOYT-OYKH, JIBa TUIAHIIETH, ABa CMapTHOHH, MEPCOHATHHUN KOMIT IOTEP, MEPEKHUN
NPUHTEP 1 MyJbTUMEAINHUN TepMiHal. JlaHl BiJl 30BHINIHIX JKEepea HaAXOIATh 0

TOYKHU JIOCTYIy Yepe3 MaplipyTU3aTop.
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HoyT-6yK 1

30BHiLHI
mepexi

m /M

MnaHwer 1 Touka \, \

[ocTyny \
MnaHwer 2 CmapTdoH 2
I'Iepmd)epMHMM Q
npMCTpiil

(npuHTEp)
MynbTumeninHUIA
TepmiHan

MepcoHanbHMi

Komn’toTep ’ v 2
oyT-6yK

Pucynox 1.7 — Cxema JIOKaJTlbHOTO CErMEHTY €JIEKTPOHHOI CUCTEMU

nepelaBaHHs JaHUX

3alie’)XHO BIJ peasli30BaHOI TEXHOJOrIT MepelaBaHHS JaHUX TOYKA JOCTYITY
nepeaae AaHi oAHOMY a0OHEHTY B pa3l BUKOPUCTAHHS OJTHOTO MPOCTOPOBOTO MOTOKY,
AK 1I¢ HaBeaeHo Ha pwuc.l.7, abo KiUIbKOM aOOHEHTaM, SKIIO TEXHOJOTIE
nepeadaueHo 0araTOKOPUCTYBAIBKUNA PEKUM 3 KiJTbKOMa MPOCTOPOBUMHU TMOTOKAMHU
(MU-MIMO).

Kosken npuctpiii cucreMu niepeiaBaHHs JaHUX Ma€ eeKTPOHHUN MOYJIb, 110
3abe3reuye 00OpoOIeHHS JaHUX 1 iX MepelaBaHHs yepe3 CIUIbHE TeJIEeKOMYHIKalliiiHe
CEpEeIOBULIE.

3 METOI 3MEHIIMTH Maco-TabapuTHI TOKa3HUKU 1 EHEeProcroKUBAHHS
amapaTHUX 3aco0iB CHCTEMHU IMepe/laBaHHs JaHuX (PYHKIIIOHAIBHI MOy TaKoi
CUCTEMHU BHUTOTOBJISIIOTh 3 BHUKOPUCTAHHSIM BHUCOKOIHTETPOBAHUX EJIECKTPOHHHX
KOMITOHEHTIB. Y TaKMX KOMIIOHEHTaX peaii30BaHO KOHIIEMI[II0 «CUCTEMa Ha KPUCTA»
(SoC — system-on-crystal). BHaciigok HEOOXITHOCTI 3MIMCHIOBATH CKJIAIHI

MaTeMaTU4Hl OO04YHMCIeHHs 1 (i3UYHI TEPETBOPEHHS I1HTErPOBaHI EJIEKTPOHHI
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KOMITOHEHTH MalOTh CKJIAJHY CTPYKTYypy. [IpHuKian Takoro MoayJssi HaBeIEHO Ha PHC.

1.8.
Ha puc. 1.8 HaBezeHo Taki ckiagnuku Moy 88W8997-BD1 [15]:

— Cxema kepyBaHHs BXigHuMH 1HTep(deiicamu (mapanensaum  (PCI),
nocmigoBaumu (SDIO, USB, UART), cnerniansaum (PCM);

— nporrecop AaHux Wi-Fi

— KOHTpOJIep KaHajapbHUX curnaiaiB Wi-Fi 5, Wave 2, (802.11ac)

— KOHTpoJIep paaioyactoTHux curHainiB Wi-Fi 5, Wave 2, (802.11ac)

— MOJyJIb MiJIcKiIoBauiB nepegaBava (PA — pawer amplifire) 1 npuiimaua (LNA
— low noise amplifire);

— nBoHarpsiMuuii iepemukad (SVDT)

— IUIUIEKCEp, TPUHANPSAMHMM nepemukad SP3T

— 0J1HOpa30Bo MporpamoBana nam’ste (OTP)

— JIOT14YHUU 1HTEpPeiic CHBICHYBaHHS CTaHJApTIB MOOUIBHOTO
oesnpoBogoBoro 3B’s3ky (Mobile Wireless Standards (MWS) coexistence logical
interface [16]);

— perynsrop Hanpyru xuBiieHHs (Power ragulator).

=
P, PDT +—» .
PCle” 3.0 ¢—» 2x2 2 x2 5C PALNA S o1 Djplexer ‘___‘
Wi-Fi 5 Wi-Fi 5 RF 2G PA/LNA SPDT «—
SDIO 3.0«— Wi-Fi* cCPU  MAC/Baseband Wave 2 6
8 Wave 2 (802.11ac) 5G PA/ILNA ' SPDT & —» +
USB20« » | 8 (802.11ac) Diplexer «—
s 2G PA/LNA = SPDT &1
§ -
17}
ART« » | T =
v Bluetooth” B0t BueloothRF § o > '
PCM +—» CPU Biuetooth LE Baseband
Supply > Power regulator oTP MWS coexistence < »Coexistence
voltages \/F

Pucynok 1.8 — Ctpykrypa moayis 88W8997-BD1 mst peanizaiiii TeXHOJOTIT
nepenaBanns ganux IEEE802.11ac [15]
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Monayns 88W8997 — mepirie B rairy3i KoMOIHOBaHE pIlICHHS peali3oBaHe 3a 28
HM TEXHOJIOT1€I0 BHUT'OTOBJIEHHS MIKpocXeM. MoJysib € pe3yJbTaToM CIiBIpalli
BUPOOHUKIB MEPEIKHHUX €JIEKTPOHHUX KOMIIOHEHTIB 1 3a0€3Meuye Taki PeKUMHU:

— yIOCKOHaJIeHa Oe3MpoBOJOBa TEXHOJOrIs (wave 2) mepefaBaHHS JlaHUX
i’ sitoro nokoJiiaasg (IEEE802.11ac) 3 nBoMa nmpocTopoBUMEU TTOTOKaMH (2X2);

— OaraTokopuctyBanbskuii pexum (MU-MIMO);,

— MMepeaBaHHs JaHUX B MEXKaxX MaJoro pajiycy MAii 3a TEXHOJOTIE
Bluetooth 5.3.

VYaockoHaneHHd ~— Tomojorii  Ta  28-HM  TEXNpolec 3  HHU3BKUM
€HEpProCIOKUBAHHSIM 3MEHILYIOTh eHeprocrnoxkuBaHHs 10 40% TOpIBHAHO 3
NONEepeHIMA TeXHIYHUMU pimieHHsIMU. 88WE8997 Mae HaliBUILIMI pPIBEHb 1HTErparii
Ha pUHKY. BiH MicTUTB ABOAIana30HHI HicHiItoBavl noTyxHocTi (PA), miacuntoBadi 3
HU3BbKUM piBHEM mymy (LNA) 1 nepeMukaui, o 3HUKY€E piBEHb MI>KCUCTEMHHUX 3aBa/jl
JI0 MIHIMyMY MO0 MOHTaX Tepe0adyeHo POOUTH 3a TEXHOJIOTIEH0 «KPUCTA Ha TIIaT1»
(CoB - Chip-on-Board).

Ha puc. 1.2 HaBeneHo ykpyrnHeHy cTpyktypy moayisa 802.11ac, ane okpewmi
(GyHKIIIOHATBHI OJIMHMIN 1ILOTO MOJYJSl MalOTh CKJIAQJHY CTPYKTypy. Tak mporecop
Wi-Fi wmae crinmbku sgep, CKIUJIBKM  MPOCTOPOBHUX — TMOTOKIB — TependadeHo
BUKOPHCTOBYBATH B €JIEKTPOHHIN CHCTEMi MepemaaBaHHsS JaHUX. 30KpeMa B MOIYJIi
88W899/7-BD1 npouecop mae aBa sipa, KOKHE 13 IKMX Ma€ 3a0e31neunTy GopMyBaHHS
CUTHAJIy OAHOTO MOTOKY Ha IepeAady B peallbHOMY 4aci, 3A1HCHEHHs IU(pPyBaHHS 1
MIPOTU3aBaTHOTO KOAYBAaHHS, a TAKOK 3BOPOTHI MPOIIEIYPHU ISl MPUHHATOTO CUTHAITTY.

KonTposep kaHaIbHUX CUTHAIIB Ma€ JiBa KaHAIM 1 TPU3HAUYCHUI 3a0€31CUUTH
dbopmyBanas OFDM curnany B uudposomy gopmarti. Cepess BAKOHYBaHUX TPOLIETYP
OararoToukoBe neperBopeHHs Dyp’e, AKe Ma€e Pi3HI PO3MIPU 3aTE€KHO Bl IIUPUHU
4aCTOTHOI CMYTH pajiloKaHaly, a TaKoX U(PO-aHAJIOroBe (B peKUMI NIepeaBaHHs) 1
aHajoro-mudpose (B pexumi NpuUMaHHS) MEPETBOPEHHS CUTHAIIIB HAa MPOMDKHIM
Y4acTOTI.

Monynp migcuiioBaviB (JIBa KaHAJIM Ha MEpeNaBaHHS 1 Ba Ha MPHUIMAaHHA)
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3a0e3nevyye MIACHICHHS TOTYXHOCTI paJlo4acTOTHUX CHTHAJIiB B  PEXKHMI
nepeaaBaHHs (BEJIMKA MOTYKHICTB, 70 21,7 1bM) 1 TiACHUICHHS MPUAHATUX CUTHAJIIB
HiCUITIIOBauYEM 3 MaJIUM Koe(illieHTOM IIyMy (Majuii piBeHb CUTHAIIB, B -82 1bM 1
MEHIIIE).

[3 HaBeIeHOTO MPUKIIATY CTPYKTYPHU €IEKTPOHHOT CUCTEMU MEPEIaBaHHs JAHUX
BUILIMBAE, 110 PO3UIMPEHHS J1ala30Hy CUCTEMHHUX MapaMeTpiB (IIMpUHA YACTOTHOI
CMYyTH, KpAaTHICTh MOIYJISIIl) TPHU3BOAUTH OO0 HEOOXIMHOCTI 3017bIIyBaTH
OOYHMCITIOBANIbHI MTOTYKHOCTI anapaTHUX 3aCO01B.

31 30UIbIIEHHS KUIBKOCTI MPOCTOPOBUX TMOTOKIB cxema Moy Wi-Fi ime
OUIbIlIE YCKIAIHSEThCS OCKUIBKU NJis1 ()OPMYBAaHHS KOKHOTO MOTOKY Tpeda MaTu
NOHUI Habip 0OUMCITIOBAILHUX 3aC001B 1 3aC001B MEPETBOPEHHS CUTHAIIB.

PerenbHe nociKeHHs BIUIMBY TEXHOJOTIYHUX IMapaMeTpiB Ha eKCILTyaTalliifHi
XapaKTePUCTHKU E€JEKTPOHHOI Oe3MpoBOMOBOI CHUCTEMH TepeJaBaHHS JaHUX
JT03BOJIUTH HE TITLKU 3a0€3MEYUTH BUCOKY €(DeKTUBHICTh MEPEXI1 MepeJaBaHHs TAHUX
Ha eTarll MPOEKTYBAaHHS Ta eKCILTyaTallli, a i T03BOJIUTh BUBHAUUTH JIOILJILHUM PIBEHb

0OMEKEHHS BUMOT J0 €JIEKTPOHHUX anapaTHUX 3aco0iB.

1.8 Orusia pe3yibTaTiB J0CHIAKEHb €KCIIYyaTAliMHUX XaPAKTePUCTHK

mepe:x IEEE 802.11ac

Harermep HakomuyeHO 3HAYHUH JOCBIA BHUKOPUCTaHHS OC3MPOBOIOBUX
CJICKTPOHHUX CHUCTeM TmepenaBaHHs naHux 3a TexHojoriero IEEE 802.11ac.
Excrutyaraiiiini  TOKa3HUKM HasBHUX MEPEX HE 3aBXAW € BIANOBIIHUMHU
MIPOTHO30BAHMUM, BHACIIJIOK YOTO BHHHKAIOTH MPOOIEMH 13 3a0€3MMEeUeHHAM SKICHUX
MOKa3HUKIB TIOCTYT 3 TiepeaaBaHHs 1H(QOpMAIIHHUX TOTOKIB. JloCHiKeHHIO
(GYHKI10HATBHUX MOXKJIMBOCTEN 3a3HAYCHUX €JIEKTPOHHUX CUCTEM 1 aHAJI13y HasIBHOTO
JOCBIYy 1X eKCIUTyaTarlii 3 METO TOJIIMIIUTH SIKICHI TTOKa3HUKU MPUCBSIYEHO 0arato
HayKOBO-T€XHIYHUX poOiT. OTJISAI YACTUHHU 13 HUX HABEJICHO HIDKYE.

JlocnmpkeHHI0 (PYyHKIIIOHATBHUX MOMJIMBOCTEH Ta MOJICIIIOBAHHIO MPOIIECIB Y

oe3npoBomoBux Mepexkax IEEE 802.11n/ac npucBsiueHo, Hanpukiaza, podoru [17-21].
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PoGotn crmpsMoBaHI Ha JOCHIIKEHHS BIUIUBY OKPEMHUX VIOCKOHAJICHb Ha
eKCIUTyaTalliiiHI XapakTepUCTUKU Ta TapaMeTpu SIKOCTI 00CIyroByBaHHs. 30KkpeMa, B
pob6oti [17] mocniypkeHO TMpollecH TNepefaBaHHS JaHUX Yy 3MIMIaHId Mepexi 3
oOnamHAaHHSAM  PI3HUX TOKONIHb 1 OCHOBHY YyBary MpPHAUICHO  BIUTUBY
HU3BKOIIBUAKICHUX CTAHIIIM Ha MBUAKICTh NIEpeIaBaHHs TaHUX BUCOKOIIBUIKICHUMHU
craHiisMu. B poOoTi 3po0iieHo TpyHTOBHUI aHali3, ajne He BpaxoBaHO. Poboty [18]
MPUCBSIYCHO JOCIIDKEHHIO BIUIMBY (YHKIIM arperyBaHHs Ta 0araTomoOTOKOBOTO
nepenaBanHs nanux (MIMO) na nponyckny 3natHicte Mepexi IEEE 802 11lac, Ha
BEJIMYMHY 3aTPUMKH IEpPEJaBaHHS IAKETy Ta HAa BEJIMYMHY HEPIBHOMIPHOCTI L€l
3aTpuMKH (pkuTep). Y 1 poOOTI TaKOK HE BPAXOBYETHCSA IPOIEC BUHHUKHEHHS
KOJI131#, 2 BAKOPUCTOBYIOThCSI JOCUTh CyMHIBHI CIIeHapii (PyHKI[IOHYBaHHS MEPEXKI 3
JTy>K€ BEJIMKOIO KUJIBKICTIO aKTUBHUX CTAHIINA Ha OJHY TouKy aoctymy (200, 400, 600
aKTUBHHUX CTaHIlii). BpaxoByroun anroputM HOCTyMy [0 KaHaly, 3aCTOCOBAHHI B
mepexxkax IEEE 802 1lac Taka KUIBKICTh AKTUBHMX CTaHI Mpu3Bene 10
Oe3mepepBHUX KOJI3iH, IO YHEMOXIUBUTH (QYHKIIOHYBaHHS Mepexi. B [19]
HABEJICHO MapaMeTPy CUCTEMHU TECTYBaHHS XapaKTEPUCTHK MEPEXI 13 3aCTOCYBaHHSAM
oOnagHanHs kommanii Pome 1 IllBapn, a TakoX MpUKIAL —CHEKTPATBHOL
XapaKTEPUCTHKU Y BUCX1THOMY paaiouacToTHoMy kaHaii mepexi IEEE 802.11 ac. V
[20] HaBenmeHO pe3ynbTaTH HOCITIIKEHHS poOdounx xapaktepuctrk Mepexi IEEE 802
11ac BcepeauHi mpuMIIIEHHS 3aco0aMy KOMIT IOTEpHOTo MojientoBanHsa. HaBeseHi B
[20] pe3ynbTaT BUKIMKAIOTH CYMHIB OCKIUJIBKH y MPOIECI MOEIIOBAHHS OTPUMAaHO
JTy’K€ BEJIMK1 3HAUeHHs MPOIYCKHOI 3AaTHOCTI KaHaiy (Bix 124 M6/c no 479 M6/c).
Kpim Toro mocmimkeHHsS 3pO0JICHO MJisi KOXKHOi CTaHIli OKpeMo 0e3 ypaxyBaHHS
BIUTMBY 1HIIMX CTaHIIA Ha mpolec (PyHKIIOHYBAaHHS Mepexi. BmmB pi3HHX TUTIIB
mdpysanas (WEP, WPA, WPA2) na nponyckHy 31aTHICTb JIokaiibHOT Mepexi [EEE
802 1lac mocmimxeno B [21]. JlocmimkeHo Mepexy, B AKii 1HGOpMAIITHUN TIOTIK 13
cepBepa MepeaaeThbCsi Ha MPUCTPIN BIITBOPEHHS 300pa)K€HHs Yepe3 TOUKY JOCTyIy. Y
i poOOTI HE 3a3HAYEHO, KWW PEKUM MEPEeXi JOCHIIKEHO (SKa IUPUHA CMYTH
9aCcTOT, KUIBKICTh MPOCTOPOBUX MOTOKIB, MCS, o0car nanux B omHOMY Kajpi). B

po0OOTI TOCHIIKEHO MEpPEXy 3 TOUKOK JOCTYIy 1 OJHI€I cTaHIier. B gocmimax
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BUKOPHCTAaHI MakeTH 3 00csrom Aanux Bix 128 6aiitiB 10 1048 6aiiti 6€3 arperyBanHs
KaJipiB. 3p00JIEHO JOCTIIKEHHS 13 3aCTOCYBaHHSAM MeEpexHUX MnpoTokoiiB [Pv4 ta
[Pv6, a Ttakox TpaHcnoptHux mporokoniB  TCP ta UDP. Orpumana nporyckHa
3JIaTHICTH 3aJICKUTH BiJl BCIX MepepaxoBaHUX YNHHUKIB 1 Ma€ HAOLIbIII 3HAYCHHS BiJl
240 no 280 Mo6/c B pa3i 3actocyBanuss WPA2.

B po6ori [22] HaBeneHo LiKaBi JaHI CTOCOBHO 3aCTOCYBaHHs arperyBaHHS B
OJTHO-, TBO- 1 TPUIIOTOKOBOMY pEXHMi. 30KpemMa HaBEACHO JaHi, MO B KaHaJl 3
4acToTHOIO cMmyroro 20 MI'l 1 ogHMM HpPOCTOPOBUM MOTOKOM HACHYEHHS KaHaIy
B1JIOYBA€ETHCS, KOJIU AECATh AKTMBHUX CTAHIIN NEpenaroTh AaHl 3 1HTECHUBHICTIO 3
MO6/c. 3aranbHa nponycKHa 3AaTHICTh KaHally cTaHOBUTH 30 MO/c, a HEmpoOyKTUBHI
BUTpPATU Yacy CTaHOBIATH 23%. B 1BONOTOKOBOMY peXMMI HACHUEHHS Ma€ MICLIE 3a
HasBHOCTI 21 craHuli, 0 NepenarTh JaHi 3 1HTecuBHICTIO 3 MO/c. 3aranbHa
MPOITYCKHA 3/IaTHICTh KaHaly CTaHOBUTH 65 MO/c, a HEMPOAYKTUBHI BUTPATH YaCy
CTaHOBJIATH 25%. B A1BONOTOKOBOMY peKHMM1 HAaCUUEHHS Ma€ MICII€ 3a HasBHOCTI 21
CTaHIIii, 10 MepeaaroTh JaHl 3 iHTeCuBHICTIO 3 MO/c. 3aranbHa MpomycKHa 3/aTHICTh
kaHairy ctaHoBuTh 100 MG/c, a HENMpPOIAYKTHUBHI BUTPATH Yacy CTaHOBIATH 23%.
Hapeneno pesynbTaTd JOCTIIKEHD 1 JJIs1 KaHATIB 3 OUIBIIO MIMPUHOK YACTOTHUX
cmyr (40 ta 80 MI'n). I[To3a yBaroro JociigHrKa 3aUIITHIOCH ITMTAaHHS 111010 BiJICTaHI
B1Jl TOYKH JOCTYIy JJO AQOOHEHTCHKUX CTaHI1{, a TAKOX MOTY>KHICTh BUIIPOMIHIOBaHHS
TOYKH JTOCTYTIY.

VY pob6oTi [23] mochiKeHO 3aleXKHICTh MPOIYCKHOI 3aTHOCTI MEpEeXi BiJ
pexumy niepenaBanHs (MCS) niis 4acTOTHUX KaHAJIB 3 IMIMPUHOK YaCTOTHOI CMYTH
20, 40, 80, 160 MIm, a TakoX HaBEIEHO PE3YyJIbTATU OIIHIOBAHHSA 3aTPUMKHU
nepefaBaHHs 1 JUKUTEpy. Y pe3ysibTaTi MOJENIOBaHHSA 13 3acTocyBaHHSIM NS3 mis
MEpeXi 3 TOUKOIO JOCTYIY 1 OJIHIEI0 CTAHIIED OTPUMAHO JJIsl KAHATy 3 YACTOTHOIO
cmyroro 20 MI'm makcumanbHy mnpomyckHy 3aaTHicTb 33MO/c, 3aTpuMKy
nepenaBanHs B Mexxax 150-480 mxe (MCS0O — MCSO0), mxutep Big 0,00018 mo 0,00006
Ul. Jna xananmy 160 MI'1m B OZHOMOTOKOBOMY pPEXHMI OTPUMAHO IPOITYCKHY
3maTHiCTh B Mexax Big 30 M6/c (MCSO0) no 55 M6/c (MCS9). Henomnikom poboTu €

BIJICYTHICTh aHaji3y KOHKYPEHTHOTO JOCTYIy, a TaKOX OOIPYHTYBaHHS METOIUKHU
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JOCTIPKEHHSI 3aTPUMKU TE€pEeaBaHHS 1 HEPIBHOMIPHOCTI 3aTPUMKHU TEpelaBaHHs
(uKATEpY), OCKUIBKU 13 3arajibHUX (HI3WYHUX MIPKYyBaHb 11 BEJIMYMHU MalOTh OyTH
OLIBIIMMHU.

JloCTiIKEHHIO MPOMYCKHOT 31aTHOCT1I MEPEXki MPUCBAYCHO TaKOXK podotu [24-
30], B 4AKuUX TOJIOBHY YBary IPHUCBSIYECHO BIUIMBY MEPEKHUX CTaHIINA, 1110
(GYHKIIOHYIOTh 3a crhenu@ikaisMid MOMepeaHIX MOKOMiHb, Ha poOOTy Mepexi B
JIOMY 1 X BIUTMBY Ha XapakTEepUCTUKU MIBUAKICHUX cTaHIii 802.11ac.

[Ipomo3uilii yJOCKOHAJIUTA TEXHOJOTI0 JOCTYyNmy J0 KaHaly 0e3 3MiHH
(GyHKILIOHATy amapaTHUX 3aco01B, SIKI IPYHTYIOTbCS Ha JOAATKOBOMY KEpyBaHHI
HMIMPUHOIO YAaCTOTHOI CMYTH POOOUYOT0 KaHaJy 3aJI€KHO B1Jl 3aBaHTaKEHOCT1 HABEJCHO
B [31, 32].

OxpeMi poOOTH MPUCBAYEHO AOCIIIKEHHIO Tpadiky 13 arperoBaHuX KaJpis,
Hanpukiaz [29, 33]. OTpumani pe3yJbTaTy TOCHIKEHb MATBEPKYIOTh OUIKyBaHHS
o0 30UIbIIEHHS MPOIMYCKHOI 34aTHOCTI KaHaly, 30UIBLIEHHS 3aTPUMKU
nepeaBaHHs 1 HEPIBHOMIPHOCTI 3aTPUMKH.

Mepexi IEEE 802.11ac moyanu akTHBHO BUKOPHCTOBYBATH JUIsl peaiizailii
texHosorii [P-tenedonii (VolP) [34, 35], opranizaiiii BigeokoHdpepeHiii [36] Toiio.
Jlnst peanmizariii TakMxX TEXHOJOTIH BaXKIMBUMHM YMHHHKAMUA € Malli 3aTPUMKU
nepeaBaHHs, HEBEJIMKA HEPIBHOMIPHICTD 3aTPUMOK 1 IOCTaTHSI MPOIMYCKHA 3aTHICTb.
Jesiki axiBIli BiTOMUX KOMITaHii HE pEKOMEHIYIOTh BUKOPUCTOBYBaTH Mepexki Wi-Fi
JUIsl opradizailii 0QiCHUX JIOKAJIbHUX MEPEX caMe depe3 HeCcTaOUTbHUN XapakTep
napameTpiB 3’eqHaHHsA [37]. 3aTpUMKH Ta iX HEPIBHOMIPHICTH MOXKYThb CSTaTd
Benukux 3HaueHb [38-40], m0 CyTTEBO 3MEHIIy€ SKICTh HAJAaHUX MOCIHYT.
VY3aranbHEHO MOYKHA OKPECIUTH J1Ba OCHOBHUX YWHHHUKH, 10 BIUTMBAIOTH HA TIOTOYHI
eKCIUTyaTallliiHi TOKa3HUKMW MepeXki: BHYTPIIIHBO MEpEeXHa KOHKYPEHIs MIXK
aOOHEHTaMHU MEpeXi Ta BIUIUB €JIECKTPOMArHITHOI OOCTAaHOBKH, CTBOPEHOI OJIM3BKO
posramoBanuMu 0e3npoBogosumMu Mepexkamu IEEE 802.11. Ime oqHMM YMHHUKOM €
NEPeNIKo/Id, PO3TAlIOBaHI Ha HUISIXY PO3MOBCIOJKEHHS €JIEKTPOMArHiTHOI XBHUIL.
Takumu mnepemkogaMu MOXYTh OyTH LETJVIAHI ¥ OETOHHI CTIHM 1 MEpPEropoKH,

MeTaJieBl Ta CKJISIHI JIBepi, Ti0 JroauHu Tomo [41-43]. Jleski mepemkoan MOXyTh
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IPUTIIYMJIIOBATH CHUTHAJI Ha KIJTbKa JECATKIB JCIMOENIB, YAM 3HAYHO CKOPOYYBATH
30HY OOCITYyTrOBYBaHHS.

VY nmianazoni 2,4 I'T curnanmu Wi-Fi Mepexx po3nOBCIOIKYIOThCS Ha OUIBIITY
BiJicTaHb, HDK B miamazoHi 5 [T1, ane HasgBHICT, BENMMKOI KUTBKOCTI JKEpEI
BUMNPOMIHIOBAaHHSA 1 MDKMEPEKHHMX 3aBajJl CIIOHYKae PO3POOHMKIB IPONOHYBATH
KOpHCTyBauaM HajaaBaTu TnepeBary piamazony S5 [Tu [44], B sAKOoMy MOXXHA
OprasizyBatu OiJIbIlle YACTOTHUX KaHaIIB 0€3 MepeKpUTTs 4acTOTHUX cMyT. [Ipote, B
mianazoHi 5 [T epexkTuBHI XapaKTEPUCTUKU MEPEX CYTTEBO BIIPI3HAIOTHCS BiJ
3ajiekapoBanux [45].

Crannapt IEEE 802.11 npusHaueHo aJig oprasizaiiii 6e3mpoBoJOBUX MEPEXK Ha
b13uuHOMY 1 KaHabHOMY piBHsAX Mozeni OSI. [MutanHsaMm 1moa0 QyHKIIOHYBaHHS
mepex IEEE 802.11 Ha kaHaIpHOMY pIBHI IPUCBAYEHO OAraTto A0CIIIKEHb, @ TUTAHHS
GyHKIIOHYBaHHA MeEpeXi Ha (I3MUHOMY PIBHI 3aIMINAETHCS 37COUIBIIOTO IM03a
yBaroro (axiBii. BogHouac npoiiecu, 1o MaroTh Miclie Ha (p13M4HOMY PiBHI, CyTTEBO
BIUTMBAIOTh HA PO3MIPHU 30HU OOCIIYyrOBYBAaHHS 1 €KCIUTyaTalliiiHI XapaKTEepPUCTHUKU
Mepexxi B IIIJIOMY, iX BpaxyBaHHS MOKe 3a0e3rledyBaTd Kpallll eKCIuTyaTalliiHi
MOKa3HUKU MEPEXI1 B LIJIOMY.

Xo4a B IIJIOMY KUTBKICTh IMyOiKaIlli, TPUCBIYCHUX (HYHKIIIOHYBAHHIO MEPEK
IEEE 802 1lac, nocuth Benuka, MPOTe AECTAIBHUN aHaI3 MPOIECIB, MOB’SI3aHUX 3
KOHKYPEHTHUM JOCTYIIOM J0 KaHajdy Ta BIUIMB TEXHOJOTIYHHUX IapaMeTpiB Ha
eKCIUTyaTaIliiiHi XapakTepUCTUKU, MOTpeOye peTenbHOro yTOYHEHHs. BpaxoByrouu
BEJIMKE 3alliKaBJIICHHS KOPUCTYBayiB 10 BUKOpUCTaHHs Oe3rpoBoioBux mepex IEEE
802.11 1 30kpema mepex 3a cnenudikariero IEEE 802.11ac, momanpiie 10CaipKeHHS
MIPOIIECIB y IUX MEpekax € aKTyaTbHUM 3aBIAaHHSAM /I 3a0e3neueHHs e(heKTUBHOTO
BUKOPUCTAaHHS YaCTOTHOTO pecypcy 1 3a0e3nedeHHs] HeOOX1AHUX AKICHUX TTOKa3HUKIB

IT1]T 9ac epeaaBaHHs TOTOKIB JIaHHX.
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BucHoBkmu 10 po3ainy

Cnemudikamis IEEE 802.11ac € eBoMOIIMHUM PO3BUTKOM HHU3KH MOTEPEIHIX
cnemudikaniii (a/n) crapmapty IEEE 802.11, mpusHaueHux Aisi BUKOPUCTAHHS B
HEJIIIEH30BaHOMY Jiara3oHi yacTot 5 [T,

301UTBIIIEHHST TIPOITYCKHOI 3/ITaTHOCTI CHCTEMH TepeAaBaHHs JaHUX JOCSITHYTO
3aCTOCYBaHHSAM TaKUX TEXHOJIOTIYHMX TMPUUOMIB: MOMJIMBOCTI  JOJIATKOBOTO
PO3IIMPEHHS IIUPUHU YaCTOTHOI cMyTH KaHary 10 80 MI'11 0608’ s13k0B0 1 10 160 MI'11
OTIIIHO; 301IBIIIEHHS KPaTHOCTI KBaJPATypHOT aMILTITYAHOT MOAYJIAIIT 70 256-QAM;
BUKOPHCTAHHS JI0 BOCBMH ITPOCTOPOBUX IMOTOKIB i nepenaBanns ganux (MIMO),
BUKOPUCTAHHA PEXUMY O0araTOKOPUCTYBAlIbKOTO (0 YOTUPHbOX AOOHEHTIB)
nepenaBanHs ganux (MU-MIMO). Pexum arperyBaHHs KaapiB € 0OOB’S3KOBHM 1
MOCTITHO aKTMBOBAHWI, HABITh 3a YMOBHM 3BHYANHOTO IOKAJIPOBOTO IepeaaBaHHs
TaHUX.

BaxnuBoto ocobnuBictio TtexHosoriii IEEE 802.11 € 3BopoTHa CyMICHICTb.
ToOTo enexTpoHHe oOIagHAHHS, IO MPAIIOE 32 HOBUMHU Crielu]iKalisiMi, CyMiCHE 3
oOJaTHaHHAM TTOTIEPETHIX BEPCii, OHAK 1€ MPU3BOANUTH JI0 3MEHIIICHHS TPOITYCKHOT
3JIATHOCTI MEPEXKI uepes ii afanTallito J0 MPUCTPOIB MONEPEaHIX crienn(ikaiiii.

JIst nocTymy 10 KaHaTy repe0aueHo BUKOPUCTOBYBATH KOHKYPEHTHUH PEKUM
3 PO3NOJLIEHOI (PYHKIIE€0 KOOPAMUHALI 1 TplopUTH3alli€ro 1HGOPMALIIITHIX MOTOKIB
(EDCA), 1m0 npu3BOAMTh A0 BUHHKHEHHS KOJII3iH ITiJ Yac rmepeaaBaHHs Kaapis, aje
3a0e3nedye epeBaru Ui epelaBaHas MyJIbTUMEIIHHNX TaHHX.

Enextponni wmomym st 3a0e3nedyeHHs (PYHKIIOHAJIBHUX MOXKIIMBOCTEH,
nependavyeHuX CTaHIApTOM MAalOTh CKJIQJHY CTPYKTypy. B pasi BuUKOpucCTaHHS B
Mepexi 0araTOKOPUCTYBAllbKOTO pEeXUMY JUisi (opMyBaHHS, MepeJaBaHHs 1
MpUIIMaHHS CHUTHAJIB KOXHOTO TPOCTOPOBOTO TIOTOKY amapaTHi 3aco0u MaroTh
MICTUTH OKpeMUM mnoBHOGYHKIIOHANRHUN KaHan Wi-Fi. Anroputm oOpoOsieHHsS
CUTHAJIIB 0araTOKOPUCTYBALIbKOTO PEXUMY HabaraTo CKJIQJHIIIMK TOPIBHSHO 3

OIHOKOPHUCTYBAallbKUM PCIKUMOM.
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JIoCTITKEHHIO EeKCIUTyaTalIMHNX XapaKTePUCTUK MEPEX 3a CIenuQiKaiiero
IEEE 802.11ac mpucBsiueHO 0araTo HayKOBO-TEXHIYHUX pOOIT, ajie HU3KA IHUTaHb
noTpedye J0AaTKOBUX JOCHIIKEHB 1 YTOUHEHb.

Jl5is MoCATHEHHSI METU JUCepTaIiitHol poOoTH HEOoOX1IHO:

— JOCTIANTH €KCIUTyaTalliiiHI XapaKTepUCTUKH MEPEXi B PEIKUMI
KOHKYPEHTHOTO JIOCTYITY 3aJIE’KHO BiJl 3aCTOCOBAHOTO PEXUMY (DyHKI[IOHYBaHHS,

— IpoaHali3yBaTH MapaMeTpH 30HU 00CITYTOBYBaHHS TOUKH JOCTYITY MEPExkKi
cranaapty IEEE 802.11ac, 3anexHo BiJl mapamMeTpiB MOJYJISIIIT i KOJTyBaHHS, a
TaKOX B3a€EMHHI BIUIMB CyMbKHUX Mepex crannapty IEEE 802.11 Ha ctabinbpHICT
iX (yHKII1IOHYBaHHS;

— JOCTIIUTU €(EeKTUBHICTh 3aCTOCYBAaHHS TEXHOJIOT1i (JOpMYBaHHS MPOMEHIB
Ta TEXHOJIOr1i 0araTonoTokoBOro nepenaBanus ganux (MIMO) 3a ymMoBH 00MEKEHOT
BUINIPOMIHIOBAHOI MOTY>KHOCTI TOUKH JIOCTYILY;

— J0CIiIuTU €()EeKTUBHICTh 3aCTOCYBaHHS MplopUTH3allii Tpadiky B Mepexax 3i
3MIIIaHUM Tpadikom;

— 3pOOUTH EKCIIEPUMEHTANIbHY TTEPEBIPKY OTPUMAHUX PE3YJIbTATIB.
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2 EKCILTYATAIIIMHI XAPAKTEPUCTUKH IEEE 802.11ac

MeToro IbOT0 JOCTIIKEHHS € OIIHUTH MPOAYKTHBHOCT1 0€3MPOBOIOBOT MEpexki
IEEE 802.11 ac y pexumi HaiiBumoi mBuaKocTi nepenaBannas (MCSS8) y vactoTHOMyY
kaHai 20 MI', a TakoK y Mepekax 3 po3IMIUPEHUM YaCTOTHUM CIIEKTPOM, 3 OJTHUM
IIPOCTOPOBHUM TTOTOKOM 33 YMOBH, IO MEPEKA MA€E 3HAYHY KUTbKICTh aKTUBHUX CTAHIII{
3 HACHMYCHWM HaBaHTKEHHSM. J[J1 MOCHTIKEHHS BUKOPHUCTAHO aJbTEPHATUBHY
Mozenb mporecy ¢yHkiionyBanus wmepex IEEE 802.11, mo rpyHTyeThcs Ha

KOHLIETLIT BIPTYaJbHOIO KOHKYPEHTHOI'O BIKHA.

2.1 MeToxoJiorisi ZoCaiTKeHHA

3 mosBoto cranmapty IEEE802.11 BuHuKIA HEOOXITHICTE pPO3POOUTH
MaTeMaTHYHy MOJIETb MPOIIECy MepPEeIaBaHHs JaHUX, B SKOMY Peali30BaHO TEXHOJIOTI]
nepeadayeHi 3a3HaueHUM cTanaapToM. Taky monens 3anpornonyBaB Jxy3emne b’ sHki
[46, 47]. Monenp HaOysa MOMIUPEHHS 1 HEI0 KOPUCTYETHCS OLIBIIICTh JTOCIIIHUKIB.
OCHOBHOIO KOHIIEMIECK II€] MOJE € HAacCUYE€HE HaBAHTAKEHHS KOYKHOI aKTHBHOIL
CTaHIi Mepexi, 10 OOYMOBIIOE TOCTIMHI CHpoOW JOCTYymy 10 KaHally st
nepeaBaHHs YeproBoro Kajpy AaHuX, a 0a30BUM apaMeTPOM € MMOBIPHICTb IOCTYITY
JIO 4aCOBOTO CJIOTY (T) JJIs epelaBaHHs KaJpy JTaHuX. 3alpornoHOBaHa MOJIeNb OyJia
YAOCKOHAJIEHHSI BIAMOBITHO JO 3MiH, SIKI OOYMOBJIEHI €BOJIIOLIE€I0 TEXHOJIOTI]
nepeaBanHs naHux B crienudikaiisx cranaapty IEEE802.11 pisaux nokomine [48].
OCHOBHMM HEIOJIKOM METOJAUKH € HEOJHO3HAYHICTh BU3HAYEHHS OCHOBHHX
napaMmeTpiB, a caMe WMOBIPHOCTI JOCTYIY 0 KaHaly Ui MepeaBaHHs Kaapy JaHUX
T 1 WMOBIPHOCTI BUHMKHEHHS KOJIi3li MiJl Yac TNepeAaBaHHs KaJapy AaHux p. B
3a3HAYCHIN MOJENI 11l MapaMeTpu BU3HAYAIOTh OJIMH Yepe3 1HIIHM 1 BOHU HE MOXYTh
OyTH BU3HAUEHI O€3MocepeHbO Yepe3 BU3HAYaIbH1 CHCTEMHI TapaMeTpu — BEJTUUUHY
KOHKypeHTHoro BikHa CW 1 kinbkicTh akTUBHUX cTaHIlid B mepexi N. 3okpema

CHIBBITHOIIICHHS JIJI1 BUBHAYCHHS T 1 P. MArOTh Takuil BUrisiyg [47, 48]:
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(L-2p) - (CWpin +1) + p-CWipip - (L= (2P)™)
p=1-@1-)" 7, (2.2)

1e CWhin — MiHIMalTbHE 3HAYEHHS KOHKYPEHTHOTO BIKHA;

M — KiJTBKICTh CIIpO0 MepeaaTy Kaap JaHUX BHACHIIOK BUHUKHEHHS KOJi31H;
N — KUJIbKICTh aKTUBHUX CTaHIIIH, 1110 KOHKYPYIOTb 32 IOCTYII 10 CEpEOBUIIA
nepeaBaHHs.

3a3HayeHa HEOJHO3HAYHICTh Y BU3HAUEHHI OCHOBHUX I[apaMeTpiB MOJei
OPU3BOJUTH JI0 3HAYHUX TMOXMOOK TijJ 4Yac MPOTHO3YBAHHS EKCIUTyaTalliiHUX
XapaKTePUCTHUK, OCOOJIMBO JJIsl MEPEXK 3 BEJIMKOIO KIJTBbKICTIO aKTUBHUX CTAHIIN, KOJIU
WMOBIPHICTb KOJi31i cTaHOBUTH 0,5 1 OLyIBIIIE.

Jlns mpuknagy 3poOMMO PO3paxyHOK JOCTYNy J0 KaHaly JJisl BUIAAKIB, KOJIH
iMoBIpHICTh Komi3ii cranoBuTh P=0,4 1 p=0,6. dna tpadiky O6e3 mpiopuTuzarii
CWhin =15, m = 6. 3rigno 3i cmiBBigHOIIeHHsIM (2.1) orpumaemo 1 = 0,052 (ans
p=0,4),1t=0,02 (s p =0,6). TodTo, OTpHMaHi 3HAYCHHSI HMOBIPHOCTI JIOCTYITy JIO
KaHaIly T € Ay>K€ MaJIMMU 1 HE BIJIMOBIAIOTH MPOIECcaM, 1110 MAIOTh MICIIE B PEATbHUX
MepeKax.

AJBTepHATUBHY METOJUKY JJISI PO3paxXyHKy €KCIUTyaTallifHUX XapaKTePUCTUK
Oe3MpOBOMOBUX MEpEX TIepelaBaHHsA JTaHMX 3alporoHOBaHO B poboti [49].
3anponoHOBaHa METOAMKA IPYHTYETHCS HA KOHLEMIIII BIpTyalbHOTO KOHKYPEHTHOTO
BIKHA.

3rifH0 3 KOHIICMINEK BIPTYaJbHOTO KOHKYPEHTHOTO BIKHA MPOIIEC
nepeaBaHHsl KaJpiB JIaHMX B MEPEXi, B SAKIM KOXKHA CTaHIlI Ma€ HAaCHUYCHE
HaBaHTa)XCHHS, BIIOYBa€ThCS K KBa31CTAI[lOHAPHUI BUITaIKOBUI TPOIIEC.

BipryansHe koHkypentHe BikHO VCW — 1e croxacTuyHuil mnapamerp
0e31mpoBo10BOT Mepexki Wi-Fi y pekxruMi HAaCMYEHOTO HaBaHTAXXEHHSI, IKUN KIJTbKICHO
JOPIBHIOE YCEPETHEHIN KITBKOCTI €JIeMEHTApHUX YacOBHX IHTEpBAMIB (YaCOBHUX
CJIOTIB), TPOTSITOM SIKUX JHYUJIBHUK 3BOPOTHOIO BIUIIKY BiJpaxoBye I1HTEpBAI
3aTPUMKHU TICTS 3aBEpUICHHsS] MepeJaBaHHS MOMEPEAHbOr0 Kaapy A0 IOYaTKy

niepeaBaHHs HACTYITHOTO Kaipy AaHuXx [26].
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MatemaTnuHa MOJENb TPOLECY MepeJaBaHHs KaJpiB JaHUX BCTAaHOBIIIOE
OJIHO3HAYHUH 3B’SI30K MK CUCTEMHMMH MapaMeTpaMy Mepexi 1 eKCIuTyaTaliiHuMu
XapakTepucTukamu. MareMatnyHa MoOJeNlb He Mae OOMEXKEHb MO0 [1ala30Hy
3HaYeHb CHUCTEeMHHMX mapameTpiB. Jliama3oH MOXJIMBUX 3HAYEHb IapaMeTpiB
OOMEXEHUW CTaHJAPTOM 1 MPAKTHYHUM JIOCBIIOM BUKOPUCTaHHS O€3MpPOBOJIOBUX
MEpEeXK NepeaBaHHs TaHuX.

HocmimkeHnHs: mporeciB y  6e3npoBogoBiii mepexi 802.11ac 3rigHo 13
3aBJAHHSAMHU JUCEPTALIMHOI pPOOOTH 3IIHNCHEHO 3 BHUKOPUCTAHHSIM KOHIIEIIIIi
BIPTyaJIbHOTO KOHKYpPEHTHOTO BikHa [50].

[lepmmii eran 1oCHiKEHb 3p00JIEHO JIs CLIEHApi0 poOOTU MEpexi, B IKOMY
BUKOpHUCTaHO YacToTHUH kaHan 20 MI't B mianaszoni 5 I'T'1, 3 olHOYaCHO aKTUBHUMH
N cTaHIISIMU 3 HACHYCHUM HAaBaHTAKEHHSIM, 5IK1 IEPEIat0Th OJIOKH TAaHUX OJTHAKOBOTO
po3mipy 3 oOcsroM KOpHCHOTro HapaHTaxeHHS 512 a6o 1500 OaiiriB. Ilim wac
JOCIIKEHHS OyJIM BU3HAYEH1 TaKl MapaMeTpu: MPOIMYyCKHA 3/1aTHICTh 0€3MpOBOAOBOI
MepexXi, CepesiHsl 3aTpUMKa MepelaBaHHs KaJpiB TaHUX, HEPIBHOMIPHICTh 3aTPUMKHU
3QJIC)KHO BiJ KUJIBKOCTI aKTUBHHMX CTAHIIIM 3 HACHYEHUM HAaBAaHTAXKCHHSM Y MEPEXi Ta
JesIK1 IOB’s13aH1 XapaKTePUCTUKU. Y JTOCIIIKEHHI pO3IJISIHYTO CLUEHapii 3a y4acTl Bij
JIBOX JI0 WIICTHAAISATH aKTUBHUX CTaHIIM y Mepexi. OOMexKeHHS MaKCHUMalIbHOI
KUIBKOCT1 CTaHI[I BUKJIMKAHO 3HAYHUM MOTIPIIEHHSAM SIKICHUX MOKAa3HUKIB MEpexi,
SKIIO KUIBKICTh CTaHI[I 3 HACMYEHHM HABAHTAXXEHHSAM [EPEBUIINYE 3HAUYCHHS
MIHIMQJIBHOTO KOHKYpeHTHOTO BikHa CWp,in. MiHiManbHe 3HaUY€HHSI KOHKYPEHTHOTO

BIKHA B pa3l 3aCTOCYBaHHs MpiopuTU3allii Tpadika HaBeneHo B Tabi. 1.2.

2.2 ExcrutyaTauniiiHi xapakTepucTuKH Mepe:ki 3 kanajaom 20 MI'y
2.2.1 TlponyckHa 31aTHicTH 0€3MPOBOAOBOIO KaHAJIY 3a BiICYTHOCTI

KOHKYPeHUil

CnoyaTKy BM3HAUYMMO MPOIYCKHY 3/IaTHICTh O€3MPOBOJOBOIO KaHaTy, KOJIU B
MEpeXi € OJHAa aKTHUBHA CTAHI[iS 3 HACHYEHWM HABAHTAKEHHSM, sIKa TPUBAJIWN Yac

nepeae J1ani B 01K TOYKU AOCTYIy. byaemMo BBaxkatu, 110 CTaHIIisl 3A1HCHIOE JOCTYII
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710 KaHaJTy 3a 3araJIbHUMH MPABIIAMH 1 KOXKHOTO pa3y MiCis 3aBEPIICHHS MepeIaBaHHS
MOTOYHOTO KaJpy JaHUX 3aBaHTaXye€ JIYMIBHUK 3BOPOTHOTO BIUTIKY BHITaJKOBUM
gucioMm i3 Haoopy [0, ..., CWpin] 111 dopMyBaHHS 3aTPUMKH JOCTYITY, Iepe0adeHol
CTaHJAPTHOIO MpOoIeayporo. Bubip Oymp-sIKOTO 4ucia 13 3a3HAYCHOTO Jiama3oHy
OJTHAKOBO WMOBIpHHUH, TOMY, SIKIIO MEPEIAETHCS BEIMKA KIJIBKICTh KaJpiB, CEpeIHs
3arpumka CW oO0yMoBIIeHa JTIYMIBHUKOM 3BOPOTHOTO BiUTIKY cTaHOBUTHME CWin/2.
JIisi BU3HAYEHHsI TIPOITYCKHOI 3aTHOCTI KaHaly OyJIeMO BHUKOPHUCTOBYBATH

3arajbHe CIIBBIIHOIICHHS:
S E[PL]

_ , 23
E[TPLl] ( )

ne E[PL] — cepenne xopucHe HaBaHTa)keHHs ofgHoro kaapy (512 a6o 1500

0aiTiB KOPUCHOTO HABAaHTAXKCHHS);

E[Ty ,]— cepenniit qac nepegaBaHHs OMHOTO KaJApy AaHHX.
Jns BusHadeHHs E[Tp ;] ckopucraemMocs oueBUAHMM CHiBBiAHOMIEHHM (2.4),

SKe BIAMOBIAE PO3MOALTY ITHTEPBAIIB Yacy B LMKIIL JOCTYIy A0 KaHaly, puc. 1.4.
3 ypaxyBaHHSIM yCepeAHEHOI TpUBAIOCTI KOHKypeHTHOro BikHa CW = CW,in/2
= 7,56 no moyarky mnepenaBaHHs kKaapy RTS ¢opmyna ans BU3HaueHHS Yacy

nepeaaBaHHs KaJpy JaHUX OJHIEI0 CTAHLIE0 MAaTUME BUTIISL:

E[Tp ,]= DIFS 1+ EWain '% +Trst + SIFS + T + SIFS + Typpy + SIFS +Tack (2.4)

JIJisi KOPEKTHOTO PO3PaxyHKy HEOOXIIHO BU3HAYUTH TPUBATICTH 1HTEPBAIIB,
300pakenux Ha puc. 1.4. 3amicte apOiTpaxuoro inrepBaiy AIFS[BE] posrismgaemo
3BUYANHMN MixkKaaposuil inTepBai DIFS = 34 mkc. TpuBanicte 4acoBOTO CIOTY, IO
BUKOPHUCTOBYIOTh ISl BUMIPIOBaHHS IHTEpPBaly 3aTPUMKH, CTAaHOBUTh G = 9 MKC.
Takox He0OX1JIHO BpaXxOBYBAaTH BCIO CITY>KO00BY 1H(GOpMAIIIIO Ta IaH1 KOPUCTYyBaya, sKi
nepesalTh 13 3aCTOCyBaHHAM OararoyacToTHoi moxyisiuii OFDM 3 TtpuasnicTio
omHOrO cuMBONYy 4 MKc (abo 3,6 MKC B pasi 3aCTOCYBaHHSI KOPOTKOTO 3aXHCHOTO

iHTepBany). ToOTO TpUBAIICTh KOXKHOTO Kaapy KpaTHa 4 MKC.



55

Tpuanictes kagpy RTS BuzHaummo s MBHAKOCTI nepenaBanHa 24 MOit/c
(naiibinbia nmependadena y ctanaapti IEEE 802.11 mBuakicts mist kaapis RTS 1 CTS).
CranmaptoMm nependaudeHo mnepenaBatu kajapu RTS 1 CTS 3 Bucokorwo HaAiNHICTIO.
Mo>xHBi BHUIKOCTI MepeaaBaHHs OJOKy JaHUX WX KaJApiB CTAHOBIATH 6, 12 1 24
MG6it/c. IlpeamOyny mux KaapiB 3aBXKIW TMEpeNaroTh 31 MBUAKICTIO 6 MOiT/c, 1
TpHUBaIicTh peaMOynu ctanoBuTh 20 Mkc, puc. 1.4. brok nanux RTS cranoButh 20
oOaiitiB. llIBuakicts 24 M6it/c € ycmankoBanoto Big 802.11a. B pexumi nepenaBanus
3 TaKOW HIBUIKICTIO 3aCTOCOBYIOTH MOJYJIALIIO HOCIHHUX YacTtoT 16-QAM i
3ropTKOBe KoayBaHHs 31 mBHUIKICTIO CR=1/2. KinbKicTh 0iTiB 0JI0KY maHuX Kaapy RTS
3 ypaxyBaHHSM IIPOTHU3aBAaJHOTO KOAyBaHHs cTaHoBuTHMe 20-8-2 =320. Onun
cuMBoJl OFDM wmicTuTh 52 HOCIHI 4acTOTH, KOXKHA 3 SKUX mepeaae 4 OITU JTaHHX.
OnuuM cuMBOJIOM MOkHA niepenatu 208 OitiB. [y nepenaBanHs OJ0KY JaHUX Kaapy
RTS tpeba 320:208=1,54 — 2 cumBonu. TakuM 4MHOM, 3arajbHa TPUBAIICTh KaJpy
RTS cranoButh 20 MKc+4 MKc-2 = 28 MKC.

AHanOTiyHO BU3HAYMMO TPUBAIICTH 1HTEpBally nepenaBans kaapy CTS. O6csr
JAaHUX IBOTO Kajpy cTaHOBUTH 14 OaitiB abo 112 6itiB. 3 ypaxyBaHHAM
3aBaJI03aXMCHOT0 KOJyBaHHs, OJIOK JaHUX JJIs NIepeaBaHHs CTAaHOBUTUME 224 OiTH.
Kinekicts cumBomiB craHoBuTh 224:208 = 1,077 — 2 cumBoiu. ToOTO TpUBaCTh
kagapy CTS cTaHOBHUTBH TaKOXk 28 MKC.

TpuBanicts kaapy Bignosigi (BA abo ACK) paszom i3 npeamOysoro
cranoButume 32 Mkc [50].

OxpeMo po3paxyeMO TPHUBAIICTh KaJpy JAaHUX, a caMe: Ty MOro YacTUHY, SKY
MOXKHA TIepeJaTd 3 HauoOupmor mBuAKicTIO (86,7 MO6it/c), Tadm 1.4. VY
BucokomBuakicaomy pexxumi (VHT) y mepexi IEEE 802.11 ac kopoTkuii 3aXxucHHIA
inTepBan (0,4 mkc) BukopuctoByeTbess B cuMBosit OFDM st mepenaBanHs 010Ky
JAaHUX, 1, IK HACJI0K, TPUBAJIICTh CUMBOJIY CTAHOBHUTH 3,6 MKC, a He 4 MKC. BizbMemo
0 yBaru, 10 B KaHall 3 MIMPUHOI0 4YacToTHOi cmyru 20 MI'nm cranmaptom
nepeadayeHo BUKOPUCTaHHS rpynyBaHHs 3 56 HociiiHux yactor OFDM, 3 sxux 52
HOCIIHI YaCTOTH MpU3HAYEH1 /I MepelaBaHHs KOPUCHUX JaHHUX, & YOTHPHU HOCIHHI —

JUI MIOT-curHaiiB, Tabid. 1.3. BuszHaunMmo TpUBAIICTH IHTEpBATY IepeaBaHHS
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Oe3nocepenHbO Kaapy AaHuX. TpuBamicTh mpeamOynu Kaapy naHuXx, puc. 1.4, y pasi
BUKOPHUCTAHHS OJTHOTO IIPOCTOPOBOI0 TIOTOKY € MIHIMAJILHOKO 1 CTAHOBUTH 44 MKC [2].
JI1st mopanbluX po3paxyHKiB HEOOX1THO BU3HAYUTH Yac TNepe/laBaHHs 010Ky AaHUX
(Data).

HagpenemMo po3paxyHOK JiJIst BUTIAJIKY, KOJIH OJI0K TaHUX MICTUTH 512 GaitTiB. Mu
MPUITYCKAEMO, 1110 Ha TPAHCHIOPTHOMY PiBHI BUKOPUCTOBY€EThCS mpoTokoa UDP. Ilin
4ac pO3paxyHKy PO3TIITHYTO HAMOUIBIN 3arajibHUN BUTAIOK, KOJU JO MAKETy JaHUX
Ha piBHI MEPEXi J0Aa€ThCs 8§ OAMTIB BIAMOBIIHO JI0 MPOTOKOIY JOCTYITY JIO IMAMEPEKi
SNAP, a na piBai MAC — 8 6aiitiB ciyx060Boi iHpopmanii UDP. Toai uepe3 kanan
noTpiOHO Oyne mepenatu 528 OaitiB a6o 4224 6itu. Jlnsa nepegaBanHs Mu OyaemMo
BUKOPUCTOBYBaTH HaumBuammi pexum MCS 8, nependauenuii s kanamry 20 MI
QAM-256 (BiciM OiT Ha omHE HOCiHHE KonuBaHHS ), CR=3/4 (IBHIKICTH 3rOPTKOBOTO
Kojy). OKpeMO MOXHa BiJI3HAUUTH, 1[0 MAKCUMAJIBHO IBUJKICHY CXeMY MOIYJISIIIT 1
koxyBaHHs MCS 9 nns kanany 20 MI'u ctanaapTom He niepeadayeHo. 3 ypaxyBaHHIM
3aBa/I03aXUCHOTO KOJyBaHHS OJMH Kajap AaHUX Mictutume 4224-4/3 = 5632 (6iT).
Omun cumBon OFDM wmoske mnepenaBatu 8-:52=416 (0it). Takum uuHOM, 7S
nepeaBaHHsl BChbOro OJIOKY, M0 MICTUTh 512 0alTIB KOPUCHUX JaHUX, HEOOX1THO
Oyne BuxopuctoByBaTH 5632:416=13,54—14 (cumBoiiB). TpuBamicTh 1HTEpBAIY
nepeaBaHHs 070Ky AaHux ctaHoButume 3,6 mkc 14 = 50,4 Mkc. Skiio nepeaaroTbest
0JI0kM JaHuX KopucTyBaya po3mipoM 1500 OaiiTiB, 3arajibHa KUIBKICTH OITIB Oyne
(1500+16)-8-4/3=16171. 1lo6 mepematd TaKy KUIBKICTh OITiB, MOTPIOHO
16171:416=38,87—39 (cumBojiB). TpuBAIICTh TNEpeAaBaHHS I[UX CHUMBOJIB
cranoButuMe 140,4 Mkc.

3 ypaxyBaHHSM TpUBAJIOCTI IpeaMOynu OJOKYy JaHuUX 1 IHIIMX YacOBHUX
1HTEepBatiB, puc. 1.4, TpuUBaNICTh LUKy NepeaaBaHHs Kaapy 3 512 Gailtamu maHux
KopucTtyBauda ctaHoBUTHME 331,9 MKC. Y pasi, Koy O6JI0K TaHUX KOPUCTyBada MICTHTh
1500 GaiiTiB, TpUBAJIICTh LUKy TIepeaaBaHHs Kaapy Oyae 421,9 mkc.

[IpomyckHa 3aaTHICTH KaHally BH3HAa4YeHa 3a CHiBBigHOMmIEHHSIM (2.3)
cTaHoBUTUME S1 512 = 512-8:331.9 = 12.34 (MOirt/c), sSKmO B OAHOMY Kajpi

nepenaerbest 512 Gaitr iHpopmarii Ta S1_1500= 1500-8:421.9 = 28.44 (Mbit/c), y pasi
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nepenaBans 1500 6aiitiB iHQoOpMarii.

[Ilo6 BU3HAYMTH MaKCUMAJIbHO MOXJIMBY IIBHJIKICTh TIE€pElaBaHHSI MIXK
CTaHIIIE€I0 1 TOYKOIO JOCTYITY, 3p0OMMO PO3paxyHOK ISl CIICHApito, 3a SIKOTO CTaHIis
Oe3rmepepBHO Tepeaac KaJIpu 3 MaKCUMAJIbHO MOXJIWBUMH Onokamu mannx MSDU
(11454 6aiiTiB) mpOTArOoM NEBHOTO IHTEpBaTy Yacy. JIJis mepenaBaHHs TaKOro OJIOKY
naHux Oyne motpioHo 294 cumBoniB TpuBaiicTio 3,6 Mkc. Yac mepenaBaHHs OJOKY
JaHUX CTAaHOBUTHME pa3oM 13 mpeamOynoro 44+1058,4 =1102,4 (mxc). 3
ypaxyBaHHAM KOHTPOJBHUX KaJpiB Ta IHTEpPBaJy OUIKYBaHHS TPUBAIICTH IUKITY
nepenaBanHs, puc. 1.4, Hallb1IbIIOr0 Kaapy AaHUX cTaHOBUTH 1339,9 mkc. ¥V mpomy
CIIeHapii IPOIMyCKHAa 31aTHICTh KaHay CTAHOBUTb S1 11454= 68,387 MOit/c.

JIJisi TIOpIBHSIHHSL 3a3HAYMMO, IO IIBUAKICTH IepefaBaHHs OJOKYy JaHUX Y
posrisiHyTomy Hamu pexkumi MCS 8 cranoButh 86,7 MO6it/c. ToOTo edexTuBHa
MPOIYCKHA 3JaTHICTh KaHATy B pa3l MaKCUMAaJbHOTO 3aBaHTAXKEHHS KaJpy JaHHUX
cTaHOBUTH 78,88% BiJl Oe3mocepeIHbOT MIBUAKOCTI MEepeJaBaHHs JaHUX.

3HaueHHS MPOMYCKHOT 3[JaTHOCTI KaHajy, OTPUMAaHOi BUIIE JJIsi HACUYEHOTO
peXUMy 3 HaBaHTa)xeHHsM KajpiB 512 ta 1500 GaiitiB Oy/1eMO BUKOPUCTOBYBATH SIK
OpIEHTHp JUIsl OLIHIOBaHHS BIUIMBY KUIBKOCTI AKTUBHMX CTaHIIM Ha SKICHI

XapaKTEPUCTUKHU KaHATy.

2.2.2 XapaKTepUCTHUKH Mepe:Ki B pe:KUMi KOHKYPEHTHOI'0 10CTYIy

Tenep npoaHamizyemMo MPOMYCKHY 37aTHICTh KaHATY Ta BU3HAYUMO TTOKA3HUKHU
SKOCTI MEpEXi 32 YMOBU OJTHOYACHOI akTUBHOCTI N cTaHIlIH, 1m0 (QYHKIIIOHYIOThH B
HacMYeHOMY pexkumi. byneMo BBakaTu, 10 BCi CTaHIli MalOTh OJHAKOBI TEXHIYHI
XapaKTEPUCTUKHU 1 mepenaroTh cBoi nmaketu B pexxumi BE (best effort — naiikpama
crpo6a), To0TO 6e3 mpiopuTH3aIlii.

VY pa3i 60poTOM 3a AOCTYN 10 KaHajdy B KOHKYPEHTHOMY PEXHMi OyayTh
BUHUKATH KOJII31i Yepe3 OoJHOYacCHE NepeaaBaHHs MaKeTiB IBOMA 1 O1IbIIe CTAHIIISIMHU.
Biamosinno nmo crenmdikarii IEEE 802.11ac minimanbHe Ta MakCUMaibHE 3HAYCHHS

KOHKYpEeHTHOTo BikHa B pexxumi BE ctranoBisTh, BianoBiaHo, CWyin = 15, CWpax =
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1023 (ta6:1.1.2). 3nagennss CWy,, Bu3Havae mouyatkoBuii Habip [0,1,2,..., CWpin], 3
SKOTO aKTHBHI CTaHIIi MEpeXi BUMAAKOBUM YHWHOM BHOUPAIOTH YMCIO IS
3aBaHTaKEHHS JIYMJIbHUKA 3BOPOTHOTO BIIUTIKY, IO POPMYE THTEPBaAT KOHKYPEHTHOTO
BiKHA. SIKIIIO aKTHUBHA CTAHIS Mij Yac CIpoOM MmepeaaTH Kaap MOTPANuUTh B KOJI3ii0
KUTbKa pa3iB MOCIH b, BOHA MOXE 3pOOUTH CIM MOCTIJOBHUX CITPOO OTPUMATH JTOCTYTI
710 KaHally 1 KOXeH pa3 Oy/ie BUMAJAKOBUM YHHOM BHOWPATH YUCIIO JJIS1 3BOPOTHOTO
BiJUTIKY 3 IOZBOE€HOTO Habopy umcen 3a anroputMom CW: = 2(CW+1) - 1.

Ile#t mexaHi3M KOHKYPEHTHOrO JOCTYMy, MepeadadeHuil s pO3MOIIeHOT
¢ynkuii koopauHauii (DCF), € oCHOBHUM MeEXaHI3MOM KOHKYpPEHI[lI B Mepexax
IEEE 802.11. Onucanuii anroputMm € 6a30BUM, aje He 000B’A3KOBUM. BupoOHUKHU
MOXYTh BHUKOPHCTOBYBATH QJITOPUTMHU, B SIKMUX KUIBKICTb MOBTOPHUX CIPOO MOXKE
OyTH 1HI1I0I0 a00 (POpPMYBaHHS MHOKUHH YUCEIT JJISl IOBTOPHOT'O 3aBAHTAXKEHHS MOXKE
OyTu 31icHEHE 3a 1HITUM 3aKOHOM. 3 jtoriku podotu mepesxi |IEEE 802.11ac B pexumi
DCF BurmmBae, 1o KoJi3is MOkKe BHHUKHYTH TUTBKH ITi1 9ac riepeaBanas kaapy RTS.
TpuBamicTh KoOJi311 B TaKOMY pasi Oyje CKiIaaTuch 13 TpuBaiocti kaapy RTS (28 Mkc)

1 TpuBaoCTi Mixk Kajaposoro intepsany AIFS_BE (43wmkc).

2.2.3 Excnayarauiiini xapakrepuctuxku Mepexi IEEE 802.11ac 3

yacToTHUM KaHagaoMm 20 MI'u B pesxkumi MCS8

[I1o6 3HaiTH TpaHWYHI 3HAYCHHS EKCIUTyaTal[liHUX TOKAa3HHWKIB B MEpEexXi 3
BEJIMKOIO KIUJIBKICTIO AKTUBHMX CTaHIIA, MU CIOYaTKy BHU3HAYAEMO 3HAYEHHS
BipTyasibHOTO KOHKypeHTHoro BikHa VCW mns BumankiB, koiau B mepexi IEEE
802.1lac € Bix [OBOX [0 MIICTHAALNATH aKTHBHUX CTaHIIH 3 HACHYEHUM

HAaBaHTAXCHHAM.
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BiamoBimHO 10 KOHIEMINi BipTyaJbHOTO KOHKYPEHTHOTO BIiKHA, MPOIIEC
GyHKIIIOHYBaHHSI KaHally Oe3MpOBOJOBOI Mepeki 3 HACHYCHHM HAaBaHTAKEHHSIM
PO3TIISAAIOTH K KBa3iCTaIllOHAPHUIA MPOIIeC.

Baxx1Bo0 XapaKTepUCTHKOIO OMHCAHOTO BUIIE PEKUMY, 110 BU3HAYa€ BCI
MOJAJIBIII PO3PAXYHKH, € UMOBIPHICTb KOJI31i P¢, B IKY MOKE MOTPAITUTH CTAHIIA, 110
OoTpUMaJia IOCTYII 10 KaHally mepenaBaHHs nanux. Y [49] oO6rpyHTOBaHO MpHOIU3HE

PO3paxyHKOBE CITIBBIIHOIIEHHSI HMOBIPHOCTI KOJII31i Mi>K JBOMa CTaHIIISIMU MEPEXi:

R =1- @ p )N, (2.5)

e py =1/(CW,;, +1) =1/CW, — iiMOBIpHICTb KO3l JaHOI CTaHIIi 3 1HIIOIO
cranmiero Mepexki; N(R) — KiIbKiCTh aKTHBHHUX CTaHIId B MepExKi, SKIi MOXKYTh

KOHKYPYBAaTH 3a JOCTYN JO0 KaHaIy Micli 3aKIHYEHHs] TOTOYHOTO 1HTEpBaIy 4acy 3
ypaxyBaHHAM KOJI3ii; R — KUIBKICTh MOBTOPHHUX CIpPOO y pa3l KO3k mig dac
nepeaaBaiisa Kaapy (Rmax = 6).

[lin wac momanbmUX po3paxyHKiB Oymemo BBaxkatu N(R) = N, OCKUIbKH
KUTBKICTh aKTUBHUX CTaHIIIH, K1 O€31ocepeIHb0 OepyTh yUacTh y 3MaraHHi 3a JOCTYM
70 KaHally, 3MIHIOEThCSA He3HayHo [26]. 3MmiHa KIIBKOCTI CTaHIH OOyMOBJICHA
MEXaHI13MOM TOJIOJaHHS KOMI31H, SKUH MoJsrae y 301IbIIIEHHI BJBI4l KOHKYPEHTHOTO
BikHa CW micist K0XHO1 MOCIiI0BHOT KoJi3ii. ITicis KoKHOTO BIAIoro nepeaaBaHHs
KaJpy (HE3aJEeKHO BiJl CIIpoOM) CTaHIlISA BIAHOBIIOE NJIsi 3aCTOCYBAaHHS MOYaTKOBE
3HaYeHHsS! KOHKYpeHTHOro BikHa CWpin. TakuM 4MHOM KIJIBKICTH CTaHIIH, 10 Oepe
y4acTh B KOHKYPEHIIIT 32 KaHAJI IPOTATOM Yacy peaiizaiii konkypeHTHoro BikHa N(R)
OyJie e1Io MEHIIIOK BiJ] 3aTaJIbHOT KIIBKOCT1 aKTUBHUX CTaHITIN B Mepexi N.

Benmnuuny BipTyaJIbHOTO KOHKYPEHTHOTO BiKHA MOXXHA BHW3HAYUTH 34

dbopmyroro:

VCW = (2.6)

CW,-(1- p, F\il(zp )i—l _ CW]_'(]'_ pC)[(2 pC)R _1].
P A 2-(2p, -1
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[IpomyckHy 34aTHICTh KaHATy B 3a3HAUEHOMY BHUIIE PEXKUMI MOXKHA BU3HAUUTU

CHIBBIIHOIIICHHSIM:
N-E[PL]-P
Tuew
ne P, =1- pCRle — IMOBIpHICTB YCIIIITHOUj TIepeaBaHHs KaJpy JaHuX.
Yac peasizalii BIpTyalbHOTO KOHKYPEHTHOTO BiKHAa BU3HAYAEMO SIK:
TVCW :N‘-FPL+NC‘-FC+nId O, (2.8)

ne N, — KIIbKICTh KOMI31M Hif yac peanmizauii BIpTyaJlbHOTO KOHKYPEHTHOTO

BikHa; [pLi [c¢ — ycepeAaHECHI 3HAUCHHS TPUBAJIOCTI IUKIY IEpPeIaBaHHSI OJHOIO
KaJpy IaHUX 1 TpUBaIicTh Komi3ii BimmoBimHo; Ny =VCW — KilbKiCTh BUIBHUX

YacOBUX CJIOTIB MiJ Yac peani3alli BIpTyalbHOI0 KOHKYPEHTHOTO BIKHA.
KinbkicTe KoOMi3iH, sIKi BUHUKHYTH IIiJl Yac BIPTYyaJIbHOTO BiKHAa MO>KHA

BU3HAYMTH 3a Gopmyioro [26]:

Ne=Pe-— o (2.9)

Pesynbrati po3paxyHKIB XapaKTEPUCTHUK O€3MPOBOJOBOTO KaHAITY MEpexi
IEEE 802.11ac 31 cmyroro gactot 20 MI'11 y pesxuMi HAaCMUYEHOTO HABAaHTAXKEHHS 3a

cxeMoro MoayJisnii Ta kogyBanHs MCSS8 naBeneni B Tabi. 2.1 [51].
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Tabmums 2.1 — Xapakrepuctuku 6e3npoogoBoro karnary IEEE 802.11ac 20 MI'n

N| p. | VCW | Nc T2 | us I\j;l;s T00 1is If/ll:::c())s
0,0625 | 8,036 | 0,067 605,255 13,535 785,254 30,563
0,1760 | 9,519 | 0,427 1169,764 14,006 1529,722 31,377
0,2758 | 11,772 | 1,142 1763,176 13,932 2302,24 31,260
0,3635 | 14,905 | 2,282 | 2390,852 13,674 3104,312 30,853
10 | 0,4406 | 18,779 | 3,925 | 3056,364 13,304 3930,445 30,308
12 | 0,5083 | 23,067 | 6,149 | 3761,613 12,841 4768,249 29,679
14 | 0,5679 | 27,367 | 9,023 4507,34 12,296 5600,975 28,989

16 | 0,6202 | 31,307 | 12,602 | 5293,491 11,676 6410,825 28,245

ol o M~ DN

I'padpiuni 3anexnocti VCW = f;(N) i N, =f,(N) naBeneni na puc.2.2 i

puc. 2.3 Bianosiaxo [51].

VCW
35

30 ’L
s P
. pad

: /
10

5

N

0

2 4 6 8 10 12 14 16

Pucynok 2.2 — 3nauennss VCW B oiMHULIAX 4acCOBUX IHTEPBAJIB (CJIOTIB) K

3aJIEXKHICTH Bl KIIbKOCTI ctaHIii N
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Nc
14 )
12 /
10

2
OKQ/T/ N

2 4 6 8 10 12 14 16

Pucynox 2.3 — KinpKkicTh K0JI31# Tij] 4ac peanizallli 0JHOro BIpTyaabHOTO
KOHKYPEHTHOTI'O BIKHA

Po3paxynkoBi Tpadiku 3aneXHOCTI MPOMYCKHOI 3AaTHOCTI 0e3MpoBOIOBOT
MEpEeXi 3aJIEKHO B KIIBKOCTI aKTUBHHX CTAHIINH 3 HACHYCHUM HaBaHTAKCHHSIM
HaBeJeHO Ha puc. 2.4, puc. 2.5 15 KaJpiB JaHUX 3 OJIHAKOBUM HAaBaHTAXKEHHSIM: 11O
512 Gaiitie abo mo 1500 GaiitiB BigmoBimuo [51]. JIiHil Si 512 1 Si 1500 BKa3yHOTh
NPOIYCKHY 3AaTHICTh Oe3npoBonoBoro kaHamy &802.11ac 3 OfHI€E0 AaKTUBHOIO
CTaHIIi€l0, 110 O0e3MepepBHO Mepeac Kaapu 3 KOPUCHUM HaBaHTaKCHHsIM 512 OaliTiB
a60 1500 GaiTiB B KOXKHOMY KaJIpi.

S, Moit/c

15
14”\

13

, ——a—a l‘:\.\\:

11

—4—S 512

10 —@-51 512

N

2 4 6 8 10 12 14 16

Pucynox 2.4 — IlponyckHa 3matHicTh KaHairy (S 512) y pasi KOpuCHOTO

HaBaHTaXeHHA Kaapy 512 Galt
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S, Mbps
32

30

26 ——S_1500

24 —=-S1_1500

22
N

20

2 4 6 8 10 12 14 16

Pucynox 2.5 — IlponyckHa 3natHicTh kaHay (S_1500) y pasi KopucHOTO
HaBaHTaXeHHA Kaapy 1500 Gaitt
CepenHs 3aTpuUMKa HAJIXO/UKCHHS KaJpiB [aHUX JOpIBHIOBAaTHME dYacy
peanizaiii BIpTyaJbHOIO KOHKYpPEHTHOro BikHa (2.6). YUucioBi 3Ha4YeHHS IIi€l
3aTPUMKH, Yy pa3l PIBHOMIPHOTO HaBaHTaXeHHS 512 OalTiB y KOXHOMY Kajpi,
HaBeJIeHO B Tabi. 2.1, a rpadiyHa 3a1eXHICTh Ha puc. 2.6.
Tvcw, MKc =—Tvcw 512 -—=Tvcw_1500
8000

7000

6000
5000 Pt

x
4000
3000 //I//
2000

1000
0 - N

2 4 6 8 10 12 14 16

PucyHok 2.6 — 3a5ie:)KHOCTI 3aTPUMKH KaJIpy, Y pa3i pIBHOMIPHOTO
3aBaHTakeHHs 512 a6o 1500 Gaiiris
HactynHuM BaxJIMBUM NapamMeTpoM NpOLECy MepeJaBaHHs IMaKeTU30BaHOT
iHpopMaLli €  HEpIBHOMIPHICTH  3aTpuMKH  (mkutep). Jus  BHU3HAUEHHS
HEPIBHOMIPHOCTI 3aTPUMKH TIEPENaBaHHS CKOPHUCTAEMOCS CITiBBIAHOIIECHHSIMH,

HaBeJeHUMU B [26]. OnHUM 13 MOKJIMBUX MIAXOJIB J0 BU3HAYECHHS JKUTEpa 6(T) €
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0ro BU3HAYEHHS, K yCEPEIHEHOI Pi3HHI Mk MakcUMaIbHOI TM™) i MiHiMaILHOO
satpumkoro TV, B Takomy pasi [KUTEp MOKHA BM3HAYUTH, SK MHOJBOECHE

CEpEIHBOKBAIPATHYHE BiIXHJICHHS BUMAIKOBOT BETMYHHHU:
o) = (M) _ (i) _5 /D(7), (2.10)

Hucniepcito 3aTpuMku  D(T) MOXXKHA OOYMCIIOBATH, SKIIO CKOPUCTATHUCh
3HAUYCHHSAMH BIJIIOBITHUX TMapaMeTpiB, BU3HAYCHHUX JIs 1HTEpBAIy BIPTyaJbHOTO
KOHKYPEHTHOT'O BIKHA JJI YCHIIIHO NE€PEeIaHuX KaJpiB HA KOKHOMY €Talll JOCTyIy 10

KaHaly.

1 m+1

D(7) = ® ,Z:lN i (rj-1)%, (2.11)

ne N (b), N j —3araiabHa KUIBKICTh MEepeIaHuX KaAPIB TaHUX 1 KUIBKICTh KaJpiB,

nepeanrX i vac |- cipoOw i yac peasizaliii BipTyalbHOI0 KOHKYPEHTHOTO BiKHA,

*

7 — MakCMMaJlbHa 3aTPUMKa B Pa3i yCHINIHOTO MEPEIaBAHHs Kapy NaHuX Mijl 9ac j-i

cpoOu A0CTymy 10 0€3MPOBOJOBOTO KaHATY, T — yCepeIHeHa 3aTPUMKA.

) - S |
7:=(N-R,-TpL+N ~Tc)-2 (CWoip +1) 1+0'-21_1°((CW in+1)-1)
j S c min

VCW . (2.12)

®opmyna (2.10) no3Bossie BUBHAYUTH MAaKCUMAJIbHY 3aTPUMKY T;* U1 Kazapy,
KUK oTpanuth y (J-1) Komi3iro (Ha j-ii crpoOi Kaap Oy/e mepenaHo), a CTaHIlis, sKa
Horo nepenae, 3aBaHTAXKUTh Y JIYMJIbHUK 3BOPOTHOTO BIJIIKY MAKCUMAJIbHE YHCIIO 13
MHOKMHU  YHCEN, OTpUMaHOlI B  pe3yjbTaTi 3acTOCYBaHHS  JBIHKOBOTO
eKCITOHEHII1aIbHOTO 3aKOHY JJIsl BU3HAYEHHS BEJIMYMHU KOHKYPEHTHOTO BiKHA.

KinekicTe KanpiB, nepeqaHux Ha KOXHOMY €Taml JOCTYIy J0 KaHaldy B pasi

0araTopa3zoBOro MOTPAIITHHS B KOJII3110 HABEACHO B Ta0d. A.7.



65

['padix 3a1eKHOCTI HEPIBHOMIPHOCTI 3aTPUMKU BiJ KUIBKOCTI aKTHBHHX

CTaHIIM y Mepexi I BUIIAQJIKy, KOJW KOXHA CTaHIlIs Mepeaae Kajap aaHux 13 512

OaifTamMu TaHUX KOPHUCTyBaya, HaBEJEHO Ha puc. 2.7.

jitter, Mxc
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——J 512

—=-J_1500

80000

70000

60000

-
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40000
30000

20000

10000
o!"(
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N

PucyHok 2.7 — 3anexHicTh IPKUTEPA Bl KITBKOCTI aKTUBHUX CTaHIIM NI TBOX

3HAYCHb KOPUCHOI'O HABAHTA>KCHHA B KaJApax

VY 1abn. 2.2 101aTKOBO HaBEAEHO PE3yJIbTaTH PO3PAXYHKY KUIBKOCTI IEPEIAHUX

KaJIpiB 1 MAKCUMAJILHOT 3aTPUMKH Ha PI3HUX €Tarax JOCTYIy 10 KaHally JUIsl KaJpiB,

10 K1JIbKa pa3iB MOCIIIOBHO MOTPANUIN B KOJI310.

Tabmuus 2.2 — MakcuManbHO1 3aTPUMKH Yacy MepelaBaHHs KaJpy Ha Pi3HUX

erarax JOCTYIly 10 KaHally

N

2

12

14

16

N;j

Tj,l,ls Nj

Tj,|J.S

N;

Tj,LlS

N;

Tj,IJ.S

N;

Tj,us

1,875

720,02 5,092

1503,159

5,9004

1523,82

6,0494

1509,28

6,0768

1510,85

0,1171875

1488,04 | 1,850942

3106,51

2,999173

3149,24

3,435454

3119,18

3,768831

3122,44

0,0073242

3024,08 (0,6728174

6313,23

1,524499

6400,06

1,950994

6338,98

2,337429

6345,60

0,0004579

6096,16 |0,2445691

12726,67

0,774893

12901,72

1,10797

12778,58

1,449677

12791,93

2,861E-05

12240,33|0,0889009

25553,55

0,393878

25905,02

0,629216

25657,77

0,899088

25684,581

1,7881E-06

24528,66|0,0323155

51207,30

0,200208

51911,63

0,357332

51416,17

0,557614

51469,886

1,1176E-07

49105,32|0,0117467

102514,82

0,101766

103924,84

0,202929

102932,95

0,345832

103040,49

M| ~N| o g & w| N RO

1,9999999

7,9932916

11,89479

13,7333

15,435268

IpumiTka. ] — eran JOCTYIy 10 KaHAy epelaBaHHs TaHUX
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2.2.4 Anani3z oTpuMaHuX pe3yJibTaTiB

[IponyckHa 31aTHICTh MEpPEXi HE € MOCTIHHOI BEJIWYHMHOI 1 3aJCKHUTh BiJ
KUTBKOCT1 aKTUBHUX CTAHI(IH 1 00CATY KOPUCHUX JaHHUX B iHPOpMAIIHHOMY Kajpi.

[IponyckHa 31aTHICTh KaHATY 301IBIITYETHCS 31 301IBIIIEHHAM 00CATY KOPUCHUX
TaHuX B 1H(QOpMAIIHHOMY Kaapi, M0 OOYMOBJICHO 3MEHIIEHHSM BiJIHOCHOI YaCTKH
HENPOAYKTUBHUX BUTPAT B IIUKJII MEpEAaBaHHS KaIpy.

31 301IbIIIEHHS KITBKOCTI aKTUBHHUX CTaHIIIN, 10 (QYHKIIIOHYIOTh B HACHUYEHOMY
peXUMI TPOMYCKHA 3JaTHICTh O€3MPOBOJOBOrO KaHaly CIOYaTKy MOHOTOHHO
301IBIIYETHCS, a MiCIIsl JOCATHEHHSI IEBHOTO MAKCUMYMY — MOHOTOHHO 3MEHIIYEThCS,
puc. 2.6 ta puc. 2.7. Taka 3MiHa MPOITYCKHOI 31aTHOCTI 00yMOBJIEHA JIBOMA SIBUIIIAMHU.
3pocTaHHs TPOMYCKHOI 3JaTHOCTI Mepexki 31 30UIBLICHHSIM KUIBKOCTI aKTHBHHUX
CTaHI[ii 00YMOBJIEHO 3MEHIIEHHSIM TPUBAJIOCT] YCEPEAHEHOTO 1HTEPBAY OUIKYBaHHS
CW, t0o6T0 MiX mepenaBaHHSM KaJpiB PI3HUMH CTAHIISIMU 3MEHIIYETHCS KITbKICTh
«IOPOKHIX» YaCOBHX CIIOTIB. 3MEHIICHHS MPOIMYCKHOI 37aTHOCTI OOYMOBJIEHO
BIUTMBOM KOJIi3il, HASIBHICTh SIKUX 301JIbIIIy€ HEMPOYKTHBHI BUTpaTH yacy [52].

[IponyckHa 31aTHICTH O€3MPOBOJOBOTO KaHAIY 3 4aCTOTHOI cMmyroro 20 My
3HAYHO BIJIPI3HAETHCS BiA (PI3MUHOI MIBUJIKOCTI NIEpEIaBaHHs KOPUCHUX JaHUX Yepes
3HAYHYy BTpaTy 4Yacy Ha OOCIyrOBYBAaHHS KaHally (BEJMKI HENPOIYKTUBHI BUTPATH).
Yum MeH1Ie OJIOK JaHWX, THM OiTbIlIe YacTKa HEMPOAYKTHBHUX BUTPAT B 4YaCOBOMY
LUKII TepeaBaHHd OJOKy AaHuX. Tak, y pa3i KOPUCHOIO HAaBaHTAXEHHS B Kaipi
naHux o0carom 512 6aiTiB MakcHMalibHa pO3paxyHKOBa MIBUAKICTH MepeJaBaHHS
KOPHUCHOTO HaBaHTaXEHHS cTaHOBUTH 14,006 MO6it/c, puc.2.4, (4OTUpPU aKTUBHI
CTaHIlli 3 HACHYCHUM HaBaHTAXXEHHSIM), 110 CTaHOBUTHL 16,15% Bijg MakCcUMaJbHOI
G13UYHOT IBUKOCTI TIEpeIaBaHHs JaHUX, MepeI0adeHol JUIsl OJJHOTO TMPOCTOPOBOTO
KaHay. Y pasi, KOJId KOPUCHE HAaBAaHTAXKEHHS y Kaapi naHux cTaHOBUTH 1500 OaiTiB,
MaKcHMajbHa MPOMYCKHA 3[AaTHICTh KaHaly cTaHoBuTh 31,377 MO6it/c, puc.2.5, mo
cTaHoBUTH 36,19% Big MakcuManbHOI (D13MYHOT IIBUIKOCTI MEPEAABAHHS JaHUX.

Cepennsi 3aTpuMKa TepeJaBaHHS KaJpiB MaHUX 3POCTa€ 31 30UIBIICHHSIM
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KUTBKOCTI aKTMBHHX CTaHIIN y MIUPOKOMY Jiarna3oHi, mo 00yMOBIEHO 301IbIIEHHIM
YacOBOTO IHTEpBaly, HEOOXIMHOTO AJisi TMEpEeAaBaHHS B CEPEIHbOMY BCIX KaJapiB
akTUBHUX cTaHIii. Tak, y pa3i mepegaBaHHS KOXKHOIO CTaHIIEI0 B CEPEIHBHOMY IO
OJTHOMY KaJpy MaHuX po3MmipoM 512 GalT cepemHs 3aTpuMKa 3 JTBOMa aKTHBHUMU
CTaHIlISIMA B MEpeXi CTaHOBUTH 605 MKC, a 3 16 akTUBHUMHU CTaHIIsIMU — 5293 MKC 1
JHIAHO 3pocTae 31 30UTBIIEHHSM KUIBKOCTI cTaHmik, puc.2.6. Komu kopuchHe
HaBaHTa)XCHHA Kaapy cTaHoBUTH 1500 GaiiTiB, cepenHs 3aTpUMKa 3MIHIOEThCS 3 785
MKC JJIs1 IBOX cTaHIM 10 6410 MKC i1 IIICTHAISATH CTAHIIHN.

3aJIe’KHO B1Jl KTBKOCTI aKTUBHHMX CTAHIIIN y MEpEeX1 HEPIBHOMIPHICTb 3aTPUMKH
KaJIpy 3MIHIOETBCS B IIMPOKOMY jiana3oHi, puc. 2.7. HepiBHOMIpHICTh 3aTPUMKHU Y
pasi 3aCTOCYBaHHS JBIMKOBOTO MOKAa3HWKOBOTO 3aKOHY 30UIBIICHHS KOHKYPEHTHOTO
BikHa (CW) nmnst craniii, mo norpanuia B KOJI3ii0, IEPEBUIILYE CEPEAHIO 3aTPUMKY
pUOJIU3HO B JECATH Pa3iB.

31 30UIBIIEHHSIM KUIBKOCTI aKTUBHHMX CTaHLIA y MepexXi 3p0oCcTae WMOBIPHICTb
TOr0, 110 HE BCl CTaHLIl 3MOXYTh NepeJaTH CBOI KaJIpH 3 BUKOPUCTAHHSIM CEMHU
(mepiioi 1 MeCTH NOBTOPHUX) HAAAHUX COpo0, Tabu. 2.2. 3anexHo BiJ TUILY KaApiB 1
HaJaIITyBaHHS MEPEXi Taki KaJpu MOXYTb OyTH BIAKUHYTI a00 OyyTh MPOJIOBKEHI
crpoOu mepenatu Ii Kajapu. 3a HAsSBHOCTI B MEPEXi BOCHBMH aKTUBHUX CTaHINMN 3
HACHMYECHUM HAaBaHTAXCHHIM He OyJe mepeaHo 3 BUKOPUCTAHHSM IIIECTH MOBTOPHHUX
cipo0 0,084% Bcix KajpiB, 3a HASBHOCTI ABaHaaATH cTtaHmii — 0,875%, 3a HasBHOCTI

YOTUPHAAIATH cTaHIii — 1,905%, 3a HasBHOCTI mIicTHAAIATH cTaHmii — 3,53%, Talur.

2.2.

2.3 IIponyckHa 30aTHiCTh Mepe:Ki 3 pO3IUPEHUMH YACTOTHUMH KaHAJIaMH

MeTor0 [1aHOTO JOCHIKEHHS € 3°sCyBaTh HACKUIbKU €()EeKTUBHUM €
3aCTOCYBaHHS PO3IIUPEHHS YaCTOTHOI CMYyTH pajlioKkaHally Oe3MpoBOIOBOI MEpexki
IEEE 802.11ac ayis 30U1bIIeHHS IPOIYCKHOI 3AaTHOCTI B pa3l 3aCTOCYBaHHS PI3HUX

cucteM Moyl 1 kogyBanus (MCS).
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Po3paxyHOK TpoImmyCKHOI 31aTHOCTI 3poOieHo mis (aililiB 3 KOPUCHUM
HaBaHTaXE€HHAM JaHux 512 OaitiB 1 1500 OaiitiB. Po3paxyHOK 3/iHiCHEHO 3a
METOIMKOIO0, 3aCTOCOBAHOI0 BUIIE JIJIsl OLIIHIOBAHHS MPOIYCKHOI 3JaTHOCTI KaHAIy 3
gacToTHOIO cMmyroro 20 MI't B peskxumi MCS8 3 o1THUM IPOCTOPOBUM TTOTOKOM.

[1ix yac po3paxyHKiB OKpiM KOPUCHOTO HaBaHTAXEHHS KaJIpy JJAHUX BPaXxOBaHO
TaKOXX CyHyTHIO 1H(OpMaIlil0: 3aroyioBoK mpoTokony I[P — 20 GaiiTiB, 3arojoBOK
nporokory UDP — 8 0GaiitiB, 3aromoBok mpotokoiny SNAP — 12 OaiitiB, a Takox
KoHTpoJibHY cyMy (FCS) — 4 Gaiitu. TakuM 4uHOM B KaJpi KaHAJIBHOTO PIBHS 3aMiCTh
512 oGaiitiB Oyne nepeaano 556 GaitiB 1 3amicth 1500 GaiiTiB Oyne nepenano 1544
OaiTH.

Po3paxyHok 3po0OsieHO it pexuMy «kpama crpoba» (BE), saxuit HaiOLibII
4acTO 3aCTOCOBYIOTh B MEpPEKaxX 3 MPIOPUTHU3AIIIEI0 TpadiKy.

TpuBanocTti yacoBuX 1HTEpBaliB, puc.l.4, B UK MepeaBaHHs KaJapy JaHUX
OJIHI€I0 CTaHII€ MaroTh Taki 3HaueHHS: AIFS — 43 mkc, RTS — 28 mkc, SIFS — 16
Mkc, CTS — 28 wmke, ACK — 32 wmkc. TpuBadicTh 1HTEpBaldy IMepeaaBaHHA
0e3rmocepeHb0 KaJpy TaHUX BU3HAUCHO 3 YPaxXyBaHHIM THUITY MOJYJISIIIT 1 ITBUIKOCTI
KOJyBaHHS, HaBeJeHUX B Ta0J. 1.4. OCKUIBbKY M1 4ac OAHOYACHOTO ()YHKLIOHYBaHHS
N craHiiii B HacMUYEHOMY pEXKHMI OyayTh BHHHKATH KOJi3li PO3paxyHOK Hacy
TepeIaBaHHs KaapiB 30iHCHEHO 13 3aCcTOCyBaHHAM crIiBBigHomenHs (2.6). [Tpomyckry
3IaTHICTh KaHaJTy BHM3HAYEHO 3a CHiBBAHOWEHHSAM (2.5). YuciaoBi 3HayeHHs
pe3yJIbTaTiB po3paxyHKiB HaBeJeHO B Ta0a. A.1, A.2, A.3, A4, A.5, A.6.

[Ipu 3nilicHeHH1 OCTIPKEHHS BPaX0BaHO, M0 JJI KaHATy 3 YACTOTHOIO CMYTOIO
20 MI't He mependayeHo 3aCTOCOBYBATH PEXKUM MOAYJIALIT 1 KoyBaHHs MCS9.

['padixm 3anexHOCTI TPOIMYCKHOI 37aTHOCTI KaHAy 3a PI3HOI IIMPUHU
YaCTOTHOI CMYTH B pa3l KOPUCHOTO HaBaHTaXKEHHS Kaapy 512 OaittiB 1 1500 Gaiitis

JUIS PI3HUX 1HIEKCIB MoayJisaiii 1 komyBanus (MCS) naBeneno Ha puc. 2.9 — 2.17.
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Pucynox 2.9 — IIponyckHa 31aTHICTh MEpexXi 3 4acTOTHOIO cMyTor0 20 MI'1T B

OJTHOTIOTOKOBOMY pekumi PL=512 GaiiTiB
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Pucynox 2.10 — [IpomyckHa 37aTHICTE MEpEXi 3 4aCTOTHOIO cMyTOor0 40 MI'1T B

OJIHOTIOTOKOBOMY pexxumi PL=512 GaiitiB
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Pucynok 2.11 — IIponyckHa 34aTHICTh MEpEKi 3 4aCTOTHOIO cMmyroro 80 MI' B

OJTHOTIOTOKOBOMY pekumi PL=512 GaiiTiB
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Pucynok 2.12 — IIpomnyckHa 31aTHICTh MEpeXk1 3 4acTOTHO cmyroro 20 MI'1 B

onHOMOTOKOBOMY peknmi PL=1500 GaiitiB
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Pucynox 2.13 — [IpomyckHa 37aTHICTE MEPEXi 3 4acTOTHOIO cMyTor0 40 MI'11 B

onHonoTokoBoMy pexkumi PL=1500 GaiitiB
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Pucynok 2.14 — IIpomnyckHa 31aTHICTh MEpeX1 3 4acTOTHO cmyroro 80 MI'1 B

oJiHOTOoTOKOBOMY pexxumi PL=1500 GaiitiB
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Pucynox 2.15 — [Ipomyckna 31aTHICTS Mepexi B pexxumi MCS7, PL=1500 GaiiTiB
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Pucynox 2.17 — [IpomyckHa 31aTHICTS Mepexi B pexxumi MCS9, PL=1500 GaiiTiB
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VY nmocmipkeHHl 3po0JeHO PO3paxyHKH TMPOIYCKHOI 3JaTHOCTI KaHAIB 3
mupuHOIo yactoTHoi cMyru 20, 40 1 80 MI'n. Taky mupuHy 4acTOTHOT CMYTH MalOTh
nigrpumyBaTt Bei npuctpoi Mepexi IEEE 802.11ac. Otpumani pe3ylibTatd MOKHA
MONIMPUTH HA XaPAKTEPUCTHKU KaHAJIB 3 MUPHUHOIO 9acTOTHOI cMyrH 160 MI'm, siki
CTaHJapTOM Iepe10ayeHO BUKOPUCTOBYBATH HE 000B’3KOBO, OIIIIIHO.

HaBeneni Ha rpadikax pe3yiabTaTH po3paxyHKIB MPOMYCKHOI 3AaTHOCTI Uis
Mepex 3 gactotHuMu kaHaimamu 20, 40, 80 MI' 3anexHO BiJ] CHCTEM MOJYJISIIT 1
konyBanHss (MCS) miaTBepKyrOTh paHillie 3po0JieHl 3ayBa)K€HHS CTOCOBHO
CIIBBITHOIIIEHHS TMPOMYCKHOI 3/IJaTHOCTI KaHalIy 1 IIBUIKOCTI IepelaBaHHs OJIOKY
JaHuX B iHGOpMaIlitHOMY Kajpi.

Tak, B pexumi MCS9 B kanami 3 yacTtoTHoro cmyroto 40 MIm B pasi
3aCTOCyBaHHs 3axucHOro iHTepBany 0,4 MKC IMBHAKICTH TMEpeJaBaHHS KOPHCHHX
nanux crtaHoBuTh 200 MOit/c (Tabn. 1.4), a MakcuMmalbHa MNPOIMYCKHA 3JaTHICTh
ka"airy (PL=1500 0aiiTiB, 4OTUPHU aKTUBHI CTaHLli B HACHYEHOMY PEKUMI1, puc. 2.12)
yepe3 BEIMKI HENMPOJYKTHUBHI BHUTpaTth 4Yacy crtaHoBuTh 37,0357 Mo6it/c. Tob6TO
MaKCHMMaJlbHa TPOIMYCKHA 37aTHICTh KaHAy cTaHOBUTH 18,518 % Bim MIBHAKOCTI
nepenaBaHHs JaHUX. EQEKTUBHICT, BUKOPUCTaHHS O€3MpPOBOJOBOrO KaHALy MAJis
nepeaBaHHs  JaHUX MOXKHA  OXapakTepu3yBaTH  KOEQIIIEHTOM  KOPHCHOTO
HABaHTAXCHHS Ky, KW JTOPIBHIOE BITHOMICHHIO MPOITYCKHOI 3JaTHOCTI KaHAIY 0
¢bi3ryHOT MIBUAKOCTI IepeIaBaHHs qaHuX. B qanomy pasi K, = 0,185.

B kanaumi 3 wactotHoro cmyroro 80 MI'1y MmakcuManbHa MBUAKICTH TIEpETaBaHHS
JAHUX 13 3aCTOCYBaHHSM OJIHOTO IPOCTOPOBOIO IMOTOKY O€3 arperyBaHHS KaJpiB
cranoBuTh 433,3 M0O/c, a MakcuMmaibHa MPOIYCKHA 3[aTHICTh KaHaJIy CTaHOBUTH
42,252 MI'mt a6o 9,75 % Big mBUAKOCTI epeaaBaHHs qaHux. KoedimedT KOpUCHOTo
HaBaHTaXeHHs K, = 0,0975.

3a pe3ynbTaTamMu pPO3PaxXyHKIB MOXKHA OTPUMATH OINIHKY 30UIbIIICHHS
IPOMYCKHOI 3IaTHOCTI KaHaly MpU MEepexoji Ha Pi3HI IMIBHIKOCTI MPOTU3aBAAHOTO
KoAyBaHHA. HallOinpll HiKaBUMHU € PEKUMHU 3 BHUCOKOIO IIBHIKICTIO TEpEIaBaHHS
nanux. ['padiku 3amexnocrerr mis MCSS, MCS6, MCS7 (momymsiis QAM-64,

mBUAKOCTI kKomy 2/3, 3/4, 5/6 BignoBigHO), puc. 2.9 — 2.14, po3ramoBaHi OJIM3bKO
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OJMH 10 1HIIOTO. 3MiHA MIBHAKOCTI MPOTHU3aBaJHOTO KOJY MPU3BOIUTH IO 3MIHU
MIPOITYCKHOI 3AaTHOCTI Bif 9% 110 9,9% B kanam 20 MI'1, Bix 6,18% no 6,49% B kanai
40 MI'y 1 Big 3,52% 1o 4,32% B xanani 80 MI'1.

PosrnsHemo, sik 3MIHIOETHCSI IPOMYCKHA 3/1aTHICTh KaHATY B MEPEXi 3 HOTUPMa
AKTUBHUMH CTaHIIISIMH (MaKCHMallbHa MPOIMYCKHA 37aTHICTh) B pa3i Mepexoay Bif
MCS5 no MCS6 i Bigx MCS5 no MCS?7. Tak B kanani 20 MI'ty mepexin Bimx MCSS5 1o
MCS6 B pexxnmi HaCMYEHOTO HaBaHTaxeHHs 3 obcsrom 1500 6aiiTiB KOPHCHOTO
HaBaHTAXXEHHS B Kajpi, puc.2.9, 30ublilye NponyckHy 3aaTtHicTh Ha 4,3 % (3 24,589
1o 25,861 M6/c), a nepexia Big MCS5 no MCS7 301bl1y€e NpONyCKHY 3/1aTHICTh Ha
9,91 % (3 24,589 1o 27,026 M6/c).

B kanani 40 MI'1, puc.2.10, nepexia Bix MCSS no MCS6 306151bI11y€e TpOIyCKHY
3natHicTh Ha 3,37 % (3 32,608 mo 33,707 MO/c), a nepexin Bim MCS5 no MCS7
30UTBIIY€ MPOIYCKHY 3/1aTHICTh Ha 6,98 % (3 32,608 no 34,883 Mb/c).

B kanam 80 MI'n, puc.2.11, nepexia Bimx MCS5 n1o MCS6 301bI11y€ IpOMyCKHY
3matHicTh Ha 2,67 % (3 38,96 no 39,999 Mo6/c), a nepexin Bim MCS5 no MCS7
301IBIITY€ POIYCKHY 371aTHICTB Ha 4,05 % (3 38,96 10 40,539 M6/c). To6TO B KaHamax
3 OUIBIIOI HIUPUHOI YACTOTHOI CMYTH 30UIbIIEHHS HIBUIKOCTI MPOTHU3aBaJHOTO
KOJIyBaHHS IPU3BOIUTH JI0 MEHIIIO1 BITHOCHOI 3MIHU MIPOITYCKHOI 3/TaTHOCTI.

VY pasi 3acTocyBaHHs cucTeM MOyl 1 koayBanHs MCS8 1 MCS9 (moynsiis
QAM-256, mBUAKOCTI MpOTHU3aBagHOTO Koay 3/4 ta 5/6 BimmomigHO), puc.2.13,
nepexin Bix MCS8 no MCS9 B kanam 3 yactotHor cmyroro 40 MI'1 30umbinye
IpOMNycKHY 3AaTHICTh Ha 1,24 % (3 36,584 no 37,036 M6/c), a B kaHaJli 3 4aCTOTHOIO
cmyroro 80 MI'n, puc. 2.14, —na 1,4 % (341,665 no 42,252 M6/c).

I'padixu, HaBemeni ©Ha puc.2.15-2.17, HarasgHO UIIOCTPYIOTH 3MIHY
MPOITYCKHOI 3/IaTHOCTI KaHaldy y pasl 30UIbIICHHS HIMPUHU YaCTOTHOI CMYTH.
PosristHemMo 3MiHM TPOITYCKHOI 3JaTHOCTI MEpEeXl i HaWOIbII IIBUIKICHUX
PEXHUMIB POOOTH MEPEKI.

Tax, y pa3i HACHYEHOTO HaBaHTAXXEHHS CTaHIIN MEpexki 3 00CITrOM KOPUCHOTO

HaBaHTOXKEHHA Kanpy pgaHumx PL=1500 Oaiitie B pexmmi MCS7 30inbmieHHs
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gactoTHOi cmyTu 3 20 MI'n 10 40 MI't mpu3BOAUTH A0 301UTbIIEHHS MaKCUMaTbHOI
MPOITYCKHOI 31aTHOCTI Ha 29 % (3 27,026 no 34,882 M6/c), a 301IbIIIEHHST 9YaCTOTHOL
cmyru 3 20 MI'p o 80 MI'p — wa 50 % (3 27,026 mo 40,539 M6/c).

Sxmo B Mepexi 3acTOCOBAaHO CHCTeMy MomyJssii 1 komyBanHs MCSS8
301IbIIeHHsT YacTOTHOI cmyru 3 20 MI'n go 40 MI'n mpu3BoauTh A0 301IbIIEHHS
MaKCUMabHOI TiporryckHoi 3matHocTi Ha 20,73 % (3 30,302 mo 36,584 MO/c), a
30umpmenHs 3 20 MI' 1o 80 MI'm —na 37,5 % (3 30,302 mo 41,665 M6/c).

VY pa3l 3acTocyBaHHA B MEpEXI CHUCTEMH MOAyJilii 1 koxyBaHHs MCS9
30uIbIIeHHST YacTOTHOI cmyTH 3 40 MI'n no 80 MI't nmpu3BOAUTH 10 301IbIIEHHS

MaKCUMaJbHOI pomyckHoi 3aaTHocTi Ha 14,0973 % (3 37,036 no 42,256 M6/c).

2.4 IIponyckHa 3aTHICTH MepeXi 3 MAKCMMAJIbHUM HABAHTAKEHHSIM

arperoBaHUMH KaJpaMu

3 pe3yJbTaTiB TMOMEPENHIX JOCHIDKCHh BHUIUIMBA€E, IO 31 301IBIICHHSAM
KOPUCHOTO HaBaHTAXEHHS KaJpy IMPOITyCKHA 3[AaTHICTh KaHamy 30uibmryeThes. 1100
3’CyBaTH MaKCUMaJIbHO MOXKJIMBY TPOIYCKHY 3JaTHICTh KaHaTy B PEXHUMI 3 OJJHUM
MPOCTOPOBHUM MOTOKOM BU3HAYMMO MPOMYCKHY 3[aTHICTh KaHATY B pa3i HACUYEHOTO
HaBaHTa)XCHHS arperoBaHUMH KaJpaMHi MaKCHUMAaJIbHOI BEJTMIHHH.

Sk Oyno 3a3HaveHo B 1.5 MakcumanbHui po3mip kaapy MPDU (MAC protocol
data unit) cranoButh 11454 OGaiitiB. B oMy kazapi, puc. 1.6, € npeamOyna, Ky
MepPeIar0Th 3 MAJIOIO MIBUIKICTIO POTATOM 44 MKC B pa3i MpU3HAYEHHS KaJapy OJTHOMY
aJpecaroBi, Ta OJIOK arperoBaHUX JaHUX, B SKOMY KOXXEH IMaKeT MEPEKHOTO PIBHS
HAJICKUTh TOMY CaMOMY CEpBICY 1 BIJOKPEMJICHHH Bl IHIIOTO OOMEXyBadeM, IO
MICTHTB 2 0alTH, a TAKOXK Ma€ JI0JJaTKOBHH 3aroJIOBOK, 1[0 MICTUThL TaK0OXK 2 OalTH.

[Ilo6 cdopmyBatn arperoBanuii kaap MPDU wmakxcuManbHOT BeTMYMHH
BUKOPUCTAEMO ITaKETU MEPENKHOTO PIBHA, po3Mip sAKUX Habmmwkenuit 1o MTU
(Maximum Transmission Unit — makcuManbHuiA OJOK JaHUX AJIs nepeaaBanHs). Jlus

oinbIocti Touok goctynmy MTU 3a modyaTkoBUM HaallITyBaHHSIM CTaHOBUTH 1500
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0alTIB.

Bynemo poOutu po3paxyHOK y Takui crocio, 1mo6 chopMyBaTH MaKCUMaIbHO
Benukuit ¢paiin MPDU 13 BeMKuX BXiTHUX MAKETIB OHAKOBOT BEIMYUHU, PO3MIP STKHX
He nepesuirye MTU.

3a pesynbpTaTaMu JOJATKOBUX PO3PAaXyHKIB BU3HAYMIIM, IO IS peajizaiii
HaBEJCHOTO BUIIE MiAXony Tpeba BukopuctoByBatu naketu (MSDU) po3mipom 1427
OaiitTiB. Bchoro takmx makeriB B arperoBaHomy kajapi MPDU 6yne Bicim. Tomi

HaBaHTaXeHHA MakcuMalibHO Besinkoro MPDU cranosutume MPDUma= 1427 OaiiTiB

-8+4 Gaiitu-7 = 11444 Gaiitis, puc.2.18.

OFDM Mo gynsiuis Moaynsuis pexumy VHT
. . -
(opHakoBa AnA BCiX KOPUCTYBaviB) (npu3HayeHa Komno\my KopucTy Bauy)
8 MKc 8 MKc 4 mMKc 8 MKc 4 mKkc 8 MKc 4 mkc PizHa
VHT- VHT
L-STF L-LTF L-SIG| VHT-SIG-A STF VHT-LTF SIG-B Data
(L
JJ
g S g £ B S
B B 1427 6aiitis  |’s| & 1427 6aitis  |’z| 8 14276aiitis
(=] (e} (] \te} (=] o
o~ (o'} o~ (o'} (o] (o]

#f
Pucynok 2.18 — CTpykTypa arperoBaHoro Kaapy sl po3paxyHKy
MaKCUMaJIbHOI MPOMYCKHOI 34aTHOCTI KaHAITy

Braxaemo, koxxeH nmaketr mepexHoro piBHs (MSDU) MicTUTh KpiM KOPUCHUX
nanux 3aroioBok [P — 20 Gaiiti, 3aronoBok UDP — 8 Gaiitis, mukmiuny cymy FCS — 4
Oaiitu. ToOTO KOpUCHE HABAHTAXKEHHS KOKHOTO 13 00’ €THAHUX KaJIpIB CTAHOBUTUME
1395 6aiitiB. Kopucuae naBantaxkenHs (PL) BChOTO arperoBaHoro Kajapy CTaHOBUTUME
11160 Gaiiris.

3poOuMO po3paxyHOK [JIsi JBOX MPIOPUTETIB, KOJIM TOYKA AOCTYIY Mepenae
arperoBaHi KaJpu B HACHUYCHOMY pEXKUMI OJHOMY KOPHCTyBady 13 3arajbHUM
npioputeToMm (AC BE) 1 3 mpioputeTom Bimeonotoky (AC VI). PozpaxyHok podbumo

3TiTHO 3 PO3IMOAUIOM YacOBHX IHTEpBamiB HaBefaeHuX Ha puc. 1.4. Tlorpebdye
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pPO3paxyHKy IHTEpBal uacy O€3MOCEpPEeNIHbOTO MEepelaBaHHsA arperoBaHOro Kajapy.
TpuBanicTh I1HIIMX YacOBHX IHTEPBAJIIB BH3HAUCHA B TMOMEPEAHIX pO3paxyHKaX:
AIFS(AC_BE) =43 mkc, AIFS(AC _VI) = 34 mkc, SIFS =16 mkc, Trrs = Ters = 28
MKC, Tack =32 mMkc. Takox CWnin(AC_ VD) =7, CWhpin
AIFS(AC_BE) = 15.
KOAYBaHHS HAMOLIbII MIBUAKICHUX PEXKUMIB: JAJIA KaHAIY 3 YaCTOTHOIO cMmyroro 20

MI'n — MCS8, a s kanamis 40, 80 1 160 MI'y — MCS9.

BpPaxoOBaHO, WIO

Jist po3paxyHKy 3acCTOCOBAHO MapaMeTpu MOJIYJALii 1

Po3paxyHOK TpUBaJIOCTI IUKITy TIEpe/laBaHHs arperoBaHOro Kajapy poOumo 3a
dopmyiioro (2.4), a po3paxyHOK IMPOIYCKHOI 37aTHOCTI 3a ¢opmyow (2.3)
Pesynbrat po3paxyHKiB MaKCHUMalIbHOI MPOITYCKHOI 3JaTHOCTI 0O€3MpOBOJOBOIO
kanairy mepexi IEEE802.11ac 3 ogHuM mpocTOpOBHM MOTOKOM HaBeIEHO B TaOIl.
2.3.

Tabmuus 2.3 — [Iponyckna 3natHicTh kaHairy IEEE802.11ac B pexkumi HaBaHTa)KEeHHS

arperoBanumu kaapamu PSDU makcuManbHOT BETUIHHH

. Sac_BE, Sac_ i,
Af, MFLI PL, OaliTiB TpL BE, MKC Tp|_ Vi, MKC
- Mo6iTt/c B MobiTt/c
20 11160 1323,7 66,187 1278,7 68,471
40 11160 692,9 118,834 647,9 126,405
80 11160 455,3 173,530 410,3 194,977
160 11160 361,7 224,040 316,7 252,560

B Ta0:. 2.3 3acTOCOBAHO TaKi IMO3HAYEHHS:

- TpLge, TpL vi - TpUBAIICTh LHMKIY INE€pelaBaHHS arperoBaHoOro Kajapy 3
npioputetom AC_BE ta AC_VI BinoBigHo;
- SAc BE, SAc vi — TpOITyCKHA 3[aTHICTh KaHaly B pa3l mepeaaBaHHS
arperoBanux kazapis 3 npioputetamu AC_BE ta AC_VI BianosijHo.
Po3paxyHOK TpHBaIOCTI MKy TEpelaBaHHS OJHOTO arperoBaHOro Kaapy
3aicHEeHO 3riHO 3 (2.4). YcepenHeHuit yac 3aTpUMKH OOYMOBJICHHM JITYMIBHUKOM
3BopoTHOro Bimiky ctaHOBHTHME: CWnin(AC VI)/2=3,5 ta CWpi, AIFS(AC_BE)/2
=7,5.160 — 12,7%, 20 - 3,45%
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['padiuny iHTEpIpETaLiI0 OTPUMAHUX PO3PAXYHKOBUX PE3yJIbTaTiB HABEACHO
Ha puc. 2.19.
Busznaunmo koe(imieHT KOPHUCHOTO HABAaHTAKEHHS JUISI  PEXKHUMIB 3
MaKCHUMAaJIHbHOIO MPOIYCKHOIO 3/IaTHICTIO KaHATY.
3rifHo 3 JaHMMHM, HaBeACHUMH B TaOi. 1.4 MakcHMajbHI IIBHIKOCTI
nepefaBaHHsl JaHUX B JyK€ IIBUIKICHOMY pexuMi (YyHKIIOHYBaHHS MeEpexi
IEEE802.11ac cranoBisaTh: B uactoTHoMy Kanam 20 MInm — 86,7 Moit/c, B
gacToTHOMY KkaHaii 40 MI'm — 200 M6it/c, B yactotHoMy KaHaii 80 MI'nm — 433,3
MO6/c, B gactrotHOMY KaHam 160 MI'ty— 866,7 M6/c.
KoedilieHT KOpHCHOTO HaBaHTa)KEHHS 3 YpaXyBaHHSAM JaHUX, HABEJCHUX B
tabi1. 2.3 Oyae: s KaHaly 3 4acTOTHOI cMyroro 20 MI' — Ky, = 67,447:86,7= 0,784
B pas3i mepenaBaHHs HacwueHoro tpadiky 3 mpioputusamiero AC BE i kg =
69,821:86,7= 0,805 B pa3i mepemaBaHHS HAcHYEHOTO Tpadiky 3 MPIOPUTU3AIIIEIO
AC VI.

SA_MPDU,
350 M ﬁ,/r

250 /
200 / —4=—S BE
150 =li=5_VI

100

50

Af, MI'

0
20 40 80 160

Pucynok 2.19 — 3anexxHicTb MAKCUMaJIbHOI MPOMYCKHOT 3/JaTHOCTI
6e3npoBogoBoro kanany IEEE802.11ac B pexxuMi HACHYEHOTO HaBaHTaXKEHHS
arperoBaHUMU KaJpaMu
KoedilieHT KOpUCHOTO HaBaHTaAXEHHS i1 O€3MpPOBOJOBUX KaHAIIB 3

gactoraumMu cmyramu 40, 80 1 160 MI'm, obuncneHuii aHAJIOTIYHUM YHHOM,
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HaBEJICHO B TaOII. 2.4.
Tabmums 2.4 — 3HaueHHsS KoedillieHTa KOPHUCHOTO HaBaHTAXEHHS IS
oe3npoBooBrx kaHamiB [IEEE802.11ac 3 MakcuMaabHOO MPOITYCKHOKO 3/IaTHICTIO
Kicn
Af =20 MI'g Af =40 MI'g Af =80 MI'ng Af =160 MI'u
AC BE | AC_VI | AC BE | AC_VI | AC_ BE | AC_VI | AC_BE | AC_VI
0,784 0,805 0,644 0,689 0,453 0,502 0,294 0,337

KoedirieHT KOprCHOTO HaBaHTaXKEHHS MOKHA BUKOPHUCTATU JIJISI OL[IHIOBAHHSI
e(EeKTUBHOCTI 3aCTOCYBaHHSI MEBHUX TEXHOJOTIUHUX NPUMOMIB /I TepeaBaHHs
MOTOKIB JaHuX. Tak, HAMpUKIIal, BAKOPUCTAHHS OKPEMO BOCHMU KaHaJIiB 3aBIIUPIIKA
20 MI'u (Ke; = 0,784 ) macTh MOXKIIMBICTH IepeAaTu Oinbline iH(popMalli HiXK OJUH
kaHa 3aBmupiiku 160 MI'n (Ke = 0,294). Ileii pe3ynbraT MOKHA OTPUMATH TaKOXK 13
rpadiyHoi 3anekHOCTI Ha puc. 2.19, a TaKoX HUIIXOM MOPIBHSHHS MPOIYCKHOI
3IaTHOCTI KaHaJiB 3 PI3HOIO MUPUHOIO YACTOTHOT CMYTH, HaBeJeHO1 B Tab11.2.4.

ToOTo 301MblIEHHS HIMPUHM YacTOTHOI CMYTH PaJloYaCTOTHOIO KaHAy B
mepexxax IEEE802.11ac B pa3i BukopucTaHHs arperoBanux kaapieB MPDU He
MPU3BOAUTL A0 30UIbIICHHS €(PEKTUBHOCTI BUKOPHUCTAHHS YAaCTOTHOTO PECypCy B
30HaX UIUIBHOTO PO3TAlllyBaHHS MEpEeX INepelaBaHHs [aHWX, Xouda 1 30UIblIye
MPOIYCKHY 3/IaTHICTh OE3MPOBOIOBOI0 KaHATy KOHKPETHOI MEPEXKI.

OxpemMo pO3riITHEMO MHUTAHHS IIOAO MPOIYCKHOI 3JaTHOCTI KaHAITy Mepexki
IEEE802.11ac B pa3i 3acTOCyBaHHS MaKCHUMaJIbHO BEJIMKUX arperoBaHUX KaJpiB
PPDU.

MaxkcuManpHa BeIMYMHA Kaapy B TakoMy pasi oOMexeHa He SKHMOCH
KOHKPETHHM YHCIIOM, a YacoM TepelaBaHHsS arperoBaHoro Kaapy. 3rigHoO 3i
cnenudikariero IEEE802.11ac ne#t yac ctanoBuTh 5,484 Mc.

BBaxkaemo, 110 arperoBaHi KaJpu MaKCHUMaJbHOI BEJIMYMHH C(HOPMOBaHI 13
BxiHuX maketiB (MSDU) po3mipy 1500 6aiitiB. KopucHe HaBaHTa)K€HHSI KOXKHOTO

kaapy MSDU 3 ypaxyBannsam 3aroyioBky IP (20 6aiitie), UDP (8 GaiiTiB), HUKIIYHOL
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cymu (4 Oaittn) ctaHoBUThH 1468 GaiiTiB. BpaxoBano, mo g0 koxHOro 00Ky 1500
OaitTiB fogaHo po3aibHUK 1 MAC 3arofioBok (pa3om 4 6aiiTh).

Pesynmbrati po3paxyHKy TIPOIYCKHOI 3JaTHOCTI B pa3l BUKOPUCTaHHS
MaKCUMaJbHO BEJMKHX arperoBaHMX KaipiB i3 3acTocyBaHHsAM mpioputery BE B
KaHalll 3 OJJHUM IIPOCTOPOBUM IMOTOKOM HaBeJeHO B Ta0m. 2.5.

Tabmuis 2.5 — [pomyckHa 31aTHICTE KaHay 3 arperoBaHuMu kagpamu PPDU

MaKCUMaJIbHOI TPUBAJIOCTI

Af, MT'g Np TaMKC NoFDM Nt S, MoiTt/c
20 37 5424,1 1426 52 84,644
40 86 5344,9 1404 108 188,962
80 186 5456,5 1435 234 400,254
160 373 5470 1439 468 800,693

B T1a611.2.5 Bukopuctano taki nozHadeHHs: Np — KUIBKICTh IMAKETIB MEPEKHOTO
piBHS, 00’€THAHUX B arperoBaHoOMY Kajpi, Ta — TPHUBAIICTh IUKIY MNEepeIaBaHHS
arperoBaHoro Kaapy, Norpm — KUIbKICTh cuMmBoiiB OFDM aiia nepegaBaHHs OJTHOTO
arperoBaHoro Kajpy, N¢ — KUIbKICTh HOCIHHUX YacTOT, 110 MEPEHOCATh MOTIK TaHUX B
onHomy cumBosii OFDM.

Ha mBuakicTh nepegaBaHHs JaHUX B peabHUX MEpekax OyJie BIUTMBATH TEMIT
HAJXO/DKCHHS TAKETIB MEPEKHOIro pIBHS, IO 3aJeKUTh BIJl JKEpena BXiAHOI
iH(dopMarrii, 3aBaHTaXKEHICTh MPOIIECcOopa 1 MBHUAKICHI XapaKTePUCTUKH 1HTEPGEHCIB
NpUiiManbHO CTaHINi, HASIBHICTb KOHKYPEHIli 3a JOCTym JO CepeloBHINA

niepeiaBaHHs.

BucHoBkM 10 po3aiiay

3acTocyBaHHA METOAY pO3paxyHKy mapameTrpiB O6e3rnpoBomoBoi mepexi [EEE
802.11 ac, 3acHOBaHOTO Ha KOHIIEMNIi BIPTYaJIbHOTO KOHKYPEHTHOI'O BIKHA,
JI03BOJIMJIO OTPUMATH JETANIbHY KUTBKICHY OIIIHKY €KCIUTyaTal[liiHIX MapaMeTpiB TaKoi

MEpEexK1 3aJIeKHO BiJ] 3aCTOCOBAHOTO PEKUMY (DYHKITIOHYBAaHHS.
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31 30UTBIICHHSM KUIBKOCTI aKTHBHHMX CTaHIIM y Oe3MpoBONOBIA Mepexi
CyMapHa MpoITyCKHa 3aTHICTh 3pOCTa€ B IHTEPBAJi BiJ OJHIET 1O YOTHUPHOX CTAHIIIN
BHACIIIJIOK 3MEHIICHHS YCEpPEAHEHOi BENMYMHU KOHKYPEHTHOTO BIKHA, a MOTIM
3MCHIIIYETHCS Yepe3 BUHUKHECHHS KOJI31{d, TUM IIBUAIIC, YUM OLUIbIE CTaHINN Y
Mepexl.

3riHO 3 OIlIHKaMH, OTPUMAHUMU JJIsi 0€3MPOBOJOBOTO KaHATY 3 YaCTOTHOIO
cmyroro 20 MI'1 3aTpuMka niepenaBaHHsl KaJpy 30UIbIIYEThCA MaiKe MPOMOPIIiHHO
KUIBKOCTI aKTMBHUX CTaHIH 1 KomuBaeThes Bim 0,605 mc mo 5,293 mc, y pasi
KOPUCHOTO HaBaHTaXXEHHsS KaJpiB, 110 AOpIBHIOE 512 OallTiB y KaapaxX NaHUX, 1 Bl
0,785 no 6,41 Mc, sKIIO KOpUCHE HaBaHTaxeHHs fopiBHIOe 1500 OaiiTiB, mpu 3MiHI
KUIBKOCT1 aKTUBHUX CTaHIIHN y Mepexi Bix 2 10 16. HepiBHOMIpHICTh 3aTPUMKH B pasi
3aCTOCYBaHHS  JIBIMKOBOTO  IOKAa3HMKOBOTO  3aKOHY  30UIbILIEHHS  3HAYEHHS
KOHKypeHTHoro BikHa CW mepeBulllye TpUBallicTh CEPEIHBOI 3aTPUMKHU 1 3pOCTAE HE
JIHIMHO B pasil 301IbIIEHHS KITBKOCTI aKTUBHMX CTaHIN BiJl OJHIET O WIECTH
(CWhin=15), a moTim 3pocTae JiHIHHO, KOJIU KiJIbKICTh aKTUBHUX CTAHI[IH MMEPEBHIIYE
IIICTb.

Ha migcraBi oTpuMaHUX pe3yibTaTiB MOXHA Yy3araJlbHUTH, LI0 MiJ 4ac
OIIIHIOBAHHSI MPOIMYCKHOI 31aTHOCTI 0€3MpOBOOBOI Mepeki HEOOX1THO BPaXOBYBaTH
CTPYKTYpYy TOTOKY (po3Mipu OJIOKIB JMaHMX) 1 CTPYKTYpYy 3 €dHaHHS. SKiIo naHi
NepeslaloThCsl MK CTAHINIEID Ta TOYKOK JOCTYIy, TO MaTHME MiCIle MaKCHMaJlbHa
IIBUJIKICTh TIepeJaBaHHs JTaHUX, a SKIIO JaHl MEpeaaroThcsl MiXK JIBOMA CTAHIIISIMH
OJIHIE€T Mepexi, TO MaKCUMaJIbHO MOJKJIMBA IIBHUJKICTh NMEpeNaBaHHS 3MEHIIYEThCS
BJIB14Ui, OCKUIbKU ICHY€ JBa 3’€IHAHHA, 1 JBAa aKTH TEpelaBaHHs BiIOyBarOThCS 13
3aCTOCYBaHHSM OJTHOTO KaHamy: Bij craili BignpaBauka g0 T/ 1 Bix T/ mo cranii
OJIepKyBaya.

301IbIIEHHS IIUPUHM YacTOTHOI CMyru Oe3NMpoBOJOBOrO  KaHaly B
OJIHOTIOTOKOBOMY PEXKHUMI € He JTyke e(peKTUBHUM 3aC000M 301JIBIIESHHS TPOMYCKHOT
3IATHOCTI KaHAIly 3a BIJACYTHOCTI arperyBaHHs MAaKETU30BAHOIO MOTOKY AaHUX. Y
MIBUJKICHUX peXHuMax mnepexia Bia dactotHoi cmyru 20 MI'm mo 80 MI'm B pa3si

3aCTOCYBAHHS CUCTEMH MOIYJIIT Ta koayBaHHa MCS7 npu3BoauTh 10 301bIIESHHS
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nporryckHoi 3matHocTi Ha 50%, B pasi 3actocyBanas MCS8 — Ha 37,5%, a B pasi
3actocyBanHsa MCS9, npu nepexoi Big cmyru 40 MI'm no 80 MI'n — na 14,1%.

B pasi 3acTocyBaHHsS arperyBaHHsS IIaK€TIB MEPEXKHOrOo pIBHS B Kaapax
[EEE802.11ac MO»MHMBO 30UIBIINTH MPOMYCKHY 3JaTHICTh KaHANy 3a BIICYTHOCTI
KOHKYPEHIIli 70 MaKCMMaJbHOI BEJIMYMHU 3a3HadeHoi B Tabn.l.4. Ane nocsrtu
MaKCHMaJbHOI PO3PaxXyHKOBOI MPOIMYCKHOI 3JaTHOCTI MPAKTUYHO HE MOKIHBO
OCKUIBbKH HIBUAKICTh MEpPEeIaBaHHA JaHUX B PEaTbHUX Mepexax 3aleKUTh BiJ TEMITY
HAJXO/KEHHSI TIaKEeTIB MEPEKHOIO pIBHS, IO 3aJ€KUTh BiA JDKEpena BXIJAHOI
1H(popMaIlli, 3aBaHTAKEHOCTI Mpoliecopa 1 MBUAKICHUX XapaKTEPUCTUK 1HTEp(ENCiB
NpUAMaNbHOI  CTaHIli, HAsSBHOCTI KOHKYPEHIli 3a JOCTyHn JO CEpelIOBUINA
nepeaBaHHs.

B pasi 3acTocyBaHHS arperoBaHux KapiB A TEpelaBaHHS HACHYCHOTO
Tpadiky (HampuKiIaa, «3aKaukay BENUMKUX (DaiiyliB) MPOIMYyCKHA 3/aTHICTh
0e3MpOBOIOBOT0 KaHay 3HA4YHO 3pocTae. Tak B pa3l arperyBaHHs BXIJHUX (aiisiB
PSDU no makcumansHOTO piBHS mependoadueHoro B crnernudikaiii [EEE802.11ac
(11454 GaiiTi) pomycKHa 31aTHICTh KaHaly 3pocTae a0 68,5 Moit/c (k=78,97%) B
kaHaiai 20 MI'n, no 126,4 Moit/c (k=62,2%) B kanani 40 MI'n i go 195 (k=45%)
Mb6it/c B kanam 80 MI'm, mo 3HayHO miaBUINYE €PEKTUBHICTh BUKOPUCTAHHS
YaCTOTHOI'O PECYPCY MEPEKI.

[Ipu 3acTocyBanHi arperoBanux kajpis PPDU makcuManbHOT BEIMYMHU MOKHA
JOCATTH MaKCUMaJIbHOI MPOIycKHOi 31aTHOCTI KaHany (k=92,4% B xanami 80 MI'n),
ajie 1€ MOK€ MPU3BECTH 0 3HAYHMUX 3aTPUMOK 1 HEPIBHOMIPHOCTI 3aTPUMOK B pasi

HAsSIBHOCTI B MEPEXi KUTBKOX CTaHINH, M0 (GyHKIIOHYIOTh B TAKOMY PEKUMI.
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3 30HA OBCJIYTOBYBAHHS I EJIEKTPOMAT'HITHA CYMICHICTbD
BE3ITPOBOJOBUX MEPEX IEEE 802.11AC

MeToro 3IOiCHEHMX  JOCTIPKEHb € TpoaHali3yBaTH IapaMeTpu 30HU
oOcayroByBaHHs TOUkH goctymy Mmepexi cranmapty [EEE 802.11ac, 3anexHo Bin
napamMeTpiB MOTYJISIMIT i KOTyBaHHS, a Takok B3aemHui BIumB Mepexk IEEE 802.11

Ha CTaOUIBHICTD iX (YHKI[IOHYBaHHS.

3.1 OcobamBoOCTI 30HH 00CTYTOBYBAHHS TOYKH 0CTYyILy 0€311POBOA0OBOI

MepesKi

Y paniointepdeiici  mepexi  IEEE 802.11ac  Bukopucrano cucremy
OararouactotHoi Moayisuli ¥ komyBanHs OFDM. OcnoBni napametrpu OFDM
curdainiB jyist mepexx IEEE 802.11n 1 IEEE 802.11ac, y pa3i BUKOpUCTaHHS OJHOTO,
JIBOX 1 TPHOX MPOCTOPOBUX MOTOKIB, HaBeIEHO Yy TaoI.1.4.

V¥ 1abn. 1.4 okpim Ge3nocepeIHbO MapaMeTPiB CUTHAIIIB, HABEICHO MepeadaueHi
y CTaHJapTi MiHIMaJbHI 3HA4YEHHS BigHOIIEHHS curHaI-mryM (SNR) Ta MiHiManbHi
3HAQYEHHSl MOTYXHOCTI Ha Bxoal npuiiMaya (RSSI), HeoOximHl s npuitMaHHS
CUTHAJIIB 3 MEBHUMHU napameTpamu MoxayJtsiuii W komyBanHHs (MCS). RSSI ime
HA3MBaIOTh YYTJIMBICTIO MpHilMaua. [3 3acTocyBaHHAM IMX MapaMeTpiB MOKHA
3pOOUTH OLIIHIOBAHHS PO3MIPIB 30HU OOCIIYyTOBYBAHHS TOYKH JOCTYITY, 3aJI€KHO BiJl
3aCTOCOBAHOI IIBUAKOCTI TeEpeJaBaHHs W BHUIPOMIHIOBAHOT TOTYyxXHOCTI. Ciin
3ayBaXHUTH, W10 TMepexii Ha Ouablly a0o MEHIIy MIBUAKICTh IepeaaBaHHs,
3MiCHIOBaHUNA Toukow goctymny (T]J[) aBroMatmyHO, MOke OyTH OOYyMOBIIECHH,
HAIPUKJIAJ], TOSIBOI0 a00 BIJICYTHICTIO TIOMHJIKOBHX KaJpiB IIiJl 4ac IMepeaBaHHs,
BHACIIJIOK 3MIHH €JIEKTPOMArHiTHOI 0OCTaHOBKHU.

CnoyaTky pO3TJsiHEMO MeEX1 30HH OOCIyroBYBaHHS 3a 1/€allbHUX YMOB
PO3MOBCIOIXKEHHS cUTHATY. ToOTO, KOMM HA IIISXY PO3MOBCIOIKEHHSI CUTHATTY HEMa
MEPEIIKO/I, 1 IPUCYTHI TIILKH TETUIOB1 IITyMH.

3a pOr0 BH3HAYMMO, Ha SIKIM BIJICTaHI BiA TOYKH AOCTYMy OyAe JOCATHYTO
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MiHIMaJIbHO HEOOX1JHOI MOTYXHOCTI MPUIHATOTO CUTHAITY AJIs pi3HUX 3HadyeHb MCS
TOOTO BU3HAYMMO PaJilyC 30HH OOCIyTOBYBaHHS Y BUIBHOMY IPOCTOPI.

MakcuMalibHy TOTYXKHICTh BUIIPOMIHIOBAHHSI Pa/lOCIEKTPOHHUX 3aco0iB B
gacToTHiN cmy3i 5150 — 5850 MI'n B Ykpaini oOmexeno Ha piBHi 100 MBt. YacToTtHi
cMyTu MOKJIUBUX pajiiokaHaniB Mepexx IEEE 802.11ac naBeneno Ha puc.1.1.

CrnektpanbHy Macky it kKanainy mepexi IEEE 802.11 3 wacTtoTHOIO cMyTOI10
20 MTI'y HaBeneHo Ha puc. 1.6.

BusHauuMo 30HY MOKPUTTS TOYKH JOCTYIy 3 MAaKCHUMaJbHO MOXJIMBOIO
€KBIBaJIEHTHOIO BUITPOMIHIOBAHOKO MOTYXHICTIO Pap = 100 MBT (20 nbm). 3pobumo
y3arajJlbHeHU#N po3paxyHok it vactot 5,4 ['Th, mo € cepeauHord poOOYOro

miamazony 5 I'Tn, i3 3acrocyBaHHsIM (popMyIn 3aracaHHs y BUIbHOMY mpocTtopi [53]:

L=(%)2, (3.1)

ne d — BijicTaHb BiJl TOYKH JTOCTYIY IO TOUKH MIPUAMAHHS, M;
f —wactora pagiocurnany, I';
C — mBHAKicTh cBiTna (3-108 Mm/c).

I3 ciiBBigHOMICHHS (3.1) 3HAXOAUMO:

d =°'—ﬁf —~0,00442- /L. (3.2)

47

Benuuuny 3aracannsi curHainy L 10 mMexi 30HUM 0OCIyroByBaHHS AJIs Pi3HUX
3HaueHb MCS B Tepminax crangapty IEEE 802.11 moxxHa Bu3HauuTH uepes
BUIIPOMIHIOBaHY TMOTYXXHICTb TOYKH J0cTynmy (Pap) 1 HeoOXigHy MiHIMaJIbHY

MOTYXKHICTh Ha BXOJ1 MpUiiMayda paJioCUTHAITY HEOOXITHY MJisi MPUMaHHS CUTHATY

RSSI:
L, 05 = Pap — RSSI . (3.3)

Otpumani 3rimHo 3 (3.3) 3HaueHHs 3araca”Hs 1 po3paxoBadi 3riaHO 3 (3.2)
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BIJICTaHI 0O MEXi 30HH 00CIIyTOBYBaHHS HaBeZeHO B Ta0i. 3.1.

VY Tab6n. 3.1 HaBeACHO TaKOXX 3HAYEHHS BIAHOIICHHS cUTHAI-IyM (SNR*) mis
CUTHAJIIB Ha MEX1 30HM OOCIYrOBYBaHHS, PO3paxOBaHE TUIBKU 3 YpaxyBaHHSIM
TEIUIOBOTO IIyMy B KaHai, JAJi1 NEPEBIPKH YMOBH iX HaJiliHOTO MpHiiMaHHA. PiBeHb
BiJIHOIIEHHS curHaji-mryM (SNR*), po3paxoBanuit 1711 TOUKM NpUMaHHS, BU3HAYEHOI
3 YMOBH MIHIMQJIBHO HEOOXITHOI TOTYKHOCTI Ha BXOJl NpHiiMada, MEPEBHUIILYE
MiHIMQJIBHO HEOOXiH1 3HaYeHHS BiHOMICHHS curHai-mryM (SNR) s BCix pexuMis,
HaBeqleHuX y Tabi. 1.4. ToOTO 3a yMOBH BIJICYTHOCTI JOJIATKOBHX 3aBaj MEXa 30HU
00CIyroByBaHHsI BU3HAYA€THCS TUIBKH MIHIMAJIbHO HEOOX1JHUM PIBHEM MOTYKHOCTI

Ha BXOJ IIpuiiMaya.

Tabnuus 3.1 — 3aracanHs cUTHaY 1 pajilyc 30HU 00CITyTOBYBaHHS

MCS 0 1 2 3 4 5 6 7 8 9
L, nb 102 99 97 94 90 86 85 84 79 77
20 d,m |556,45|393,93|312,91(221,52|139,77| 88,19 | 78,60 | 70,05 | 39,39 | 31,29
*
MTI'nn St‘; ' 118,849|21,849|23,849 (26,849 30,849 34,849 | 35,849 | 36,849 | 41,849 43,849
SNR, nb| 2 5 9 11 15 18 20 25 29 31
L, 1b 99 96 94 91 87 83 82 81 76 74
40 d,m |[393,93|278,88|221,52(156,83| 98,95 | 62,43 | 55,64 | 49,59 | 27,89 | 22,15
MTI'nn SIZIE ' 118,849(21,849|23,849|26,849|30,849|34,849 35,849 | 36,849 [ 41,849 43,849
SNR,nb| 5 8 12 14 18 21 23 28 32 34
L, 1b 96 93 91 88 84 80 79 78 73 71
80 d,m |278,88|197,43|156,83|111,03| 70,05 | 44,20 | 39,39 | 35,11 | 19,74 | 15,68
MTI'nn Slig ' 118,849 (21,849|23,849|26,849|30,849|34,849 35,849 | 36,849 (41,849 43,849
SNR, 1b| 8 11 15 17 21 24 26 31 35 37
L, 1b 93 90 98 85 81 77 76 75 70 68
160 d,m |[197,43|139,77|111,03| 78,60 | 49,59 | 31,29 | 27,89 | 24,86 | 13,98 | 11,10
MTI'nn SIZI; ' 118,849 (21,849|23,849|26,849|30,849|34,849 35,849 | 36,849 (41,849 43,849
SNR, 16| 11 14 18 20 24 27 29 34 38 40

BigHomieHHss cuTHaiA-IIyM Ha BXOJI TMpuiiMada aOOHEHTCHKOI CTaHIIil

BH3HAYEHO 3a CITIBBIAHOIICHHM [25]:
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RSSI

SNR* =~ RS

aGo SNR*, 15 =10lg ", (3.4)

ne RSSI — miniMalibHE 3HAYEHHS MOTY>KHOCT1 Ha BXO/I1 MpUiiMayda, HEoOX1THE JIJIs
IIpUKAMAaHHS CUTHAIlY, BT;

k — crana Bonbimana, 1,38:102 JIx/K;

T — abcounroTHa TeMreparypa cepefoBuia, K;

B — mmpuHa yacToTHOT CMyTH paaiokaHaty, [

3a pesysibTaTaMu, HaBeJIeHHMMHU B TaoOi. 3.1, MOXKHa 3’SCyBaTH 3aJICKHICTh
PO3MipiB 30HU 0OCITYrOBYBaHHS MEPEKHOI TOUKHU JOCTYIY BiJl PEKUMY MOJIYJISIIT i
KOJTyBaHHS 1 BIJl IIMPUHU YacTOTHOrO KaHany. Tak, 31 3MiHOr0 mMoayJsiiii Big QPSK
(MCS1: mBuakicts koay 1/2) no 256-QAM (MCSS8: mBuakicts koay 4/3) B kaHaii 3
gacToTHOIO cmyroro 20 MI'i pagiyc 30HH OOCIYyrOBYBaHHS y BIIBHOMY IPOCTOPI
3MiHIOEThCSA Bif 394 M 10 39 M. ToOTO, 3a71€KHO BiJl CIIOCOO0Y MOTYJISIIIT 1 IIBUAKOCTI
MPOTU3aBATHOTO KOy, paiyCc 30HH 0OCIyroBYBaHHS MOXe 3MiHIOBaTHCH B 10 pasis.
[{s 3aexHICTh Ma€ MICIIE 1 B MEPEKAxX 3 1HIIO0 MUPUHOIO YACTOTHOI CMYTH KaHaly,
tabn.3.1. 3okpema B KaHajul 3 4YacToTHOO cMmyrowo 160 MI'1 pagiyc 30HH
oOciyroByBanHs 3MiHIOETHCS Bl 140 M (MCS1) mo 11 m (MCS9: QPSK, mBuakicts
koxy 5/6). Ilepexia Ha OUTbII 3aXMILEHUNA cHOCIO MOAYJSIIT M KOAyBaHHS (MEHILA
MIBUKICTh TIEpEIaBaHHS JaHWX) BiAOYyBaeThCsA, y pa3i 30UIBIICHHS PIBHS 3aBaj 1
JI0JJaATKOBOT'O 3aracaHHsi CUTHaJIy B KaHail, 1100 YHUKHYTH BTpaTH KaJpiB JaHUX a0o
KaJIp1B KEPyBaHHS.

Ha mincraBi 3po0neHMX 3ayBakeHb MOXKHA 3pOOMTH BHUCHOBOK, IIO
MaKCUMaJbHa IIBHAKICTh TEepeaaBaHHS ITaHUX JJIs1 aOOHCHTIB, IO 3HAXOAATHCS
Mo0JIM3y TOUKH JOCTYITy MOKe OyTH B KiJIbKa pa3iB OUIbIIE HDXK JjIsi aDOHEHTIB, 110
3HaXOJATHCS Ha OLIBININ BiICTaH] BiJ TOUKH JIOCTYITYy HaBiTh 3a 1/1€aIbHUX YMOB.

3aNexKHICTh pajilyCy 30HU OOCIYrOBYBaHHSI BiJi IIMPUHM YAaCTOTHOI CMYTH
pagiovyacTOTHOTO KaHaimy OOyMOBJI€HAa OOMEKEHHSM BUIIPOMIHIOBAHOI MOTYKHOCTI

nepenaBavyiB MEPEKHUX CTaHIIN. 3a bOT0, B pa3i MOJBOEHHS YACTOTHOI CMYTH B 2
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pasu, pajgiyc 30HU 0OCITyTOBYBaHHS 3MEHINYEThCS MpuoOIM3HO B 1,4 pasm, Tabdn.3.1.
Tak, y pa3i BUKOpUCTaHHS YacTOTHOro kKaHamy 20 MIm 1 pexumy Momymsiii i
konyBanHss MCSI1, pazaiyc 30HuM oOciyroByBaHHs craHoBUTHME 394 M, a B pasi
BUKOPHCTAHHS TaKOTO X PEXKUMY B MEpPEeXi 3 IHUPUHOIO YacTOTHOTO Kanaimy 40 Ml
— 279 M. Y pa3i 30UIbIIICHHS IIMPUHU YaCTOTHOI CMYTH KaHally B 4 pa3u pajilyc 30HU
0oOCITyroByBaHHS 3MEHIIYETHCA Yy 2 pa3u. 3a3HadyeHa 3alieKHICTh PaailyCcy 30HU
0OCITyrOoByBaHHS BiJl IIMPUHU YaCTOTHOT CMYTH KaHAIIy Ma€ MICIE Ui BCIX PEXUMIB

MOYJISIIT i KOJTyBaHHS.

3.2 3oHa 00CcIyroByBaHHSl TOYKH A0CTyIry B pexxumi MIMO

BBaxatotp, 1110 OJHUM 13 €(EKTUBHUX 3acO01B MIJBULIEHHS MPOAYKTUBHOCTI
(GyHKIIIOHYBaHHS MEPEKI € 3ACTOCYBAHHS TEXHOJIOT1i 0araTormoTOKOBOTO MepeaaBaHHs
(MIMO - Multiple-Input Multiple-Output). Pesxum MIMO Brepiiie B TEXHOJIOTISIX
IEEE 802.11 3ampoBamxennii y cneuudikamnii IEEE 802.11n. Texuonorii MIMO
peani3yloTh 13 3aCTOCYBaHHSM IPOCTOPOBO-YACOBOTO KOJYBaHHS 1 MOEAHYIOTH 3
TEXHOJIOT1€l0 (OPMYBaHHS OKPEMHUX MPOCTOPOBUX TOTOKIB (mpomeHiB). B
MPOCTOPOBOMY  KOJyBaHHI 3aCTOCOBYIOTh TEXHOJOTII0 (OpMYBaHHS JlarpaMu
CIPSIMOBAHOCTI aHTEH THUIY «(a3zoBaHa pelriTka». EjleMeHTaMHu Takoi PEIITKh €
aHTEHU TOYKH NOCTymy (3a3BUyail mTHPOBI). JlJis 4acOBOTO KOJyBaHHS KOPUCHUU
iHTepBai nepeaaBanus cuMBoiay OFDM ninste Ha 1Bl 0JHAKOBI YaCTHUHH, B KOXKHIH 13
SKHX TEePEIal0Th OPUTiHAILHY KOMOIHAIII0 CUTHATIB JaHux [54].

CurHanpHl TOTOKH, BUIIPOMIHIOBAHI KOXKHOIO aHTEHOIO B OiK aOOHEHTCHKOI
CTaHIli € KOMOIHAIIEI0 TOTOKIB JAaHWX, IO HAAIMIIIIN Ha BXiA TOYKH goctymy. Ha
puc. 3.1 HaBeZICHO cXeMy TepeaBaHHs IBOX IMOTOKIB 3a cxemoro MIMO(2x2).

Hwx4e HaBeneHi y3araibHEH1 CIiBBITHOIICHHS JUTsl PEXKUMY TIepeIaBaHHs IBOX

npoctopoBux moTokis (I1IT) Bix Touku qocTymy 10 KOpucTyBaya [55].
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TXq RX4

TX, RX;

Pucynok 3.1 — Cxema nepegaBaHHs IBOX NIPOCTOPOBUX MOTOKIB MK

npuctposimu IEEE802.11ac

y1(K) = hyyXg +hyox, + v (k)

a (3.5)
Y2 (K) =hyyXg +hyoX, +V, (K)

Y=H-X+V, (3.6)

ne Yi(k), y2(k) — curnamu mepemani K-um Hociinum komuBanHsM OFDM
yIpyImyBaHHS 1 IPUMHSTI MEPIIOO 1 APYTOI0 aHTEHAMHU MpUMaYa BiJIMOBITHO;

hi1, hiz, h21, hy, — xoedinienTn mepenaBaHHs MiXK BiINOBIIHUMH aHTCHAMH,
puc.3.1;

Vi(K), V2(K) — 1ryMOBi KOMIIOHEHTH TIPUAHATHX CUTHAJIIB

Y — Marpuilsd npudHATUX CUTHaNIB, H — maTpuist KoedilieHTiB nepenaBaHHs
0€3MpOBOIOBOTO KaHay; X — MaTPHUIIsSl CUTHAJIIB TiepeaaBayda; V — MaTpHUIIs IITyMOBHUX
CUTHAJIIB.

Crnemndikamiero [EEE802.11ac mepenbaueHo MOXIUBICTH (PopMyBaTd 0
BOCBMH MTPOCTOPOBHX MOTOKIB.

3acTocyBaHHsS TexXHOJOTIi (OpPMyBaHHS TMPOCTOPOBHX TIOTOKIB JI03BOJISE
OJTHOYACHO TepeaTH NeBHUM 00cAr iHpOpMaIlil KIIbKOM KOpUCTyBauyaM, HaIlPUKIA[]

Tak, SK [Ie HaBeJeHo Ha puc. 3.2 [2].
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TIIL
T2
T3
T4
a)
TIL
T2
T3
T4
6)

Pucynox 3.2 — Ilpuxmnan po3nonauty npoctopoBux motokis (I11T)

Ha puc.3.2a HaBeneHo cxemy IepelaBaHHs YOTUPHOX MPOCTOPOBUX MOTOKIB
(T1I11, ..., TI14) omnomy kopuctyBauy (MIMO). Ha puc.3.16 HaBemeHo cxemy
nepeaaBaHHsl JBOX MOTOKIB JI0 HOYTOYKY 1 MO OAHOMY TOTOKY JO CMapTQoOHY 1
wianmrery (MU-MIMO).

Ha mBuakicTs mepenaBaHHs KOXHUM IPOCTOPOBUM TOTOKOM Oyze BIUTMBATH
KUTbKa YMHHUKIB: BIJICTAaHb BiJl TOYKH JOCTYIy 10 aOOHEHTCHKOTO MPUCTPOIO,
NOTY)XHICTh CHUTHaJIy TepeJaBaya, pIBEHb 3aBaJ B HABKOJHUIIHBOMY IPOCTOPI,
HENPOAYKTHBHI BUTPATH 4acy IIJ4ac MepeJaBaHHS JaHUX B 0araTonoTOKOBOMY

PEXKUMI.
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BBaxkxaemo, 1m0 yMOBH pO3IMOBCIOJDKEHHS 1/€aibHI, 1 3pOOMMO OIlIHOYHI
po3paxyHKH, 100 3’4CyBaTH SK PEKUM IMepeAaBaHHs 3 KUJIbKOMa IPOCTOPOBUMHU
MOTOKaMU BIUIMHE Ha pO3MIpU 30HU 0OCITyTOBYBaHHS.

B pa3i ¢dopmyBaHHS KUIBKOX MPOCTOPOBUX TOTOKIB BHIIPOMIHIOBaHA
MOTY>KHICTh TOYKH JIOCTYMY PO3MOJIISETHCA MIXK MOTOKAMH OJHAKOBUMH YACTKAMH.
Y 3B’S3Ky 3 THM, M0 MaKCHMaJlbHa BUIPOMIHIOBAaHA €HEPTis TOYKH IOCTymy (3
ypaxyBaHHSIM KOE(QIIIEHTY MIJCUICHHS aHTEHHW) aJMIHICTPATUBHO OOMEXEHa, Iie
MIPU3BOJUTH JIO TOTO, IO BUMPOMIHIOBaHA IMOTYKHICTh OyJie pIBHOMIPHO PO3ijcHa
MDK yciMa moTtokamu. ToOTO 1y mepeaBaHHS OKPEMOIO MPOCTOPOBOrO MOTOKY
MO>KHA BUKOPHUCTATH MOTYKHICTb, IO JIOPIBHIOE 3arajbHIi MOTYXKHOCTI MepeaBaya
MOJIIJICHIH Ha KUIbKICTh 3aCTOCOBAHMX MPOCTOPOBUX MOTOKIB. Pe3ynbTatu po3paxyHKy
paziycy 30HU OOCITyrOBYBaHHS B pa3i BUKOPUCTAHHS JIBOX, a00 YOTHUPHOX IMOTOKIB
HaBeJIeHO B Tab. 3.2.

Tabmuua 3.2 — Paxiyc 30HM OOCIyroByBaHHSI TOYKM JIOCTYIy 3 KUJIbKOMa

MPOCTOPOBUMH MOTOKAMH (TIIT)

MCS 0 1 2 3 4 S 6 7 8 9

L, nb 102 | 99 97 94 90 86 85 84 79 77

20 d,(1mm), m|556,45(393,93(312,91 | 221,52| 139,77 | 88,19 | 78,60 | 70,05 | 39,39|31,29*

MI'L (g 2mm), m[394,65(279,38(221,92| 157,1 | 99,13 | 62,55 | 55,74 | 49,68 | 27,94 | 22,19*

d.(4mm), m|278,22/196,96/156,45| 110,76 | 69,88 | 441 | 393 | 3503 | 19,7 | 1565

L, nb 99 96 94 91 87 83 82 81 76 74
40

d,(1mm), m|393,93|278,88(221,52 | 156,83 | 98,95 | 62,43 | 55,64 | 49,59 | 27,89| 22,15
MI 11

d.(2om), m|279,38|197,79|157,11| 111,23 | 70,18 | 44,28 | 39,46 | 35,17 | 19,78 | 15,71

d.(4mm). m1196,97]139.44/110,76| 7842 | 4948 | 3122 | 2782 | 248 | 13,95 | 11,08

L, nb 96 93 91 88 84 80 79 78 73 71

80 |(d,(1mm), m|278,88|197,43|156,83| 111,03 | 70,05 | 44,20 | 39,39 | 35,11 | 19,74 | 15,68

MI'n |d,(2mm), m|197,79/140,021111,23 | 78,74 | 49,68 | 31,35 | 27,94 | 249 14 | 11,12

d,(4mm), m|139,44/98,715| 78,42 | 55,52 | 35,03 | 22,1 | 19,7 | 17,56 | 9,87 | 7,84

L, 1b 93 90 98 85 81 77 76 75 70 68

160 |d,(1mm), m|197,43|139,77(111,03| 78,60 | 49,59 | 31,29 | 27,89 | 24,86 | 13,98 | 11,10

MI'1 |d,(2mm), m|140,02| 99,13 | 78,74 | 55,74 | 35,17 | 22,19 | 19,78 | 17,63 | 9,91 | 7,87

d,(4mm), m| 98,72 1 69,89 | 55,52 | 39,3 | 24,8 | 15,65 | 13,95 | 12,43 | 6,99 | 5,55

IIpumiTka. * — BUKOPUCTAHHS PEXXUMY JUIs KaHAITy 3 4acTOTHOIO cMmyroto 20 MI'1 He nepenbayeHo
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Sx BummBace 13 (3.5) ns nmepenaBaHHsS KUTBKOX MOTOKIB (B HAIIOMY MPUKIIAII
JIBa TIOTOKH, puc.3.1) Tpeba 3HaTH KOeDIIIEHT MepeiaBaHHs I KOXKHOI ITapu aHTeH
npuiiMada 1 nepenaBava. J[Jig BU3HAUYEHHS LMX KOE(QiIIEHTIB B MpeamOysl aykKe
mBHAKoro pexxumy crenudikarmii 802.11ac nependaueHO BUKOPUCTOBYBATH BEJHKI
HapuasibHi ot VHT-LTF, puc. 1.4. JIy1s KO)KHOTO JJOAATKOBOTO TOJISI Iepe10aueHo
3actocoByBaTtd oauH cumMBoin OFDM tpuBamictio 4 mMic. ToOTO 31 30UTBIIEHHSM
KUTBKOCTI POCTOPOBUX MOTOKIB NpeamOyia KaapiB TaHUX Oy/e O1IbIl TPHUBAJIOL0, IO
OOyMOBIIIOE 30UIBIICHHS] HEMPOAYKTUBHUX BHUTpAT 4Yacy. 3aJIeKHO BIJ KIJIbKOCTI
nepelaHuX MOTOKIB, CITUIHbHE BEJIMKE HaBUAJIbHE MOJIE MOXKE CKIagaeThes 3 2, 4, 6 ado
8 CUMBOJIIB; KIJIbKICTh HEOOX1THUX CUMBOJIIB OKPYTIIFOETHCS 10 HACTYITHOT'O O1IBIIIOTO
MapHOTO 3HAYEHHS, TOMY JJisi 3B 3Ky 3 OJHUM IOTOKOM BHUKOPHCTOBYIOTH JBa
CHUMBOJIY (TPUBATICTh 8 MKC), a 3 II’ITbMa MOTOKAMHU — IIICTh CUMBOJIIB (TPUBAJIICTh
24 MKcC).

Bwmict nons VHT-LTF BUKOPUCTOBYETHCS AJ1s1 TIPOLIECY OILIIHIOBAHHS KaHAIY,
BIJI SIKOTO 3aJIeKUTh (popMyBaHHS TpoMeHs. ToOTo 31 301JIbIIIEHHAM KIJIBKOCT1 MTOTOKIB
npeaMOyia Kajapy AaHUX Oyjae OUThII TPHBAJIOI0, IO MPHU3BOJMUTH J0 301IBIITCHHS
HETMPOIyKTUBHUX BUTPAT Yacy Ha TIEpeIaBaHHs Kaapy JaHUX.

3poOuMO OIIHIOBAHHS BIUIMBY 30UIBIIIEHHS KUIBKOCTI MPOCTOPOBUX MOTOKIB Ha
MPOIYCKHY 3JAaTHICTh OKPEMOTr'0 MOTOKY MpH MepeJaBaHHl 0alTIB JaHUX 3 KOPUCHUM
HaBaHTaxeHHsM 512 Ta 1500 GaiiTis.

3rifHO 3 JaHUMHU HaBEJACHMMH B TaOi. A.l TpHBaNICTh IUKIY MepeIaBaHHS
KaJIpy JaHUX 3 00CATOM KOPUCHOT'O HABAHTAKEHHS 512 6ailTiB B pekuMi 3 OJTHUM a00
JIBOMa MIPOCTOPOBUMHU MOTOKaMH B pasi 3actocyBaHHs MCS7 B kaHali 3 4aCTOTHOIO
cmyroro 20 MI'tt cranoButh 291 MKc, B KaHali 3 4acToTHOO cmyroro 40 Ml — 259
MKC, B KaHail 3 yacToTHOr cmyroro 80 MI'm — 239 mxc. ¥V pasi mepexody 10
BUKOPUCTAaHHS TPHOX a00 YOTUPHOX MOTOKIB TPUBAJIOCTI MUKITY TIEpPEIaBaHHS Kaapy
JTAHUX 301TBIIUTHCS HAa 4 MKC, a B pa3i 3aCTOCYBaHHsI I’ ITH a00 IIECTH MOTOKIB — Ha
16 Mxc Tomio. Pe3ynbraTty po3paxyHKiB 30UIbIIEHHS TPUBAJIOCTI UKITY NIepeIaBaHHs
KaJpy JaHUX HaBeJEHO B Ta0i. 3.3.

Sk BUIIMBaE 3 aHam3y JdaHWUX, HaBeAeHUX B Ta0d. 3.3, 30UIbIICHHS
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HENPOAYKTUBHHUX BUTpAT 4Yacy 3a paxyHok 30utbmieHHs1 kinbkocti VHT-LTF B pasi
BUKOPUCTAaHHS OUIBIIOI KIJTBKOCTI MPOCTOPOBUX TOTOKIB HE € 3HAYHUM. Y pasi
3aCTOCYBaHHS JBOX MOTOKIB CTPYKTypa KaJpy JaHUX HE 3MIHIOETHCS 1 HEMA BILIUBY
Ha TPOMYCKHY 3/aTHICTh KOXKHOTO MOTOKY. Y pasl 3acTocyBaHHs 3 — 4 MPOCTOPOBUX
MOTOKIB MPOITYCKHA 3[JaTHICTh KOKHOTO MOTOKY 3MEHIITY€eThCsl mpubian3Ho Ha 1,5%, a
B pa3i BUKOPUCTaHHA 5-6 TOTOKIB — Ha 3% BHACTIAOK 30LIBIIICHHS TPUBAJIOCTI
npeaMOyJn AyXKe IBUIKOTO PEKUMY.

OxpiM 3a3HaYEHHUX BUIIE OCOOIMBOCTEH BUKOPUCTAHHS KUIBKOX MPOCTOPOBUX
MOTOKIB JIJIs TIEpeaBaHHs JIaHUX B 0araTOKOPHUCTYBAIbKOMY PEXHUMI € 1IIe KiJIbKa
YUHHUKIB, 110 3MEHIIYIOTh MPOIMYCKHY 31aTHicTh Mepexi 802.11ac. Taxkumwu
YMHHUKAMH €: YMOBH PO3MOBCIOKEHHS C()OPMOBAHUX IIPOMEHIB, BILUTUB MOTYKHOCTI
OIYHMX MENIOCTOK [larpaM CIPSMOBAaHOCTI, MPU3HAYEHUX IHIIMM KOPHUCTyBadam,

KyTOBE PO3HECEHHS] aDOHEHTIB MEPEexi.

Tabmuns 3.3 — TpuBaiicTh IUKIY MEpelaBaHHS KaJapy JdaHUX 3a pPI3HOI

KUIBKOCT1 MPOCTOPOBUX MOTOKIB

Kinekicts 1-2 3-4 5-6
IIOTOKIB

TpuBanicTs UKy (MKC), BIIHOCHE 301IbIIIeHHS TPUBAIOCTI (%)
MCS 7 | 8 | 9o | 7 | 8 | 9 | 7 | 8 | 9
PL=512 GaiitiB

Af=20 |291,mkc| 273,4 | 269,8 |295, mkc| 277,4 | 2738 299 2814 | 2778
MI'g 137, % | 1,46 1,48 2,75 3,48 3,95
Af=40 259 251 248,4 263 255 252,4 267 259 256,4
MI'1g 1,54 1,59 1,61 3,09 3,19 3,22
Af=80 239 239 235 243 243 239 247 247 243
MI'1g 1,67 1,67 1,7 3,35 3,35 3,4

PL=1500 GaiiriB

Af=20 415 367 352,6 419 371 356,6 423 375 360,6
MI'g 0,96 1,09 1,13 1,93 2,18 2,27
Af=40 315 299 295 319 303 299 323 307 303

MI'g 1,27 1,34 1,36 2,54

Af=80 267 259 255 271 263 259 275 267 263

MI'g 15 1,54 1,57 2,68 3,09 3,14

IIpumirka. B kiiTHHKaX 3 1BOMa YHCIaMHU MEPIIE YUCIO O3HAYa€ TPUBATICTh LIUKITY NEepeaaBaHHs,
a Ipyre YuciIo O3HAvYa€ BITHOCHE 30UTBIIIEHHS TPUBAJIOCTI IUKITY IepeaBaHHs B IIOPIBHIHHI 3 OJTHUM
MOTOKOM.

binbmry  mpomyckHy — 34aTHICTH ~ MOXKHa  3a0e3MeudTd 32 YMOB

0araTorpoMEHEBOIO  PO3MOBCIO/KEHHSI  PaJlOXBWIb, IO OOYMOBJIIOE 3HAYHY
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BIIMIHHICTh KOC(IIIIEHTY TIepejaBaHHs OKPEMOTO KaHaly Mk aHTEHOIO TiepeaBaya i
aHTEHOIO TpHiiMaya, puc.3.1 [56, 57].

Touku moctynmy IEEE 802.11ac o0nagHaHi BIAHOCHO HEBEIMKOIO KUIBKICTIO
aHTeH (4-8 aHTeH), 1O € eneMeHTaMu (Ha30BaHOT PEIITKH, sIKI BAKOPUCTOBYIOTH AJIS
dbopMyBaHHS JiarpaM CIPSMOBAHOCTI Ha KOPUCTyBadiB. Uepe3 HEBENIMKY KUIBKICTh
3a3HAUEHUX €JIEMEHTIB ()a30BaHOT PEIITKH KPIM OCHOBHOI JiarpaMu CIIPSIMOBAHOCTI
OynyTh (hopMyBaTHCh IHTEHCHBHI O14HI TiemocTku [58]. B pasi dopmyBanHS miarpam
CIPSIMOBAHOCTI JIJIs1 KUTbKOX a0oHEHTIB Mepexi (pexxum MU-MIMO) curnanu 614HuX
METIOCTOK OYyJyTh CTBOPIOBAaTH JOJATKOBI 3aBajJyd OCHOBHHUM CHUTHAJIAM 1HIIIMX
abonentiB. Cnenudikaniero IEEE 802,11ac nepegdadeHO MOXKIMBICTH MEpeaaBaTu
OKpeMi CUTHAJIbHI TIOTOKH YOTHPHhOM KopucTyBadam [59]. PiBeHb 3aBaj 3aJIeKUTh Bij
KyTOBOTO PO3HECEHHSI a0OHEHTIB MEpexl 1 CXEMU pO3TallyBaHHS €JIEMEHTIB
dazoBanoi penritku. CyTT€BUM YHHHUKOM JJ1s1 JOpMYyBaHHS JlarpaMu CIpSIMOBAHOCTI
€ BIZICTaHb MK IITUPOBUMHU aHTEHAMHU, 1110 YTBOPIOIOTh aHTEHHY CUCTEMY.

Kpim Toro, MU-MIMO BuMarae mnpocTOPOBOTO pPO3HECEHHS. bIIbIIICTh
Cy4aCHHUX KOPIOPATUBHUX po3ropTaHb Wi-Fi MatoTh BUCOKY HTIIBHICTH KOPUCTYBAUiB
1 MPUCTPOIB, iK1 HecyMicHi 3 mosioxkeHHsMu MU-MIMO. 11106 rexnomoris MU-MIMO
mpaifoBasia, Ma€ OyTH HajekHa (i3UYHA BIICTAaHH MDK ycCiMa KIIIEHTaMH Ta MiX

TOuKaMu jioctymy [60].

3.3 B3aemMHuil BIUIMB CYyMIXKHHX MepeK Ha napaMeTpu Qi3u4HOro piBHA

3a peanpHHX yMmoB, Oe3mpoBomoBa mepeka IEEE 802.11 mexye 3 iHmmMMH
NOIIOHUMH MEpEKaMHu, sIKI MOXKYTb BUKOPUCTOBYBATH TaKi cami a00 CyMI>XKHI YaCTOTHI
CMYTU pajioKaHaliB. Takwil cleHapid XapakTepHui s OQICHUX MPUMIIICHbD,
HaBYAJIbHUX 3aKJa/1iB, 0araTOKBapTUPHUX OyIMHKIB TOIIO.

B3aemHMi1 BIUIMB €IEKTPOHHHUX MPHUCTPOIB 1 CUCTEM XapaKTepU3YIOTh PIBHEM
enekrpomarHiTHOI cymicHOCTI (EMC) 1 piBHEM HECTIPUIHATIUBOCTI.

PiBenb enexTpomarHitHoi cymicHocTI (electromagnetic compatibility level) —
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I YCTAaHOBJICHWHA PIBEHBb EJICKTPOMATHITHOTO 30YypeHHS, SKHA 3aCTOCOBYIOTH, SIK
ONMOpHUU  PpiBEHb JUIsI KOOpIMHAIII Yy pEryjiioBaHHI piBHIB eMicli Ta
HECTIPUUHATINBOCTI. PiBeHb HecnmpuitHATIMBOCTI (Immunity level) — MakcumanbHUIA
piBEHB €JIEKTPOMArHiTHOTO 30ypEHHs, 110 A€ Ha KOHKPETHUI NpuiIajl, 00JaJHAHHS YU
CHCTEMY, 3a SIKOTO BOHH 30epiratoTb HeoOXiaHI poOoUi XapakTepucTuku [53].

AOH 3’sicyBaTH yMOBHM HaMKpamioi eJIeKTPOMAarHiTHOI CYMICHOCTI OJH3bKO
PO3TAIIOBAaHUX MEPEX, MO (PYHKITIOHYIOTh B OAHOMY YaCTOTHOMY Jiama3oHi, Tpeba
MIPOaHAJII3yBaTH OTPUMaHI BUIIE PE3yIbTaTH, a TAKOXK BPaxyBaTH BIUIMB JOIaTKOBUX
YUHHUKIB.

VY T1abn. 3.1 npuBeptae yBary pexkum MCSO0 y kaHali 3 MIHAPUHOIO YaCTOTHOL
cmyru 20 MI1, curHaiu SKOro abOHEHTChbKA CTaHIsl MOXKE MPUMHSATH Ha IyKe
Benukiid BifctaHi (Oinpmie 550 M), y MOPIBHSAHHI 31 IIBUAKICHUMHU PEXKUMaMH.
Hampuknaz, skmo nopiBHioBaTH 3 peskumoM MCS9 y kanam 160 MI'm 3 nBoma
npocropoBumu notokamu (11+15 wm). CnopaBa B Tomy, mo pexum MCSO
BUKOPUCTOBYIOTH Bcl cranili cnemudikamii IEEE 802.11ac ans  HaniiHOTO
nepeaBaHHsl TMpeaMOyJid  KaapiB, MPU3HAUCHOT JUISI B3a€EMOIT 3 MEpPEKHUMU
OpUCTPOSIMU  TiomiepeHix crnenudikamii. To6To, B pa3l GyHKIIOHYBaHHS JBOX
IIPOCTOPOBO PO3HECEHUX Mepex y miama3oHi 5 I'T1, 1o BUKOPHUCTOBYIOTH OJTHAKOBI
YaCTOTHI CMYTH, CUTHAIIA «CTapoi» MpeamMOyJin BIIJAICHOI MEPEXKI MOXKYTh CyTTEBO
BIUTUBATH HA MPOMYCKHY 3JaTHICTh JaHOI Oe3MpoBOAOBOI Mepexi. Mepexi, o
(GYHKIIOHYIOTh 3 BUKOPHUCTaHHSM OJHAKOBHX YaCTOTHUX CMYT Ha3UBaIOTh
CIiBKaHATbHUMHU.

Le#t BB 0OyMOBIIEHHMH MEXaHI3MOM OIIIHIOBAHHS 3ailHATOCTI KaHamy. Sk
Oyno 3a3HaueHo B 1.2 Touka JOCTYIy OJHOYACHO BHKOPHUCTOBYE JBA METOJHU
OLIIHIOBAaHHS: BUSBICHHS curHainy Wi-Fi 1 BU3HaueHHS piBHS paaiodacTOTHOI eHeprii
B kaHail. [loporosi 3HaueHHs PiBHIB CUTHATIB, [II0 BU3HAYAIOTh 3alHATICTh KaHAIY,
HaBeZeHo B Tabm.1.1.

Taxk, BimmaneHa Touka JOCTYITy, 0 (QYHKITIOHYE B YacTOTHOMY KaHaii 20 Ml

1 3HaxoauThca Ha Bifactani 50 M, 3a ymoBu 3actocyBaHHs Heto EIBII 20 nbm B
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HanpsaMKy naHoi TJI abo aGOHEHTCHKOI CTaHINi JOCHIKYBaHOI Mepexi, chopmye
curHai «minyc» 61,065 abwm, 1o npusBeae 10 OLIHKKA 3aiHATOCTI KaHAITy 3a IBOMa
3raJIaHMU BUIIE O3HAKaMH.

{00 3a0e3neynTH eNeKTPOMArHiTHy CYMICHICTh MEPEX, 0 (PYyHKIIOHYIOTh B
mianazoni 5 I'Th, MoxHa 3acrocyBaTH JiBa Mmiaxoau. MokHa BUKOPHCTOBYBATU
CEKTOpHI aHTEHH 1 PO3TAIIOBYBATH iX 3 ypaxXyBaHHSIM 3aracaHHs paJlOCUTHANY MpHU
POXO/DKEHHI 4Yepe3 MEepenIkoan (CTIHU, MEPEKPUTTS TOMIO), ajieé TaKUW MiAXil He
3aBKIM MOJKHa pealli3yBaTH u4epe3 BUIAJKOBUI XapakTep pO3TallyBaHHS
O€3MPOBOJIOBUX MEPEXK y HE3aJeKHUX KOPUCTyBauiB. [HIIMKA MiaxiAg mojsrae y
3MEHIIEHHI BUIIPOMIHIOBAHOI MOTYXHOCTI TOYKOIO JOCTYyNy Ta a0OHEHTChKUMHU
npuctposmu. Llel miaxia nae 3MOry 3MEHIIWTH PIBEHb MDKMEPEKHHUX 3aBaj], aje
BOJHOYAC TPHU3BOAWUTH JO 3MEHIICHHS 30HM oOciyroByBaHHs TJ[ 1 3MeHIICHHs
IPOIYCKHOT 31aTHOCTI 0€3MpoBOI0BOrO KaHay [61].

Ha npakrtuii B gianazoni 5 ['T'1 aist 3a6e3neuennss EMC 6e3npoBo10BUX MEpex
4acTo HaJamToBYIOTH T /] Ha MakCMMallbHy BUITPOMIHIOBaHY MOTYKHICTh B Mexkax 60—
75 mBt [3]. Y pa3i BukopucTaHHs MOTYXHOCTI nepeaaBada 60 mBT, 3amicts 100 MBT,
pazlyc 30HU OOCIYrOBYBaHHSI 3MEHIIYEThCs Ha 25%, y MOPIBHSIHHI 3 BIJCTaHSIMU,
HaBeJCHUMH B Tao. 3.1.

Jiist 3a6e3nedeHHs] BUCOKUX SIKICHUX TOKAa3HUKIB (DYHKIIIOHYBaHHS MEpexi Ha
3HAYHUX TEPUTOPIAX BHYTPIIIHIX HOpuMilleHb Yy Jmiana3oni 5 [T pomiiasHO
BUKOPUCTOBYBATH CTUIBHUKOBUYW TMPUHIIAI OpraHizaimii Mepex 13 3a0e3reueHHsIM
HaJIHHOTO POYMIHTY MK CTUTbHUKaMH. YaCTOTHI CMYTH IS CyMIXHUX CTUIbHHKIB
JIOKATBHUX MEPEkK Tpeba BUOMpPATH TaK, MO0 iXHI YACTOTHI CMYTH 32 MOMJIMBOCTI HE

OynH CyMIKHUMHU.

BucHoBKkH 10 po3aity

BucokomBuKiCHI peXMMH TepelaBaHHA JaHMX y OE3MpOBOJOBIA MeEpexi

IEEE 802.11ac, 3 npuurHr 0OMeXEHHSI MaKCUMAJIbHOTO 3HAUYEHHS BUIIPOMIHIOBAHOT

notyxHocti (EIBII) wa pieai 100 MBT, MoxxkHa peanizyBaTud 3a BIJCYTHOCTI
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NEPEIIKO/] Ha IIISAXY PO3MOBCIOUKCHHS paaioxBmiib B paniyci 10+15 M Bix Touku
JOCTYIIY.

Po3mip 30HM 00CITyTOBYBaHHS 3aJICKUTh B1Jl 3aCTOCOBAHOTO B MEPEKI PEKUMY
MoOIyJALii W KOXyBaHHS, 1 pajilyCc 30HM MOXE 3MIHIOBATUCH /0 JecATu pasiB. Llei
PO3MIp 3aJEKUTh TAKOXK BiJl IIUPUHHU YACTOTHOI CMYTH PajioOKaHaIy 1 3MEHIITY€EThCS
B/IB1Yi, Y pa3i 301JIbLIICHHS] YACTOTHOI CMYTH B YOTHUPH Pa3H.

Xoua B miana3zoni SI'T'1 curHanu 4aCTOTHUX CMYT OKpEMHUX KaHalliB Ha PiBHI
«minyc»20 b Maike He TMEepeKpPUBAIOTHCSA, BHACHIJIOK BIJHOCHO  BEJIUKOI
1HTEHCUBHOCTI 1T03aCMYTOBOI'0 BUIIPOMIHIOBAHHS 1 BEJIMKO1 Yy TIMBOCTI IPUiIMaYiB, y
CYMDKHHMX YaCTOTHUX KaHajlax MOXYTh BUHUKATH MOMITHI B3a€MHI 3aBajiM IIiJl 4ac
nepeaBaHHsl MpeaMOysd TOMNEepeNHiX crnenudikaiiii cTaHaapTy, 0 3MEHIIYE
€(EeKTUBHICTh BUKOPUCTAHHS KaHAJIBHOT'O PECYPCY.

CrniBkaHaJIbHI 3aBaji MOXYTh HAJXOAWTH BiJ MEpEXk, IO 3HAXOAATHhCS Ha
BIJICTaH1 B KUJIbKa JIECSTKIB METPIB, BHACHIIJOK MEpeJaBaHHsI «CTapoi» mpeaMOyu
KaJIpiB KEPYBaHHS 1 KaJpiB JAHUX JJII B3a€EMO/I1T 3 a00HEHTCHhKUMH IPUCTPOSIMU O1ITBIIT
paHHiX crnernudikalliii, Mo MOXe Npu3BeCTH 10 (OPMYBAHHS OILIHKH 3alHSITOCTI
KaHaJly 1 Iepexo1y IPUCTPOIB MEPEXI B PEKUM OUIKYBAHHS.

Sxio0 B 00MEXEHOMY TIPOCTOPI PO3TOPHYTO KIJTbKA MEpexk 3a crerudikaliiero
IEEE 802.11ac, ciia odikyBaTu, 110 4epe3 OOMEXKEHY €JIEKTPOMArHiTHY CYyMICHICTh
IIUX MEpeX HE MOYKHA JOCATTH MaKCUMATbHHUX 3HAUYEHB EKCIITyaTalliiHUX TTOKa3HUKIB.

Jlnst HalOIbIl €()EKTUBHOTO BUKOPHUCTAHHS MOMJIMBOCTEH OE3MPOBOIOBUX
mepex cnenudikanii IEEE 802.11ac, mig yac ix muanyBaHHs TpeOa BpaxoBYBaTu
YUHHUKH (PI3UYHOTO PiBHS, 1110 BIUTUBAIOTH HA €JIEKTPOMArHITHY CYMICHICTh MEPEX.

Jlnis 3a0e3nedeHHs] BUCOKUX SKICHUX MOKa3HUKIB (PYHKIIOHYBaHHS MEpEXi Ha
3HAYHUX TEPUTOPIAX BHYTPIMIHIX NOpuMilieHb Yy Jiana3oni 5 [T pomiiasHO
BUKOPUCTOBYBAaTH CTUIBHMKOBUN TMPUHIIAI OpraHizaimii Mepex 13 3a0e3neueHHIM
HaJIHHOTO POYMIHTY MK CTIIbHUKaMH. YaCTOTHI CMYTH IS CyMIXHUX CTUIbHHKIB
JOKaJIbLHUX MepexX Tpeba BUOMpaTH Tak, MO0 I1XHI YAaCTOTHI CMYTH HE Oy

JOTHYHUMMU.
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4 OCOBJIMBOCTEM MEPEJABAHHSA I'OJIOCOBOI'O TPA®IKY
3ACOBAMM MEPEX IEEE802.11AC

4.1 3arajbHi mixAX0Au A0 NepeAaBaHHA rojaocoBoro tpagiky IP mepexkamu

OcTanHIM YacoM 3HAYHOrO TNOIIMPEHHS Halyja TEXHOJOTis MepeJaBaHHs
rosiocoBoro tpadika gepes [P mepexi (VolP) [62]. 31e0imbI10r0 BUKOPUCTOBYIOTH [P
tenedonu, 3’ennani 3 [P mMepexero 3a texHomoriero Ethernet. [IpoTe, Bce uacTimme
BUKOPUCTOBYIOTh 1 0e3mpoBojioBe 3’eAHaHHS 3aco0amu Mepexi Wi-Fi (cranmapt
IEEE 802.11) [63]. Ilepecroporu 1momo OunbIl MUPOKOTro BUKOpucTaHHS Wi-Fi
BUHUKAIOTh Y KOPHUCTYBaudiB Yepe3 HECTaOLIbHICTh TMOKa3HUKIB sKOCTI (QoS)
0e3npoBOIOBUX Mepex. TexHomorii O6e3MpoBOJOBUX MEPEX IOCTIMHO 3a3HAOTh
YAOCKOHAJIEHHS, 3 METOI0 MOJIMIIUTU 1X SKICHI MOKa3HUKH 1 PO3IMIUPUTH cPepy iX
3actocyBaHHs [64]. HailOubin po3MOBCIOIKEHUMH HATenep € 0e3MpOoBOJAOBI MEPExKi
cragmapty IEEE 802.11 cnemudikamniti [EEE 802.11n ta IEEE 802.11ac.
Crneuudikamiro [EEE 802.11n mpu3HayeHO [JIi BUKOPUCTAHHA SK y YaCTOTHOMY
niama3oni 2,4 I'Ti, tak 1 B giamazoni 5 I'Tn, a cnenmdikario IEEE 802.11ac, sky
MO>KHa BBa)KaTu yAockoHasieHoto Bepcieto cnenudikauii IEEE 802.1 1n, npusHaueHoro
JUI BUKOPUCTaHHS TiIIbKHM B mianmazoni 5 ITu. B gedxkux cmenmdikarisax, Mo
CTOCYIOThCSl Oe3mocepeHh0 KaHambHOTO 1 (isnynoro piBHiB, IEEE 802.11e
nependayeHo BHUKOPUCTOBYBatv omiiiiHo, a B cneuudikauii IEEE 802.11ac
nepeadauyeHo BUKOPUCTOBYBATH ii 000B’si3k0BO [2]. [IpoTe, He MOXKHA cKa3aTu, IO
MpoIleC TMOIIyKy HaWKpallluX pPEeXKUMIB 3aCTOCYBaHHS  MEXaHI3MIB  SIKOCTI
oocnyroByBanus IEEE 802.11e Bxe 3aBepiieHo [65], TOMy HOCTIIKEHHS B IIbOMY
HaNpsMi € aKTyaJIbHUMHU.

Jlns  opranizaimii nociayru IP-tenedonii Tpeba 3a0e3MeunTH HEBEJIHMKY
3aTPUMKY TepeJaBaHHS TOJIOCOBUX KaJapiB 1 HEBEIMKY HEpPIBHOMIPHICTh IIi€i
satpumku. B wmepexax IEEE 802.11 BHacmijok CHUIBHOTO BUKOPUCTaHHS
CepelloBHUIIA ITepeaBaHHs 1 KOHKYPEHTHOTO JIOCTYITY /10 KaHaly 3a HassBHOCTI BEJIMKO1
KUTBKOCTI ~ aKTUBHUX  KOPHCTYBayiB  MOXYTb  BHHHMKATH  KOJNi3ii, IO

MIPU3BOJAUTH JI0 3MEHIIICHHS MPOITYCKHOT 3AaTHOCTI 1 MOTIPIICHHS 1HIITUX MOKa3HUKIB
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SIKOCTI.

Bigomi komriaHii-BUpOOHUKH MEPEKHOIO OOJIaJIHAHHS NPHUAUISIIOTH BEIIUKY
yBary yaockoHaieHHio TexHoJorii VolP. Tak, kommnanis Cisco B MOCTIIHO
OHOBJIFOBaHUX PEKOMEHJAIlISX IIMOJ0 opraHizamii mepex 3 mociayror VolP [36]
3a3Hayae, 110 MiJ Yac MJIaHyBaHHS TaKUX Mepex Tpeda HaJlaBaTu IepeBary Mepe:KHUM
TEXHOJOTISIM, 10 TMpU3HA4YeHI nJs BUKOpUcTaHHA B mdiamazoni S5 [Tu. s
3a0e3MeUeHHs] BUCOKOI SKOCTI HajaHHs mociyru VolP tpeba 3abe3neuntn yMOBH, 32
SAKUX HACKpi3HA 3aTpUMKa Mepe/laBaHHs TOJOCOBOIO Kajpy He Oyje MepeBUIyBaTU
150 Mc, a HepiBHOMIpHICTh 3aTpuMKu (kuTep) Oyme B Mexkax 100 mc. Takox
3a3HAYEHO, 110 Tpeba 3a0e3MeUnTH BIIHOUIEHHS CUTHAJ-IITYM B TOYIIl IPUIMaHHS HE
MeHIe 25 1b, a HaBaHTa)XeHHST MEpeki Mae He niepeBulryBatu 50%.

VY poborti [37] HaBeneHO peKOMEHAAIlii, [0 IPYHTYIOTHCSI Ha HAsIBHOMY JOCBII1
1 TEOPETUYHUX JOCHiKeHHAX. Cepell UX peKOMEHIallli MOXKHA BIJI3HAYUTH Take:
11t kKaapiB VoIP Tpeba BUKOpUCTOBYBAaTH MPIOPUTHU3ALLIIO 3 TAPAHTOBAHUM J0CTYIIOM
JI0 KaHaTy, a TAaKOXK 3aCTOCOBYBATH MPOTOKOJ peanbHoro yacy (RTP).

Y pobori [37] xpiM 3ragaHuX BHIIE 3ac00iB IMIJBHUINCHHS SKOCTI
00CITyrOByBaHHSI PEKOMEHIOBAHO 3IHCHIOBATH KEpyBaHHS MPOITyCKHOIO 3IaTHICTIO
KaHaIly 1 YHUKATH HAJMIPHOTO HaBaHTAKECHHSI.

Hagpepneni Buile pekoMeHpaallli COPUSIOTh MOJIMIIEHHIO SIKOCTI mociayru IP-
TenedoHii, aje He HaJalTh KUIbKICHOI OIHKM BIUIMBY OKPEMHUX YHHHHKIB.
Hampukinaza, roBopute ipo ePeKTUBHY MPOMYCKHY 3JaTHICTh 0€3MPOBOAOBOI MEPEKi
HEMO>KJIUBO 0€3 MPUB’SA3KHU J10 PO3MIPIB KaJpiB JaHUX, K1 IEPEAAI0Th CTAHIIII MEPExi.
[ToTpeOye yTOYHEHHS! MUTAHHS CTOCOBHO PO3MOJLTY MPOITYCKHOI 3aTHOCTI MEPExKi
MDK Tpa(ikoM 3 pI3HUMH MPIOPUTETAMH, a TAKOK MUTAHHS MIOJI0 KIJTbKOCTI aKTUBHUX
CTaHI[iM, SIKI MOXYTh OJIHOYACHO (DYHKIIIOHYBaTH B 30HI OOCIYyTrOBYBaHHS TOYKHU
JOCTYTY.

MeToro JOoCHiJKEHHSI € 3°siCyBaTH OCOOJMBOCTI IepeaaBaHHS TOJIOCOBOTO
Tpadika g opranizaiii nocayru [P-tenedonii B oicHUX 1 MOMIOHUX HMPUMIIIIEHHSIX
3acobamu mepexi IEEE 802.11ac, mo6 3a0e3nmeuntu sSIKiCHE HaJaHHSA 3a3HAYCHOI

MOCJIYTH JJI1 JTOCTaTHhO BEJMKOI KUIBKOCTI KOPHCTYBadiB B 30HI OOCIyroBYBaHHS
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TOUYKH JOCTYIYy, HaBITh 32 YMOBU IHTEHCHUBHOTO TEpelaBaHHs 3MIIIaHOTO Tpadika B

Mepexl.

4.2 Koneku i 0c00JIMBOCTI IX 32CTOCYBaHHA

[lepm, HbX mepeiiTn 10 po3risgy mpoueciB y Oe3npoBonoBiit mepexi IEEE
802.11ac, HeoOX1aHO 3’5ICyBaTH MapaMeTpH W XapaKTEPUCTUKU TOJIOCOBOTO Tpadika,
AKui Tpeba mepenaBaTH Mepexkero. Y 1udpoBUX cHUCTeMax IS TepeJaBaHHs
roJI0cOBOTO Tpadika 3aCTOCOBYIOTh CTUCHEHHS CHTHAIBHOTO TIOTOKY 3 METOIO
3MEHIIUTH HOTO IHTEHCUBHICTB JIJIs IIepeiaBaHHs U poBUMH Mepexxamu. [oocoBuit
MOTIK MICJISl CTUCHEHHSI MTOAAa0Th Ha KaHAJIBHOMY Pi1BHI KaJpaMH OJHAKOBO1 BEJIMUUHU
1 OoJHAKoBOi TpuWBaJIOCTI. ICHye BelMKa KUIBKICTh TOJIOCOBHX KOJEKIB, IO
BUKOPHUCTOBYIOTh y cUCTEMax IU(POBOTO ro0COBOTO 3B 513Ky [66-68]. V Tad:xn. 4.1 3a
Matepianamu [67] HaBeACHO MapaMeTpHu KUTbKOX KOJEKIB, III0 MalOTh 3aCTOCYBaHHS B

IP-Tenedonii.

Tabnuus 4.1 — [lapameTpu AesiKUX KOJEKIB TOJIOCOBUX CUTHAJIIB

IMapamerpu G.711 G.729 G.722 iLBC
Tun BY3bKOCMYTOB | BY3bKOCMYIOB | IIIMPOKOCMYTOB | BY3bKOCMYTOB
15071 15071 15071 15051
JByKOEL 300-3400 300-3400 50-7000 300-3400
4acToTH, I'11
YacroTa
JTUCKPETH3AI 8000 8000 16000 8000
1, I'ng
Po3psinHicTh 8 16 14 16
ITotik, k0iT/C 64 8 48, 56, 64 13,33 -15,2
_ 160 20 160 38
Hasanraxen | 0aiitiB/20Mc . . o 0aiitiB/20Mmc
OaiitiB/20Mmc OaiitiB/20Mmc
HA 240 50
Oariti/30Mmc Oaritie/30Mmc
MeTtpuka . 4,1 (15,2
MOS 41 3,9 4,3 (64 x0it/c) KGiT/c)

Konmex G.711 — oauH 13 mepuimx rojiocoBUX KOJEKCIB, 110 OyB NMPU3HAYCHHI
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JIs 3acTocyBaHHS B kaHanax ISDN. Moro wacto BHKOPHCTOBYIOTH i B IHTepHeT-
tenedownii (VoIP).

G.729 — ne KoJeK 13 MaJiol0 1HTEHCHBHICTIO CUTHAJIBHOTO IMOTOKY 1 MajuM
o0cAroM OJIOKIB TaHWX KOPHUCHOTO HABAHTAXKCHHS. 3HMKCHHS SKOCTI BIITBOPEHOTO
rojiocy € HE3HAaYHWM, Yy MopiBHSIHHI 3 KoaekoM G.711. ¥V KojaeKky BHKOPHCTaHO
QITOPUTM CTUCHEHHS 3 BTpartamMu. lleil KoJek BUKOPUCTOBYIOTH y MeEpexax 3
0OMEKEHOI0 TPOIMYCKHOI 31aTHicTio, Takux sk WAN. fAx 1 G.711, ne omuH i3
HaWIMOIPEHIMuX KoJieKiB y chepi VolP.

Kogexk G.722 € mmpokocMyroBuM 1 3a0e3neuye OUIbII MPUPOJHE 3BYUAHHS
rojiocy, B mopiBHsiHHI 3 G.711 1 G.729.

ILBC (Internet Low Bitrate Codec) — InTepHeT-KO€K 3 MaJIOK0 IHTCHCUBHICTIO
CUTHAJIBHOTO TIOTOKY, IO 3a0e3Iedy€e Yy0BY SKICTh IMepeaBaHHs Tojocy. B HboMy
nepeadayeHo JesKy KOMIICHCAIIII0 BTPAYeHHUX T'OJIOCOBHUX KaJpiB, IO MOXKE CTATUCS
BHACIIJOK BTpaTH abo 3arpuMku [P-nakeriB. HeoOXxinHe HaBaHTaXKeHHs Ha POLECOP
nonibue no G.729. Konek mpusHavyeHO I BUKOPUCTaHHA B [HTEpHETI B pamKkax
npotokosry WebRTC (real-time communications) st oprasizariii roJocoBOro i Bijieo
3B’ SI3KY.

Tabn.4.1 wmictutrh iHGOpMAIIO TPO IHTEHCUBHICTH CTHUCIOTO MOTOKY
MOIIMPEHUX ayAIOKOAEKIB, 10 HEOOXITHO JJIsi OLIHIOBaHHS SIKOCTI TepeaaBaHHS

rojiocoBoro tpadgika.

4.3 Po3paxyHok 4acy nepeaaBaHHA roJI0OCOBUX Ka/IPiB 32 PI3HUX PeKUMIB

MOJYJISIII i KOTYBaHHS

J1is mocipKeHHsT 0COOIMBOCTEH MepeaBaHHsI TOJI0COBOTO Tpadika B Mepexax
IEEE 802.11ac ckopuctaemocy mapamerpamu konaeky G.711, sk omgHOro 13
MOIMpPEeHUX KoAeKiB /st [P-TenedoHnii 1 Takoro, 1o GopMye KaJapu JaHUX 3 BETUKUM
HaBaHTaX€HHsM (Tabi. 4.1).

BusznaunmMo dwac mepemaBaHHS OJHOTO KaJapy ToOJIOCOBOro Tpadika,

chopmoBanoro kojgekoMm (G.711. Po3rnsHemMo dac nepedaBaHHs B KaHall



101

IEEE 802.11ac 3 wactotHOO cmyroio 20 Ml y pexumi 3 OJHHUM MPOCTOPOBUM
MOTOKOM, B pa3l 3acTOCYBaHHA pI3HMX cxeMm Moayismii 1 komyBanHs (MSC).
Posrisitnemo aBa pexxumu GyHkiionyBanHs kojeky G.711: 3 TpuBanicTio Bubdipku 20
Mc 1 3 TpuBaiicTio BubOipku 30 mc. J{ms po3paxyHKy dacy mepeaaBaHHs TOJI0COBOTO
KaJIpy CKOPUCTAEMOCH PO3MOIJIOM YaCOBUX 1HTEPBAJIIB, HaBEIEHUX Ha puc. 1.4.
TpuBarnicTs iHTEpBaTy IepenaBaHHs royocoBoro kaapy E[Tp ;] Busnaummo 3a
CHBBITHOIIEHHSM, 10 BUIUIMBAE OE3MMOCEPETHBO 3 PO3IMOALTY YaCOBHX IHTEPBAJIIB Ha

puc. 1.4,

E[Tp 1] = AIFS + CW +Trgr + SIFS + Tesr + SIFS + Typpu + SIFS + Tack» (4:1)

ae AIFS — mixkagpoBuit ap6iTpaxuuii intepBas, CW — TpuBaiicTs 3aTpUMKH,
00yMOBIICHO] JITUMIIBHUKOM 3BOPOTHOI'O BIAMIKY, [ptg —KaJp 3alMTy Ha IepeaBaHH,
SIFS — xopotkuil Mi>kkaapoBuii iHTepBal, [c1s — KaAp MiATBEPKEHHS F'OTOBHOCTI
IPUMHATH KaJp, Typpy — TPUBANICTD KaAPy JaHUX, IKMM IIEPEAAIOTh OJIOK rOJI0COBOI
1H(popMarlii pazoM 31 CiIy’00BOO 1H(OPMAIIIEID MPOTOKOJIB BEPXHIX PIBHIB MOJEN1

OSI, puc. 4.2 [69], Tpck — Kaap miATBEpHKEHHS IPUHHATOTO KaJpy AaHUX.

IP UDP RTP FonocoB.i AaHi, n FCS
20 baiTiB 8 baunTiB 12 6aunTiB baunTiB 4 6anTn

Pucynox 4.2 — CTpykTypa gaHuX B Kajpi KOpUCHOTO HaBaHTaxeHHs (Data)

Jlist anamizy ocoOMMBOCTEH TepemaBaHHS TOJOCOBOTO Tpadika pO3TISTHEMO
KUIbKa PEXUMIB JOCTYIy JO CEpeloBUINla TiepenaBaHHs. Po3riasHeMo pexum
nepeaaBaHHsi rojocoBoro Tpadika B Mepexi DCF 0e3 mpiopuTuzaiii 1 pexum
nepeaaBaHHs royiocoBoro Tpadika 3 mpioputusamiero B mepexi EDCF. i pexxumu
BUOpaHO Il JIOCHTIKEHb, OCKIIBKM Pi3HI BUPOOHUKH MEPEKHOIo OOJaTHAHHS
MIPOTIOHYIOTH TIO-PI3HOMY peai30ByBaTH MOCITYTY MepeaBaHHs TOJI0COBOT0O Tpadika

[2, 70].
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Jnsa kpamoi HamiiHOCTI NpuUAMaHHS CIy»)O00Boi iH(opmamii 1 Kpamoi
€JIEKTPOMArHiTHOI ~ CyMICHOCTI  OJIU3BKO  PO3TAIIOBAaHUX MEPEX CTaHAapTy
IEEE 802.11 npeamOynm kapiB Ha KaHAILHOMY PiBHI MEPEIAI0Th 3 MAJIOK0 KPATHICTIO
MOJYJIAMII 1 3 HaWMEHIIOK IIBHIKICTIO mportu3aBagHoro koxay (CR=1/2). s
nepeaaBaHHs npeaMOynn, cyMmicHOi 3 momnepennimu TexHojorismu [EEE 802.11
3acTocoByIOTh pekuM MCSO 31 mBuakicTIo mnepenaBanas 6 MO6/c. Buznaummo
TPUBAJIOCTI YaCOBUX IHTEPBaJIiB, HaBeJAEeHUX Ha puc. 1.4. Sk Oyno 3a3Ha4eHO BHUIIIE,
yrpynyBanHs OFDM, sxe nependadeHo 3acToOCOBYBaTH B KaHaJIi 3 YaCTOTHOIO CMYTOIO
20 MI'm, MicTuTh 56 4acToT, 52 13 SAKHX MepeadadeHo ISl IepelaBaHHs JaHuX, a 4 —
JUTA TIepeaBaHHs MTOT-cUrHamiB. TpuBaIicTh CUMBOITY 3,6 MKC BUKOPHUCTOBYIOTH IS
nepeIaBaHHsl YacTUHU MpeaMOynu Jyxe mBuAkKicHoro pexumy (VHT) 1 nanux B
OJTHOPIJTHUX MEpekax, 1o maTpumytoTh pexkum VHT. Hanani Oynemo BBaxaTu, 110
JUTSI TIepeIaBaHHs roJIocoBOro Tpadika BukopuctoByemo cumBosii OFDM tpuBaicTio
4 mxc. Baxxnusi cucremni mapametrpu pexumiB DCF 1 EDCF naBeneno B Tabm. 1.2,

TpuBanocTi MIXKKaIpOBUX IHTEPBAJIB, MPOTATOM SKUX CTaHIl Mepexi He
3MIMCHIOIOTh MM I JIOCTYIy JI0 KaHally, MaloTh Taki 3HadeHHs: SIFS = 16 Mkc
(xopoTkuii mixkkaapoBuii iHTepBai), DIFS = 34 mxc, AIFS[AC BE] = SIFS+3-ST =
16+3-9 = 43 mkc, AIFS[AC VO] = SIFS+2-ST = 16+2-9 = 34 mxc, AIFS[AC BK] =
SIFS+7-ST = 16+7-9 = 79 mkc, Tabin. 1.2.

VY mepexi DCF ta y mepexxi EDCF nns knacis noctyny BE 1 BK 3Hauenns
KOHKYPEHTHOTO BIKHA OJTHAKOBI1 Ta 3HaX0AAThcs B MexkaxX BT CWin = 15 10 CWax =
1023. Skmo omHa aKTUBHA CTaHIA Mepexi OyJe TpuUBaIWii dYac TepeaaBaTu
rojocoBuii Tpadik y mepexxi DCF 6e3 koHKypeHIlii 3 OOKy 1HIIMX CTaHIliH, TOAl B
CepeIHbOMY 3aTpUMKa 3BOPOTHOro BimIiky craHoButumMe CW = CWpi /2 = 7,5
(4acoBUX CIIOTIB).

Tpusanicts kaapiB RTS 1 CTS Bu3HaueHo B po3/aiii 2 1 CTAHOBUTH MO 28 MKC.

BusnaunMo Temep TpUBANICTh I1HTEpBaly TNepeJaBaHHs OJOKYy JaHUX,
chopmoBanoro koaekom G.711, puc.4.2.

[HTEeHCUBHICTH MOTOKY HA BUXOl KOJEKa CTaHOBHUTH 64 kbOit/c, Tabm. 4.1. IP-
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MepeXamMH TIepelatoTh 1HGOPMAITiifHI TaKeTH IbOTO KOJeKa JBOX THIIIB: MAKETH 3
BuOipkoro 20 Mc rojmocoBoro curHaity i maketu 3 BuOipkoro 30 mc. Komex G.711
dopmye curnan 3a meromoM IKM (iMIyJIbCHO-KOJOBOI MOMYJIALIi) 3 YacTOTOIO
BiTiKIB 8 K['1, po3psimHicTIO ouM(POBAHOTO BiAMIKY 8 OIT/BIIIIK 1 MOXKIHBICTIO
KOMOaHaAupyBaHHs curHaiy. [ligx ugac oOpoOiieHHs BHOIPKHM 3BYKOBOTO CHUTHAIY
TpuBaniictio 20 Mc koaep chopMye OJIOK AaHUX, 0 MICTUTH 160 BimmikiB. OkpiMm
0e3nocepeIHbO TOJI0OCOBUX JaHUX ONOK maHuX MicTuTh 20 OaiTiB 3aronoBky IP, 8
OaittiB 3aronoBky UDP 1 12 GaiitiB 3aronoBky RTP, ToOT0 pazom imie 40 6aiiTiB JaHUX,
puc.4.2. Cymapso 0710k ganux mae oocsr 160 + 40 = 200 6aiiris, mo gopisHioe 1600
O1TIB.

[Ipoanamnizyemo Aesiki YMHHHUKH, 10 BIUTMBAIOTH Ha MPOIIEC MepeIaBaHHs JaHUX.
Bingcranp, Ha sKifi MOXKHA 3IIMCHIOBATH TEpeAaBaHHS JaHUX MK aOOHEHTCBHKOIO
CTaHI[IE€IO 1 TOYKOIO IOCTYIY 3aJI€KUTh Bl OTYXKHOCTI IIEpeiaBayda 1 CXeMH MOTYJISLIT
1 KOAyBaHHS PaJio4acTOTHUX CUTHATIB. HaitO11bITy IIBUAKICTS MIEpeIaBaHHs B KaHAJ1
3 gactoTHOIO cmyroro 20 MI' B pexumi MCS8 mMoxkHa pearnizyBaTu Ha HaMEHIIIN
BIJICTaH1 BiJl TOUKHU JIOCTyIy. Y TOM K€ 4ac JesKi KOPUCTYBadl MOXKYTh 3HAXOIUTUCh
Ha 3HAYHIA BIJICTaHI BiJi TOYKH JOCTYIy 1 TOMYy PEXKUM TepeaaBaHHs AaHUX Oyne
NOBUIBHIIINM HIXK Yy pa3l 3actrocyBaHHs MCSS.

Kpim BifgcTani Ha peXUM TepellaBaHHS BIUTMBAIOTH PI3HI MEPEIIKOHU, IO
3HAXOMATHCS Ha MIIAXY PO3MOBCIOKCHHS €JIEKTPOMArHITHUX XBUJIb. B odicHux
NPUMILICHHSX 116 MOXKYTh OyTH MEPErOPOAKH 13 PI3HOMAHITHUX MaTepiaiiB, CTENAXKI,
IHI CHIBPOOITHUKUA TOMIO. [ OI[iHIOBaHHS TOTO, HACKUIBKU 3MIHSATHCS YMOBHU
nepeaBaHHsl ToJ0COBOro Tpadika, B pa3i BUKOPUCTaHHS MEHINO1 MIBUAKOCTI JJIst
nepefaBaHHsl JaHWX, BH3HAYMMO 4Yac TMepeAaBaHHs TOJIOCOBOTO Kaapy, B pasi
3aCTOCYBaHHS PI3HUX cxeM Moyl 1 kogyBanHs (MCS3 — MCSS). [lns npukiagy
HABOJAMMO PO3paxyHoOK mis pexumy MCS8 — HalOUTbII MIBUIKICHOTO PEXKUMY IS
kaHamy 20 MI'n mepexi 802.11 ac 3 o1HUM IPOCTOPOBUM ITOTOKOM.

Y pexumi 3 MCS8 3acTtocoByloTh Momymsmito 256-QAM 1 mBHIKICTH

npotuzaBagHoro koay CR=3/4. Ilicis npoTru3aBaaHOIro KOAyBaHHS 00CT JaHUX POCTE
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no 1600-4:3= 2134 6irie. Omgaum OFDM  cumBoiOM MOXHa TepeaaTu
8 0itiB-52 = 416 6iTiB. /1)1 mepenaBaHHs BChOTO OJIOKY JaHUX 3Ha100uThes 2134:416
= 5,13 — 6 cumBomiB abo 24 Mc. Yac nepenaBaHHs KaJpy JaHUX 3 ypaxXyBaHHSIM
npeamOynu (44 Mxc) cranoBuTuMe 44+24 = 68 (MKC).

3rinno 3 (4.1), 3arambHa TPUBAJICTh IUKIY JOCTYNYy 10 KaHaly JyIs
nepenaBaHHs 070Ky rojocoBoi iHpopmartii TpusaiicTio 20 mc B mepexi DCF cknane:

E[To,] =34 +7,59 +28 + 16+ 28 + 16 + 68 +16 + 32 = 305,5 mxc.

Pe3ynapTat po3paxyHKIB TpPUBAJOCTI LUKIY JOCTYyNy JO KaHaly s
nepeaBaHHsl OJTHOTO TOJIOCOBOTO KaJpy, B pa3l 3aCTOCYBaHHS PI3HUX PEXKUMIB
monynsii ta koxyBanHs (MCS), HaBeneHo B Tabm. 4.2 ta y BUDIIAi rpadivHOi

3aJIeKHOCTI Ha puc. 4.3 [71].

Tabmuusg 4.2 — TpuBaicTh HUKITY NEPEAaBaHHS TOJIO0COBOTO Kaapy B mepexi DCF

MCS 3 4 5 6 7 8
Tko0, MKC 345,5 325,5 313,5 309,5 309,5 305,5
Tks0, MKC 369,5 341,5 325,5 321,5 317,5 313,5

Tvo, Mkc
380

370 \
360 \
350

\ —4—TK20
340

\ —=—TK30

330 \
320 \\
310 \\ ‘\.

300

3 4 5 6 7 8
Pucynok 4.3 — 3anexuicts TpuBanocti Tyo nepeaaBaHHs TOJIOCOBOTO Kaapy Bif

pexxumy Moyl 1 kogyBanus MCS
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Ha puc. 4.3 HaBeneHO pe3yabTaTH PO3PaxyHKIB yacy IMepeaBaHHs TOJIOCOBUX
KapiB 3 BUOipKkoro 20 mc Ta 30 Mc.

Skmo TUTBKKM OJHA CTaHIS B MeEpexi Ieperaae TojiocoBui Tpadik 0e3
arperyBaHHs, TO BOHa pPiBHOMIpHO mepenaBatuMme S50 KaapiB 3a CEKyHIy, B pasi
OTIpaIlfOBaHHs 3ByKOBUX (hparMeHTiB (BUOIpoK) TpuBaiicTio 20 mc 1 33,3(3) kaapu — B
pasi omparroBaHHs (PparMeHTiB TpuBaiicTio 30 Mc.

SIKIo MOpiBHATH Yac (OpMyBaHHS 3BYKOBOTO KaJpy 1 TPUBAIICTh 1HTEpPBAIY
JIOCTYITy 110 KaHay JJisi Moro mepeiaBaHHS, TO OYEBUJIHO, IO Yac IepeiaaBaHHs
CKJa/la€ HE3HAYHy YacTKy BiJ 4Yacy (opMyBaHHS 3BYKOBOTO Kaapy. Tak, B pasi
nepeaaBaHHs kaapy 3 BuOipkoro 20 mc, yac mepeaaBaHHsi cTaHOBUTH 1,72 + 1,53%
yacy BHOIpKH B pa3i 3actocyBanHs pexumiB MCS3-MCSS8 BinnoBigHo, a 715 Kaapy 3
BuoOipkoro 30 mc — 1,23 + 1,04%.

[3 oTpumanux pe3ynbTartiB, puc. 4.3, BUIUIUBAE, 110 Yac MEpPEJaBaHHs Kalpy
JAHUX, 1110 MICTUTh TOJIOCOBY 1H(OPMAILIII0 MAJIO 3AJIEKUTh Bl PEXKUMY MOIYJISLIT i
KoAyBaHHS. TpUBaICTh IUKIY TEpeJaBaHHS CTUCIOro Kaapy 3 BuOipkor 20 mc
3HaXOJUThCs B Mexkax 305+345 mkc, a 3 Bubipkoro 30 mc — 313+369 mkc. ToOro,
YMOBHU Te€peJaBaHHsl TOJOCOBOr0O Tpadika JJisi CTaHIIM, 0 3HAXOASIThCA Ha PI3HIM
BIJICTaHI BiJl TOUKH JOCTYyIy, OyIyTh Maike OJJHAKOBUMH.

Mo>kHa BU3HAUUTU TEOPETUYHY MEXKY KUIBKOCTI aKTUBHHMX CTaHLIIM, SIKI MOTJIH
0 (yHKIIOHYBaTH B 30HI OOCIYrOBYBaHHS OJHIEI TOYKM AOCTyny. MakcumasibHy
KUTBKICTh aKTUBHUX CTAHINN BU3HAYMMO SIK YaCTKY BiJ JAUICHHS TPUBAJIOCTI BUOIPKU
Ha TPUBAJICTh LUKIY TEpelaBaHHsA CTHCIOTO Kaapy. 3a ileaqbHOro y3roiKeHHS
aKTUBHUX CTaHLIN B yaci y Mmepexi 802.11ac 3 kanamom 20 MI'y onHodacHO Moruiu 6
¢yHkioHyBaTH 0Oe€3 B3a€MHUX 3aBaJl 57 CTaHIf, B SKUX KOACKU MpAIOIOTh 3
BuOipkamu 20 Mc a6o 81 cranuiii, 1o ¢GopMyrOTh 3ByKOBI Kajapu 3 BuOipkamu 1o 30
Mc. MokHa TakO)X TPOTHO3YBaTH, IO B pa3l 3aCTOCYBaHHS arperyBaHHS KaJpiB
OKpeMOro abOHEHTa 1 Yy3ro/DKEHHS B 4aci BCiX a0OHEHTIB KUIBKICTh OJHOYACHO

AKTUBHUX CTAHIII MOKHA 30JIBILIATH.
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4.4 IlepenaBaHHs ro10cOBOro Tpadika B Mepexax 3i SMilIaHUM

HAaBAaHTAKCHHAM

3a peanbHUX YMOB TrOJIOCOBUH Tpadik mepeaaroTh B MEPEKAX, B SIKUX 3a JTOCTYTI
JI0 CepelIOBHUIIA MepeaBaHHsl KOHKYPYIOTh Pi3HI CTaHIIIi, sIKI MOXKYTh NIEpe1aBaTH SIK
TOJIOCOBI KaJpH, TaK 1 KaApH, M0 MICTITh 1HIITY 1H(OpPMAIIITO.

PosrnsaemMo oco6mmBOCTI (PyHKIIOHYBaHHS MEPEXKI, B Kii € KiJIbKa CTaHIIH 3
HACHYCHUM HaBaHTaXEHHAM (Oydep HMaHMX MOCTIHHO 3alOBHEHUI), IO MEepealoTh
JaHl 3 HHU3bKUM TPIOPUTETOM, 1 KUIbKAa CTaHLIA, 0I0 MEpPEJaloTh TOJIOCOBY
1H(DopMmarrio.

Posrnsaemo pexuM, kot B Mepexi € M cTaHIii, 1o nepeaarTh TOJI0COBI IaHi,
1 N craHmii 3 HacMYEHUM HaBaHTA)KEHHAIM. PeXMM HacHUEeHOro HaBaHTaKCHHS
BUKOPHCTOBYEMO JIJISl BU3HAUCHHSI TPaHUYHUX MOKIMBOCTEH Mepexi [26, 72].

[IpoanainizyeMo cleHapiid, 3a SKOTO HACUYEHE HABAHTAKEHHSI BIJIHECEHO [0
kiacy AC BK (Hu3bkmii mpiopurteT), a TojocoBi naHi MarTh npioputer AC VO,
tabn. 1.2. Po3mozin yacoBux iHTEpBaiIiB B 0€3MPOBOAOBOMY KaHAl Oy/le TaKuM, SIK

HaBEJCHO Ha puc. 4.4.

L v
Data | AIFS[AC_VOJ=SIFS+2ST! / 0 1 ﬁ / 3 | Data_VO
a)

___________________________ I - - - 1
Data AIFS[AC_BK]=SIFS+7ST 4 /ﬂ 6 |
0)

Pucynox 4.4 — Po3noiiy1 4acoBUX iHTEPBATIB y MEpPEXKi 3 TIOpUIHUM

IPIOPUTHU30BAHUM HABAHTAKEHHSIM

[Ticnst 3BUTbHEHHS PaioYaCTOTHOTO KaHay (3aBepIieHHs UKy TIepeIaBaHHs
Kaapy JaHux) cradmii VO BuTpuMawTh May3y, OOYMOBIIEHY apOIiTpaKHUM
mixkagpoBuM iHTepBasgoMm SIFS+2ST, a cranuii BK — intepBanom SIFS+7ST. ToOTto,
cranuii VO MaroTh 1HTEpBaJl TPUBAIICTIO I’ ATh yacoBux cioTiB (ST), mo6 nepenatu

cBOoi Kajapu Oe3 koHkypeHuii 3 kaapamu BK. ID’atuit iHnTepBan Moxe OyTu



107

BUKOPHUCTAHUH, B pa3l BAHUKHEHHS KOJi311 Mixk cTaHIismMu VO.

Takox Tpeba B34TH 710 yBaru, o B JJIYMIBHUK 3BOPOTHOTO BiTIKY cTaHIlisa VO
3aBaHTAXKUTh 4uciao 13 MHOXuHHU [0, 1, 2, 3]. To6to, nmepenaBanus VO xkaapy
MOYHETHCH 111€ A0 TOTO, SIK 3aKiHUUThCA apOiTpakuuii inTepsain A BK cranmii.

Oco06nMBICTIO TEpeaBaHHs T'0JIOCOBOTO Tpadika € Te, IO BIH HE CTBOPIOE
HACHYCHOTr0 HaBaHTaxeHHs. CTaHIlS Tepelaae CTHUCIY 3BYKOBY iH(OpMAIO 3
nepioauuHicTio 20 MC, SKIIIO HE 3aCTOCOBAHO MEXaHi3M arperyBaHHs KaJpiB, a B pasi
arperyBaHHs — yepe3 OUIbII MPOMIKKH Yacy, kpaTHi 20 Mc.

Tenep Tpeda OLIHUTH, CKIJIbKH OyAe MIKKaJIPOBHUX IHTEPBAJIIB, IPOTITOM SKHX
craniii VO MaroTh 3MOry nepenaBatd kaipu 0e3 KOHKypeHili 31 cranmisimu BK.
3po0KMO pO3paxyHOK JJisg BUIANKy, Koiau kaapu BK marore HaBanTaxenHs 1500
OaiTIB, O XapaKTEPHO IJIsl BEJIMKUX KaJpIB AaHUX, SIKI HAAXOIATh UYEpPE3 MEPEKY
Ethernet. Came Taki KaJpu XapaKTepHi IS JIOKATbHUX MEPEK K «BEIHKI Kaapu» [3].

PosrnsgaemMo Benuki Kaapu, OCKIIBKA BOHM TNOTPEOYIOTh IJIs NEpenaBaHHs
OuIbIlIe Yacy 1 CTBOPIOIOTH TIPII YMOBU JUIsl TEpEJaBaHHsS TOJIOCOBOTO Tpadika.
PosrisitHemo crieHapif, 3a sSKOro B MeEpeXi € OJHa CTaHIlid 3 HACHYCHUM
HAaBaHTAXEHHSM TMepenae Benuki kaapu. OCKUIBKKM CTaHIiE 3 HACHUYCHUM
HaBaHTAXXEHHSIM MOXK€ 3HAaXOJUTHUCh Ha PI3HIN BIiJACTaHI BIJ TOYKH JOCTYITY, IIC
MpU3BEJIE 0 TOTO, IO JJIs IepeAaBaHHsl 11 KaJpiB Oye 3aCTOCOBAHO Pi3HI MapaMeTpu
MOJYJISAIIT 1 KOJYBaHHS 3aJIGKHO BiJ BiJAcTaHi. B Mexax HamIoro JOCIiIKEHHS
PO3MIITHEMO TPH pekuMuU: pexkuM MCS3 11 craHIlii, o 3HaXOAAThCS Ha BEIUKIM
BIICTaH1 BiJ TOYKM JOCTynmy abo s HUX NpUNAMaHHsS/TIepelaBaHHs CUTHATY
YCKIIQAHEHO 3 1HIMMX npuuuH; pexum MCSS nns craHmiid, mo 3HaAXOASTHCS Ha
cepenHiil BijcraHi, 1 pexkum MCSS8 it cTaHIiid, MO 3HAXOAATHCS MOOIN3Y TOYKHU
noctymny. B mepexi 3 KijlbkoMa CTaHI[ISIMM 3 HACHYEHUM HaBaHTAKECHHSIM ycepeHeHa
KUTBKICTh «TTOPOXKHIX)» YaCOBUX CJIOTIB 3MEHIITYETHCA, 2 KPIM TOrO BUHUKAIOTh KOJIi311,
0 MPHU3BOAUTH J0 30UIBIICHHS KITBKOCTI MIKKAJIPOBUX IHTEPBAJIB IMOPIBHIHO 3
PO3MIISIHYTUM BHILIE CLIEHAPIEM 3 OJIHIEI0 CTAHIIEI0 3 HACHYCHUM HaBaHTAXEHHSM, a
3HAYUTh 1 YMOBH U1 iepeaaBaHHs kaapiB VO, OyayTh OUTBII CIPUSTINBUMHU.

Axmo kaapu nanux 3 npiopuretoM BK mictutumyTh 1o 1500 6aliTiB KOpUCHOT
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iHpopMariii, To 3a yMoBH nepeaaBaHHs Aanux y pexumi MCS3 (16-QAM, CR=3/4) i
3 ypaxyBaHHSAM TpHUBAJIOCTI apOiTpaxkHoro iHtepBairy (79 MKC), a Takox 3
ypaxyBaHHSAM YCEpPEAHEHOI 3aTPUMKH, OOYMOBJIEHOi JIYUIBHUKOM 3BOPOTHOTO
BIJIUTIKY, TPHUBATICTh IUKIY JOCTYIy A0 KaHaIy JJIs TepeaaBaHHS [HUX KaJpiB
cranoButuMe 802,5 mkc. Y pexxumi MCS5 (64-QAM, CR=2/3) TpuBasicTh IUKIY
cranoButuMme 570,5 Mkc, a B peskumi MCS8 (256-QAM, CR=3/4) — 496,5 mxc.

[Ipu po3paxyHKy TpUBAJIOCTI IIUKJIIIB JOCTYITY 13 3aCTOCYBAaHHSIM PI3HUX CHCTEM
Moayssiiii 1 koxyBanHs (MCS) BpaxoBaHl Taki TPUBAJIOCTI YAaCOBUX I1HTEPBAIIB:
TCW:9'7,5:67,5 (MKC); Ts||:s:16 MKC; TRTszTCTSZZS MKC;, TACK:32 MKC.

[Iporsirom 20 Mc, y pa3i mepeiaBaHHS HU3BKOIMPIOPUTETHOIO HACHUYEHOTO
Tpadika BHHUKHE ImOHaWMeHIIe 24,92 (=25) apOiTpaXHHX IHTEpBAIXM y pasi
3actocyBaHHd MCS3, B KOXXHOMY 3 AKUX € YOTHpPU YacoBl CIIOTH, A€ KaJapu 3
rOJIOCOBUMHM JJTAHUMH MOXKYTh KOHKYpPYBAaTH TUIBKH Mk co0010. B pasi 3actocyBanHs
cucteMu MoAyJsmii i komyBaHHs MCSS mpotsarom 20 mc 6yne 35,06 apOiTpaxHuX
iHTepBaiy, a B pazi MCS8 — 40,28 apOiTpakHUX 1HTEPBAIH.

Posrasiuemo, sik Oyze mepenano rojiocoBi KaJipu, SKIIO B MEPEXKl aKTUBHUMU €
M craH11iii, 110 IepearoTh roJ0COBUM Tpadik.

Bci M craHmiii € He3ae)XHUMU, 1 KOKHA HAMarae€TbCs OTPUMATH JOCTYII JI0
MEepeX1 MijJ Yac BUMAJAKOBO OOpaHOTO apOITpakKHOTO IHTEPBATY 1 YaCOBOTO CJOTY
miciis Bijptiky BunaakoBoro yucia (CW) miunmibHUKOM 3BOPOTHOTO BiJUTIKY.

Sxmo BpaxyBatu 25 apOiTpaxkHi iHTepBaiH, HasBHI mpoTsrom 20 mc, 1 B
KO>KHOMY 1HTEpBaJIi 10 4 4acoB1 CJIOTH, K1 BUTIAJJKOBUM YHHOM MOKE 00paTH CTaHIIis,
TO JIJIsl MOYATKy MUKy niepenaBanHds M ronocoBux kazapiB € He MeHIne 100 MokIuBUX
peamizaiiii. [loznaunmo miteporo K 3arambHy KUIBKICTh MOKIIUBUX peajizailii, KOIu
craniii VO MOXyTh po3nodatu mnepeaaBaHHs. [le MOMeHTH dyacy, MiJ 4ac SKUX
KOHKYpPYBaTH 3a JOCTYII A0 KaHaiy OyayTh Tinbku cTanmii VO.

OuiHMMO WMOBIPHICT BUHUKHEHHS KOJNi3idH MDK M cranmismu VO, 110
KOHKYPYIOTh 32 JJOCTYII A0 KaHairy npoTsaroMm 20 mc. Cxoxe 3aBiaHHs 0yJio BUpIIICHE
B [26], 1 3apomOHOBAHO CIIBBIAHOMIEHHS JIsl BU3HAYCHHS WMOBIPHOCTI BHHUKHEHHS

KoJi3ii. B 3a3HaveHidt poOOTI OTPUMAHO OIIHKY WMOBIPHOCTI KOJII3IA B Mepexi 3
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HACHYCHUM HABAaHTAXEHHSM B pa3l 3aCTOCYBaHHS KOHKYPEHTHOTO BiKHA IE€BHOI
BEJTUYNHH.

Xodya B HAIIOMY JIOCJIIJDKEHHI CTaHIlii He (DOPMYIOTh HACHUCHE HaBaHTAXKCHHS
SIK 11¢ MaJIO MicIie B [26], aje CX0KIiCTh 3aBJaHHS IOJIAra€ B HEOOXITHOCTI BUSHAYHMTH
HMOBIPHICT, TOTO, IO JBI a00 OuUIbIlIEe CTaHII# BHOEPYTh BUMAJAKOBUM YHHOM
OJTHAKOBI YaCOBI IHTEPBAJIU 13 IEBHOI TOCTYMTHOI MHOXKMHH.

BusnaunMo WMOBIPHICT, BHHUKHEHHS KO3l Mk M cranmismu VO sk
BIIHOIIICHHS KIJIBKOCT1 CIPHUATIMBUX IOJIH 10 3arajibHOi KiTbKOCTI MOXKJIMBUX TTOJIIH.

3 ypaxyBaHHSIM 3pO0JI€HUX BUILE [TO3HAYEHbB, 1€ CIIBBIIHOLMIEHHS HA0Y 1€ BUTIISAY:

~

M AM I
P = ax ~|\/|AK =1- - M’ (42)
A (K~ M)IK
MM : : - M K
e Ay’ =K" — kimbkocTi po3miniens i3 K no M 3 moBTopamu, A’ = m -

KUIbKOCTI po3MitieHsb 13 K mo M 6e3 moBTopiB.

Pe3ynbTaTi po3paxyHKy HMOBIPHOCTI BUHMKHEHHS KOJI131i Jy1st ctadIii VO mifg
yac mnepuioi cipoOu OTpUMATH JOCTYII A0 KaHAITy HaBeZeHo Ha puc. 4.5. Po3paxoBaHo
WMOBIPHICTh KOMI31A JUIsI TPhOX PEXKUMIB TEpeaBaHHs HHU3bKOIPIOPUTETHOTO
tpadika: mus pexkumy MCS3 (K=100), mas pexumy MCSS (K=140), nns pexumy
MCS8 (K=161). To6To mif mNOJANBIIOrO aHajli3y OTPHUMAHO OI[IHKY IIO0JI0
HMOBIPHOCTI KOJII311 /11 HAWMEHIIIO1 MBUAKOCTI TIEpeaBaHHsl JaHUX, JJIsl CEPEIHbOI
IIBUJIKOCTI 1 JJISI HAWOUIBIIOT MIBUAKOCTI, MepeadadyeHoi Mg KaHaly 3 MIUPUHOIO

yacToTHOI cMyTH 20 MI'm.
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Pc

0,9

=== MCS3
== MCS5

MCS8

2 4 6 8 10 12 14 16 18 20

PucyHok 4.5 — ViMoBipHicTh BUHMKHEHHS Kodi3iit B Mepexi IEEE 802.11ac 3 M

craniismu AC VO 1 Hacuuennm tpadikom AC BK

OOroBopeHHst pe3yJbTATIB

besnocepennbo 13 rpadikiB, HaBeAeHMX Ha puc.4.5, BUIUIMBaE, IO 3a
HasiBHOCcTi B Mepexi IEEE 802.11ac cranmiii, mo nepenarTh HU3BKOMPIOPUTETHUN
Tpadik kmacy AC BK, HaBiTh 3a yMOBM HAaCHUYE€HOIO HABAaHTAXXCHHS MOXKJIMBE
OJIHOYAaCHE (PYHKITIOHYBAHHS BEJIMKOT KIJTLKOCTI CTaHI[IN, IO TIEPEIAI0Th TOJI0COBUN
Tpadik. Tak, 3a HasIBHOCTI B Mepekl OJHOYACHO MAECSATH AKTUBHUX CTaHIN 3
rOJIOCOBUM TpadikoMm, HMOBIPHICTh BUHUKHEHHS KOJI31M 3a HasiBHOCTI B MeEpexi
CTaHI[Ii 3 HACHYCHUM HABAHTAXCHHSM, IO 3HAXOJSATHCA HA MalIMX 1 CEPeIHIX
BijicTaHsx Big Touku goctymny (MCSS5, MCS8), cranoBuTh He 6inbie 0,3. I{e o3Hauae,
mo kouizist MK ctaHiisMu AC_ VO Oynie BUHHKAaTH B CEpEIHROMY OJMH pa3 Ha TpU
mukma mo 20 mc. Y pas3i HasBHOCTI T sSTHaAmATH aktuBHUX craHmii AC VO
HMOBIPHICTh KOJI31i cTaHOBUTH MpuOamM3Ho 0,5 1 komizis Oyne B cepeaHboOMY
BUHHUKATU OJMH pa3 Ha aBa mukiau mo 20 mc. CraHmii, Mo MOTpanmuiIf B KOJI3i0,

IIBUJIKO ii MOJOJIAI0Th 13 3aCTOCYBAHHSIM CTaHJIAPTHOTO MEXaHI3My, OCKIIBKH BCi
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1HIIT CTaHIII{, 110 YCIIITHO TIEPeIaii CBO1 TOJI0COBI KaJIpH 3 TIEPIIOi clipoOu He Oy Ay Th
CTBOPIOBATH KOHKYPEHIIT 32 KOPUCTYBaHHS KaHAJIOM.

VY pa3i 3MeHIlIeHHs Yacy Nepe/laBaHHs KaJapiB HU3BKOMPIOPUTETHOTO Tpadika,
WMOBIpHICTh BUHUKHEHHS Kozl mis craHmii AC VO 3MeHIIyeThCsl, BHACIHIIOK
30UIBIICHHS KUIBKOCTI apOITpaKHUX IHTEPBATIB 1 30UIBIICHHS KIJIBKOCTI 1HTEpPBATIB,
KOJIM TOJIOCOBI KaJIpH MepeialoTh 0€3 KOHKYPEHLIIT 3 HU3bKOMPIOPUTETHUM TPadiKoM.
VY Hamomy JOCiPKEHHI PO3TISTHYTUN CLIEHAPIi, 3a SIKOTO JJIsi HU3bKOIIPIOPUTETHOTO
Tpadika BUKOPUCTAHO Benuki kaapu aanux (1500 GaiiTiB), ane B peaqbHUX 0(iCHUX
Mepexax Tpadik CKIATAETHCS 13 KaapiB JaHUX PI3HOTO pO3MIpPY 31 3HAUHOIO YACTKOIO
HCBCJIMKUX KaJpiB JaHuX [71], 110 copuse MOJIMIICHHIO YMOB JJIS TepeiaBaHHs
Tpadika knacy AC_VO.

Takok MO’KHA BIJI3HAYWTH, IO BUHUKHEHHS KOJI3IM MIDK CTaHI[IIMH 3
HU3BKOMPIOPUTETHUM TPadiKOM MPAKTUYHO HE IPU3BOIUTH /10 301JIbIIIEHHS 3aTPUMKH
nepeaBaHHsl 1 HEPIBHOMIPHOCTI 3aTPUMKHU TOJOCOBUX KaJpiB, OCKUIBKH KOJIi3ii
B1I0YBarOThCS B 1HTEpBajax mnepemaBaHHs kaapiB RTS. ToOto, craniii 3 kaapamu
AC VO otpuMaroTh IOCTYM JI0 CEPEIOBHUIIA TIEPEAaBaHHS 0JIpa3y MICIs KOJII31HHOTro
1HTEpBaIY.

OckuIbKU 301IBIIEHHS] KOHKYPEHTHOTO BIKHA JJISI TOJIOCOBHX KaJpiB B pasi
BUHUKHEHHS KOJIi3ii BiIOyBaeThcsl TUTbKM B jaBa pasu, Ta0im. 1.2 (3 CWmax = 3 10
CWmax=7) 3aTpuMKa mnepeaaBaHHs T'OJOCOBOrO Kaapy B po3risiHyTid Mepexi IEEE
802.11ac He mnepeBUIlyBaTUME KIJTBKOX CHPOO MOCTymy 10 KaHaimy. ToOTo He
NepeBUIIyBaTUME KUIbKOX MUIICeKyHI. Lle >k crocyeTrbcss 1 HEpiBHOMIPHOCTI
3aTPUMKH, 110 OOYMOBJIEHO TEXHOJIOTI€I0 JOCTYMy [0 KaHaly (3BOPOTHUH BIAJIK
YaCOBUX CJIOTIB) 1 4YacOM TMOJOJIaHHSA KOJi3ii, B pa3i il BUHUKHEHHS (MOXXIIVBE
BUHMKHEHHSI  IHTE€pBajla  OYIKYBaHHS  IMIJ  4ac  NepelaBaHHsA  KaJpy
HU3BKOIIPIOPUTETHOTO Tpadika).

OxkpeMo Tpeba 3ayBa)KUTH, IO JJIsi 30HU OOCIYrOBYBaHHSI OJHI€I TOYKH
noctyny mepexi IEEE 802.11ac HasgBHICTh OTHOYACHO aKTUBHUX 15-20 cTaHIIH, 110
MEepPeIaroTh TOJIOCOBUN Tpadik, € ITOBOII MaJOWMOBIPHOIO, OCKUIBKH III MEpPEexi

MPU3HAYEHO ISl BUKOPUCTAHHS B MPUMIIIEHHX, 1 PaJlyCc 30HU OOCIyroBYBaHHS €
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BITHOCHO HEBEJIIMKMM (70 KUIbKOX JecsaTkiB MeTpiB [61]). Tomy, 3acrocyBaHHs
oesnpoBogoBoi Mepexi IEEE 802.11ac st opranizaiii IP-tenedonii B odicHUX 1
NOAIOHUX TPHUMIIMICHHIX MOXKe OyTH €(QEeKTMBHUM TEXHIYHUM piieHHsIM. s
00CITyroByBaHHS BEIMKUX MPHUMIIICHB 1 3a0€3nme4eHHs] MOOUTBHOCTI CITIBPOOITHUKIB
Tpeba 3acTOCOBYBATH OE3IIOBHUN POYMIHT MiX 30HaAMU OOCITYrOBYBaHHS KIJTBKOX

TOYOK JIOCTYILY.
4.5 XapakTepuCTHKHI MepPe:xXi B pe:KUMI «HallKpaia cnpoda»

PosrasineMo cuieHapiii yHKIIIOHYBaHHS MEPEXi, 3a SIKOTO B MEPEKI IEPEeIatoTh
Tpadik 3 1BOMa NpiOpUTETAMU: TOJI0COBUI Tpadik 3 npiopuretroM VO 1 BeCh 1HIIMIMA
Tpadik 3 npiopureroM BE, Tabsn.1.2. J{liarpamy po3noiiry 4acOBUX IHTEPBAJIIB TAKOTO
pexuMy (QYHKIIOHYBaHHSI MEpEX1 HaBeJCHO Ha puc.4.6.

- - - __.

Data | AIFSAC VOJ=siFst2sT| 0 /1 / 2 /'3 Data_VO
a
_ b ew
Data | AIFS{AC_BE]=SIFS$+3ST // 0 / 1 / 2 /— / 15 /'Data_BE

6)

Pucynox 4.6 — Po3noiis1 4acoBUX 1HTEPBAIIB y KOHKYPEHTHOMY BIKHI M1k
kaapamu VO 1 BE

MoskHa BUAUIATH TaKi 0COOJIMBOCTI TIepeaBaHHs KaJIpiB TOJIOCOBOTO TpadiKy:

— B KOKHOMY IHKJi JIOCTYMy € OJWH YacCOBHH CIIOT, B SIKOMY 3a JOCTYH JI0
KaHaITy KOHKYPYIOTh TUIbKHM CTaHIIi1 3 rojiocoBuM Tpadikom (VO);

— CTaHIIil 3 TOJOCOBUM Tpa(iKOM HE CTBOPIOIOTh HACHUYCHOI'O0 HAaBaHTAKCHHS,
BOHU (DOPMYIOTh OJIUH KaJIp TOJOCOBUX JJAHUX 3 IEBHOIO MEPIOANYHICTIO (HAPUKIa
20 MC) 1 MOYMHAIOTh CIIPOOY NepeaBaHHs Kaapy 3 BUMIAAKOBOTO MOMEHTY Yacy;

— B pa3l MOTPAIUISTHHA B KOJI31I0 CTaHIlS 3 TOJIOCOBUM TpadiKoM 301IbIIyE
KOHKYPEHTHE BIKHO OJIMH pa3 1 MOYMHAE 3aBAaHTaXXKyBAaTH B JIYWJIBHUK 3BOPOTHOIO
BiTIKY uncio i3 muoxkwunu [0, 1, 2, 3,4, 5, 6, 7], mo B Ba pa3u MEHIIE MOYaTKOBOT
MHOXuHH [0, 1, 2, ..., 14, 15] nna kanpis 3 npioputretrom BE, Ta6m.1.2.

VY pa3i HagBHOCTI B Mepexki KUIbKOX aKTUBHMX CTaHIN, IO NepeaaroTh
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TOJIOCOBHH Tpadik, YaCTHHA IIUX CTAHIIH OTPUMAE MPIOPUTETHUIN TOCTYII 10 KaHAIY,
SKIIO YCTaHOBUTHb B JIYWIBHUK uHcI0 «0», BHACHIIOK OUIBII KOPOTKOIO
apOitpaxHoro iHTepBaity AIFS VO, a yactuna 6yne kKoHKypyBatu 31 craniisimu BE.

[TpoanaiizyemMo 0COOMMBOCTI MepeIaBaHHS TOJIOCOBUX KaAPIiB 32 TAKUX YMOB.

[Tin wac mepmoi crmpobu moctymy A0 KaHamy ctaHiii VO 3aBaHTaXylOTh
JIYUIBHUK 3BOPOTHOTO BIIIIKY YUCIOM 13 MHOXKUHM [0, 1, 2, 3] misixoMm iforo BubGopy
3a BUMIAIKOBUM 3aKOHOM. T0oOTO HMOBIpHICTH BUOOPY OyAb-SIKOTO YKCA 13 3a3HAYEHOT
MHOXUHHU 1, 30kpema, «0» crtanoButh 0,25. B pasi, konu B mepexi (yHKIIOHYE
OJIHOYACHO KUIbKa CTaHI1{, 0 MepeAatoTh TOJOCOBHM Tpadik, y cepeTHbOMY YBEPTh
[IUX CTaHII OTPUMAIOTh JAOCTYI A0 KaHATy 3pa3y MiCis 3aBepIICHHS apOiTpaxHOTO
iaTepBany AIFS VO i Mi>k HUMU MOXYTbh BUHUKHYTH KOJi31i. Ajie CIIiJl MAKPECIUTH,
110 I KOJi31i MOXKYTb OyTH TIIbKH MiX cTaHIisIMU VO.

JI1s1 OlliHIOBaHHS MOKJIMBUX KOJI31H JIJIs1 TAKUX CTAHIIIN 3pOOHMO pO3paxyHOK
3 BUKOPUCTAHHAM YK€ HassBHUX JAHUX, OTPUMAHUX 1] Yac TOCH1I>KEHHS TPOITYCKHOT
3JIATHOCTI O€3MPOBOIOBOTO KaHAIYy.

OCKUJIbKH TIEPIOIUYHICTh TEepPEe/laBaHHs TOJOCOBHX KaApiB CTaHOBUTH 20 Mc
BU3HAYMMO CKIJIbKH «HYJIBOBHUX CJIOTIB» Oy/ie MaTH Miclie 3a 1ei yac. «HynboBi yacoBi
CJIOTH» — II€ CJIOTH TiJl Yac SAKUX IUKII JOCTYIYy 0 KaHaJly MO4YuHalTh cTaniii VO,
[0 3aBAHTAXKWIM B JIYWIBHUK 3BOpPOTHOTO Bimmiky uucio CW =0. PosrmsiHemo
HaWMEHIIl CIPUATIVMBUM BapiaHT, KOJH IHII CTAHII] MEPEXi MEepeNarTh Kaaph 3
HaBaHTaKeHHAM 1500 GaiitiB 3 mpioputetom BE B HacuueHomy pexxkumi. [HTEepBan
AIFS VO Gyne BUHHKATH MICIs KOKHOTO YCHIIIHO MEPEJaHOr0 KaIpy, a TAKOXK MICIs
KOXHOT KOJTi3ii.

CroyaTKy BHU3HAYMMO WMOBIPHICTH KOmi3ili /i kaapiB VO, 10 MOYMHAIOTH
JOCTYT JI0 KaHAJTy B HYJIbOBOMY CIIOTI.

Jlis BupillleHHs 3aBJaHHS I[IOJI0 BHU3HAUEHHS MMOBIPHOCTI KOMI31{ mia 4ac
HYJIBOBHUX CJIOTIB TpeOa 3’sICyBaTu:

— CKUIbKH Oy/ie HYJIbOBUX CJIOTIB MpoTsaroM 20 Mmc;

— SIKY 3araJibHy KUIBKICTh CJIOTIB OyJie BigpaxoBaHo 3a 20 Mc;
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— sika UMOBIPHICTb KOJI1311 OyJ1e MaTh MicCIIe JIJIs TOJIOCOBUX KaJIpiB, epeIaHnuX
B HYJIbOBOMY CIIOTI.

«HynboBi cimotu» OyayTh BUHUKATH O€3MOCEpeaHBO IMMICHS apOiTpa)KHOTO
1HTepBaly, BipaxoBaHoro micis kaapy miarsepmkenns (ACK a6o BA) mpo ycminixe
nepenaBaHHs 0y 1b-KOT0 KaJIpy JaHUX Oy 1b-sSKOI0 CTaHIII€}0 MEPEXi a00 MICIIsI TAKOTO
1HTEpBaJTy, BIIPaXOBAaHOTO IMICJIS 3aBEPIICHHS KOI3ii.

Ha migcTaBi 3p001eHOro 3ayBa)KeHHSI MOKHA 3alIPOTIOHYBATH CITiBBIAHOIICHHS
JUTSl BUBHAYEHHS KUIBKOCTI «HYJBOBHUX CJOTIB» (KUIBKOCTI apOITpaKHUX 1HTEPBAJIIB)
Nint IPOTSITOM MEBHOTO 1HTEPBAITY Yacy:

T

N, =
" TVCW

'(Ns+Nc)’ (43)

ne T1 — TpuBaNicTh AOCTIKyBaHoro iHTepBaty (20 Mc); Tyvew — dac peanizaiii
BIPTYyaJIbHOIO KOHKYPEHTHOTO BiKHA; Ns, N¢ — KIJIBKICTh YCIIIIHO NEPEIaHNUX KapiB 1
KUIBKICTh KOJII31M, IO BIAOYJAaCh MPOTITOM BIPTYaJbHOTO KOHKYPEHTHOTO BIKHA
BIJIIIOBIIHO.

Sk 1 panime OyaeMo po3IJiAaTH MEPEXKY, B SAKIM KOKHA aKTHUBHA CTaHIS 3
npioputerom BE mae HacuueHe HaBaHTa)KEHHs, a KUIbKICTh aKTUBHUX CTaHIIIN
3MIHIOETECS Bij 2 10 16. BBaxkaemo, 10 KIIBKICTh OJJHOYACHO aKTUBHMX CTAaHI[IHM 3
roJIocoBUM TpadikoM Moxe OyTH Bif 2 10 M.

st obuncnenns: BeauuuHA Nipy CKOPUCTAaEMOCH TaHUMH, HABEJICHUMHU B TaOJI.
2.1 (Tvew, N¢) 1 Tabm.A.7 (Ns).

Pesynbratn pospaxyHky 3a ¢dopmynor (4.3) KUIBKOCTI apOITpakHUX
inTepBaniB, yrBopeHux B Mepexi IEEE 802.11ac 3 mmpunoro yactotHoi cmyru 20
MI 11 3 HacuueHUM HaBaHTaXKEHHSAM KajipaMu JaHux 512 a6o 1500 GaiiTiB Ta MOYaTKOBI
JIaH1 71 po3paxyHKiB HaBeJeHO B Ta0m. 4.2.

Yceboro Mmaemo M cranitiii 3 ronocoBuM TpadikoM (VO). B cepennbomy miz yac
«HYJTOBUX CJIOTiB» OyayTh TmepenasaTd m = M/4 Takux cranmiii. FimoBipHicTs TOTO,
1o ojHa i3 m cranuiid VO noyHe nepeaaBaTH IiJl 4ac MEBHOTO «HYJIbOBOIO CIOTY»

craHoBUTh 1/N;,;. VIMOBIpHICTE TOro, IIO JaHa CTaHLIA HE IOYHE IEpENaBaTH

MiJ 4ac SIKOroCh KOHKPETHOTO HYyJILOBOTO 4acOBOTO cioTy craHoButuMe (1-1/N;..).
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Sxmo mpotsrom intepBainy 20 Mc OyayTe mepemaBaTul 1 iHmI cTanmii VO, To

HMOBIpHICTh TOrO, IO >kofHa i3 (M-1) craHmiii He MOYHE IEepeaaBaTH B TOMY
i ' 1-1/ (m-1)

HYJIbOBOMY CJIOTI, B IKOMY TIE€peJla€ Nepiiia CTaHIlis CTAHOBUTUME ( Ni )t ™.

Tabmuis 4.2 — IpuGnusHa Kinekicts apGitpaxuux inTepsamie N2t2 ta Ni200,

HassBHUX B MEPEXK1 31 3MilaHuM Tpadikom mpotsarom 20 mc

R = A T
2 2 0,066667 | 605,2545 | 785,2544 68 52
4 3,999979 | 0,427256 | 1169,764 | 1529,722 75 57
6 5,099272 | 1,142386 | 1763,176 | 2302,24 81 62
8 7,093291 | 2,282442 | 2390,852 | 3104,312 85 66
10 9,968072 | 3,925061 | 3056,364 | 3930,445 90 70
12 11,8948 | 6,148615 | 3761,613 | 4768,249 95 75
14 13,7333 | 9,023238 | 4507,34 | 5600,975 | 100 81
16 15,43527 | 12,60204 | 5293491 | 6410,825 | 105 87
Opumitka. N>t2 1a NI2%0_ ginpkicrs apGitpaxHux inTepsatis, M0 BUHUKAIOTH B Mepekax 3

HACHYEHUM HABAHTAKEHHSIM 3 00CATOM KOPUCHHUX JaHUX B Kajpi 512 ta 1500 GaifTiB BiAMOBIIHO.

HaBeneHni MipKyBaHHS JO3BOJISIIOTH CHOPMYBATH  OI[IHKY MMOBIPHOCTI
YCHIITHOTO TiepeaaBaHHs (0e3 :oIHO01 Koi311) Pso /U1 KapiB TUX CTAHIIINA MEPEXKi, 110
3aBaHTaXaTh B JIYMWJIBHUK 3BOPOTHOTO BIUTIKY unciio 0. J[7s 1iei iMOBIpHOCTI MOKHA

3armcaTtu

Po=@0-1/N, )™ (4.3)

YucoBi 3HaUeHHS, OTpUMaHi 3a popmyJioro (4.3) HaBeaeHO B Ta01.4.3.

['padix 3anexHOCTI HMOBIPHOCTI YCHINIHOTO TepeaaBaHHs (0e3 Komizii, 3
nepioi crpoOu) Mmijl 4ac HyJIbOBUX CJIOTIB HaBEJEHO Ha puc. 4.7.

BusnaunmMo Tenep HMOBIpHICTD YCHIIIHOTO MepeaBaHHs T'OJIOCOBUX KaJIpiB AJIs
CTaHIIl, 110 Ha MOYaTKy MepuIoi COpoOH JOCTyMy A0 KaHaly 3aBaHTAXHWIN B

JIYUIBHUK 3BOPOTHOTO BIJIIKY 4Hcio 13 MHOXuHHU [1, 2, 3]. i cranmii OyayTsb
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KOHKypyBaTH 31 ctaniismu BE 3 HacnueHMM HaBaHTaXEHHSM, a TaKOX MOXKYThb

KOHKYPYBaTH M1’ CO00¥0.

Tabmuns 4.3 — 3HadenHs WMoBipHOCTI iepenaT kaap VO B HyJIbOBOMY CIIOTI

m m
Nee | Nii” |3 T2 | 6 [ 8 |Mi | 2 [ 4 | 68
2 | 52 |0980|0943(0,907|0872| 68 |0,985] 095609280901

4 57 10,982|0,9480,915/0,883| 75 |0,986 0,960 | 0,935 0,910
6 62 10,983(0,952/0,921|0,892| 81 |0,987|0,963|0,939 | 0,916
8 66 |0,984|0,955|0,926|0,898| 85 |0,988 0,965 | 0,942 0,920
10 70 {0,985|0,957|0,930|0,904| 90 |0,988 0,967 |0,945 0,924
12 75 10,986(0,960|0,935|0,910| 95 |0,989|0,968 | 0,948 | 0,928
14 81 0,987 0,963 0,939 0,916 | 100 | 0,990 0,970 | 0,950 | 0,932
16 87 10,988 |0,965|0,943 0,922 | 105 |0,990|0,971| 0,953 | 0,935

1 PS_O 1 Ps_O
o--o--o--o—-o-m D D W P D S B S o =
i ]
0,95 1 = L 0,95 '_.ﬂ—".#:.—_._
==—m=2 *é(
09 |y o=y 09 = =] ¢—m=2
ol —f—-m=4
m=6 m=6
0,85 . 085 =
=l =8 m=8
038 | INBE 038 | Nge
2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
a) 0)

Pucynox 4.7 — ImoBipHicTh niepenaBanns kajapy VO B 3Milaniil Mepexi 3
KUJIbBKOMa CTAHIIISIMU 3 TOJIOCOBUM TpadikoM 1 KITbKOMa HACHYEHUMU CTaHIISIMU: a

— KOPHCHE HaBaHTaKEeHHS makeTiB 512 GaiitiB; 6 — 1500 GaiitiB

Ockinbku craniii VO He TeHepyloTh HACHYEHOTO HaBaHTAXEHHA 1 3
ypaxyBaHHSM TOTO, IO CTaHIli, sIKI MEepedaroTh TOJOCOBUN TpadiK MOYMHAIOTH

OOpoTHCHh 3a NOCTYyN M0 KaHaly y BUMAJKOBAA MOMEHT Yacy, TO WMOBIPHICTh
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KOHKYPEHIIIi MDXK [IUMH CTaHIIISIMHU Y pa3l IX HEBEIUKOI KITBKOCTI € MaJIOIO.

Sk Oyio 3a3HaY€HO BWINE i Yac PO3PAXYHKY XapaKTEPUCTHK TOJIOCOBOTO
TpadiKy, KUJIBKICTh TOJIOCOBUX KaJIpIB, SIKI MOXKHA TepefaTH B OJHOPIIHIN Mepexi
npotsarom 20 mMc 0e3 Komi3iid B pa3i y3ro/KeHO1 B 4aci poOOTH CTaHIlIH, CTAHOBUTH
npubausHo 57 (ma konxepa G.711 3 iHTepBasiom BUOipku 20 Mc), 110 3 MPAKTUYHUX
MIpKyBaHb TIEPEBHILYE MOXJIMBY KUIBKICTh CTaHI 3 TOJOCOBUM Tpadikom
OJTHOYACHO aKTUBHHX B 30H1 00ciyroByBaHHs ofHiel Touku noctymy IEEE802.11ac.

PosrisitHeMo oco01MBOCTI IEpeiaBaHHs TOJIOCOBHUX KAJPiB 32 YMOB KOHKYPEHITIi
3 KajgpaMu HacudeHoro Tpadiky BE. MIMOBIpHIiCTH TOTro, IO CTAHIS 3 IOJOCOBHM
TpadiKoM, siKka BUMAJKOBUM YHHOM MOYHMHAE JIOCTYI J0 KaHATy, CaMe 3a TaKMX YMOB
craHoButuMe 0,75. ToOTO 13 3arajibHOi KUIBKOCTI CTaHIN 3 TOJIOCOBUM Tpadikom
KOHKYpyBaTH 31 ctaHuissMu BE 1 Mixx co0or0 Oyae B cepeHbOMY TPU YBEPTI TAKHX
CTaHIIIA.

BigzHauumo 0cCOOJMBICTH Opradizailii TOJOCOBOTO 3’€IHAaHHS B MEpEekax
IEEE802.11. 3a Takoro 3’€IHaHHS BUKOPHUCTOBYIOTh 1 BHUCXITHUN KaHal (Bix
a0OHEHTCHKUX CTaHI[IN 10 TOYKHU TOCTYMY), 1 HU3X1IHUN KaHal (Bi TOUYKH JOCTYITY 10
a0OHEHTChKUX cTaHIii). OcoONuBICTIO € Te, MO aO0OHEHTChKI CTaHIlT MOXYTb
HaMaraTuch MepeIaBaTH CBOI KaJpd OJIHOYACHO 1 TUM CaMUM 301JIBIIIYBATH 3arpo3y
KoJizii. Touka AocTymy mepedae BCl KaApu TOJIOCOBHX 3’€IHaHb MOCIIJIOBHO YUM
3MEHIIy€e WMOBIPHICTh KOJi3ii. BCl kaapu rojgocoBux 3’€AHaHb, K1 MEpellae TOYKa
JIOCTYIY yIOPSIAKOBaHI B Yepry 1 OyayTh MepeiaHi mo 4ep3i OAUH 3a 1HILIUM.

[Io6 ouiHUTH WMOBIPHICTH MEpeaBaHHs IOJOCOBOTO KaJpy B pa3l HAsBHOCTI
oJH1€T akTUBHOI cTaHlli VO B 3MillIaH1i Mepexi 3Hail1eMO BIAHOCHY YacCTKy BUIBHHUX
YaCOBHX CJIOTIB B 3arayibHIN KIJIbKOCTI YaCOBHX CJIOTIB, IIO MaJId MicIlie mpoTsarom 20
MC.

3rilHO0 3 KOHIICTIIEI0 BIPTyaIbHOTO KOHKYPEHTHOTO BIKHAa B MEpexi 3
HACMYEHUM HABAHTAKEHHSIM KUIBKICTh BUIBHMX YAaCOBUX CJIOTIB MPOTATOM 1HTEpPBAIY
peaizariii nboro BikHa Tvcw AOPiBHIOE Oe3mocepeiHb0 BeanunHi 1iboro BikHa (VCW).
Ha miacraBi 3a3Ha4e€HOr0 MOKHA 3alKMCaTH, IO KUIBKICTh BUIBHMX YaCOBHUX CIOTIB Q

MIPOTATOM JIOBUIBHOTO YaCOBOTO iHTepBaily 71 Oy/e IOpiBHIOBATH
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Q= T vew. (4.4)

TVCW

Pe3ynbpTaT po3paxyHKy ycepeaHEHOi KiIbKOCTI BIIBHUX YaCOBUX CJIOTIB, SKi
OyayTh MaTu Miciie mpoTsaroM 20 Mc ISl ABOX MEPEX 3 HACHYCHUM HaBaHTAKCHHSM,
B OJIHIH 3 SKHX KaJIpH MICTATH 10 512 GailTiB KOPUCHOTO HABAaHTA)KCHHS, a B 1HILIN —

o 1500 6GaiitiB, HaBeaeHo B Ta0d. 4.4 — Q1 1 Q2 BIAIOBIAHO.

Tabmums 4.4 — KinbKicTh BUIBHHUX YacoOBHX CJIOTIB B iHTepBaiai 20 mc s
nepeIaBaHHs TOJ0COBHUX KaJIpiB B MEPEXKi 3 HACHYCHUM HAaBAaHTAKCHHSIM
N 2 4 6 8 10 12 14 16
VCW | 8,036 | 9,519 | 11,772 | 14,905 | 18,779 | 23,067 | 27,367 | 31,307

Toew s MS | 605,2 | 1169,7 | 1763,1 | 2390,8 | 3056,3 | 3761,6 | 4507,3 | 5293,4

Q1 265,5 | 162,7 | 133,5 | 1246 | 1228 | 1226 | 1214 | 1182

Tuow s US| 785,2 | 1529,7 | 2302,2 | 3104,3 | 3930,4 | 4768,2 | 5600,9 | 6410,8
Q2 204,6 | 1244 | 102,2 | 96,0 95,5 96,7 96,7 97,6

Ns 20 512 | 66,08 | 68,38 | 68,05 | 66,86 | 6522 | 63,24 | 60,93 | 58,31

Ns 20 1500 | 90,94 | 52,29 | 52,11 | 51,49 | 50,72 | 49,89 | 49,03 | 48,15

B T1abn. 4.4 TakoxX HaBeNEHO 3arajbHy KUIBKICTh KaJpIB HACHYEHOI'O
HaBaHTaxeHHS Ns 20 512 1 Ns 20 1500 yCHIIIHO niepeanux npoTsrom 20 mc.

3arajibHy KiJIbKICTh 4aCOBUX CJIOTIB Qo HasiBHUX MpoTsAToM 20 Mc 3HaiemMo, K
CYyMY YaCOBHX CJIOTIB, M1J] 4ac AKX PO3MOYMHAIOCS yCHIIIHE nepeaaBanns KaapiB Ns,

CJIOTIB, IIiJ Yac IKUX BUHUKaIHU ko131 N¢ 1 BuibHUX ciotiB VCW:

i

Q, = .(Ng + N +VCW). (4.5)

VCW

VIMOBIpHICTh TepeiaTu KaJap AaHUX P1 s12 Ta Pi 1500 A cTanmin VO mix yac

nepmioi  copoOu B pexuMi  KOHKypeHlli 31 craHumisiMa BE 3  HacuueHum
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HABAHTAKCHHSAM, Kaapw SKuX MICTATh 512 abo 1500 OaiitiB, 3Haiimemo 3i

CHIBBIIHOIIEHD

YucnoBi 3HaueHHS WMOBIpHOCTEH Pi1s12 1 P1_1500

Q

PL s120=—+"

Qo

rpadiyHi 3aJIEKHOCTI Ha puc 4.8.

Q,

Ta P 1500 =~ -

Qo

(4.6)

HaBeJneHo B TaOm. 4.5, a

Tabnuus 4.5 — IMOBIpHOCTI nepeiaBaHHs TOJI0COBOTO KaJpy B PEKUMI KOHKYPEHIIIi

3 HaCUYEHUMU cTaHiiaMu BE

Nge 2 4 6 8 10 12 14 16

Qo512 | 333,83 | 238,44 | 214,54 | 210,64 | 213,79 | 218,57 | 222,41 | 224,21
P1 512 0,795 | 0,682 | 0,622 | 0,591 | 0,5/4 | 0,561 | 0,545 | 0,527
Qo 1500 | 257,32 | 182,33 | 164,31 | 162,23 | 166,25 | 172,43 | 178,98 | 185,13
Pr1s0 | 0,795 | 0,682 | 0,622 | 0,591 | 0,574 | 0,561 | 0,545 | 0,527
Pc_vo 0,205 | 0,318 | 0,378 | 0,409 | 0,426 | 0,439 | 0,455 | 0,473
Psvo | 0,9999 | 0,9989 | 0,9971 | 0,9954 | 0,9941 | 0,9929 | 0,9912 | 0,9889

Sk BUIUIMBaE 13 OTPUMAHMUX JAHWX WMOBIPHICTH MEpeNaTH TOJIOCOBUM Kajp
ctanuicro VO 3 nepuioi cripoOu B pexuMi KOHKYPEHIIii 3 HacCH4eHUMU cTaHilisMu BE
€ OJTHAKOBOIO JJIsl Mepek, B sikux cranuii BE nepegatots kaapu 3 00CATroM KOPUCHHUX
nanux 512 OaitiB (P1s12) Ta 1500 GaiiTiB (P1_1500), 10 OOYMOBJIEHO MPUHIIMIIAMU
dbopMyBaHHS 4YacOBUX IHTEpBadiB Ta MpPaBWIAMU KOHKYPEHTHOTO JOCTYyNy J0
CepelOBUIIA NIEPEIABAHHS.

TakyuM 4YMHOM B 3MIIIAHIA MEpeXi WMOBIPHICTh YCIIIIHOTO TEpeJaBaHHS 3
nepioi cnpoOu OJHOTO TOJOCOBOTO KaJpy B PEKMMI KOHKYpPEHIIi 3 HaCMUYEHUMHU
cranmissMu BE 3naxonutscs B Mexkax Big 0,795 (2 cranmii BE 1 1 cranmis VO) go 0,527
(16 cranmiit BE 1 1 cranuis VO).

VY pa3i BUHUKHEHHSA KOJMi3il MiJl Yac MepHioi crpoOu CTaHIis 3 TOJIOCOBUM

TpadikoM 30LIBIINTE CBOE€ KOHKypeHTHe BikHO (CW) B nBa pasu 1 Oyne poOutu



120

MOBTOPHI CIIPOOHU TepeaaTH TOJIOCOBUH KaJp.

[lepenaBanHsi OJHOTO JOATKOBOrO (TOJIOCOBOTO) Kaapy mpotrsarom 20 mc B
MepeXi 3 HACHYEHUM HaBaHTXXCHHSIM, 1110 TlepeOyBa€e B KBa31CTAIlIOHAPHOMY PEXUMI
HE MPHU3BEJIE A0 MOPYIISHHS IILOTO PEKUMY: 3araibHa KUTBKICTh TepEAaHmX 3a IIei 9ac
KaJIpiB CTaHOBUTH 48 - 68 (Tabn. 4.4), a WMOBIPHICTP BHHUKHEHHS KOJI31i P¢ 31
301IBIIEHHSM KIJIbKOCT1 aKTUBHUX CTAHI[IN B MEPEXkK1 Ha OJTHY 3MIHIOETbCS HE3HAYHOIO
Miporo (Tabm. 2.1), ue Oinbie, Hix Ha 5%.

Ha miscraBi BumieHaBeeHOro 0y1eMo BBaXKaTH, 110 IMijl 4ac MOBTOPHUX CHPOO
nepeiaTd OJIMH TOJOCOBUW Kaap B 3MillIaHIi Mepexl WMOBIPHICTh YCHIIIHOTO
nepeaBaHHs 3aJUIIAEThCSl HE3MIHHOIO 1 TaKOI0, SIK T1J] 4ac MepIIoi CrpoOu.

VIMOBipHiCTh TIOTPANUTH B KOJI3ik0 IS TONIOCOBOTO Kaapy P vo B HACHUEHii

Mepexi 0y/ie BUBHAYATUCH CITIBBITHOIICHHSIM:

Pc vo =1—P1 510 (4.7)

SAxio ronocoBuit Kaap KuibKa pas3iB mochiib (R) moTrpanuTh B KOMi3ii0, TO
HWMOBIPHICTb YCHIIIHOTO NMEepeJaBaHH MOKHA BU3HAYUTH SIK TOBHY WUMOBIPHICTb MOI1i

CHIBBIIHOIIICHHSM

2 i1 R-1
Ps vo =P1 512+ Pe vo " P1si2+ Pe vo - Prsi2t Pe vo - Prsiot+Pe vo - Prsio=

2 i-1 R-1 R (4.8)
=P 512 [1+ P vo +Pe vo Tt Pe vo Tt Pe vol=1-P¢ vo-

CmiBBigHomieHHs (4.8) BimoOpakae TO# (hakT, M0 MOCHIIOBHUN MEpexia o
KOKHOi HOBOi crnpoOu OOYMOBJIEHHH KOJI31€0 3 HMOBIPHICTIO Pcvo MiJ dac
MOTIEPETHBO1 CIPOOH, a WMOBIPHICTh TIEpEIaTH TOJIOCOBUM KaJp Mia 4ac MOTOYHOI
cpoOu CTaHOBUTH P1 s12 . KiHIIEBUI BUpa3 OTPUMAHO SIK CyMy WIEHIB apu(METUUHOT
mporpecii 3 ypaxyBaHHSM CITiBBiHOIICHHS (4.7).

Po3paxyHKoBI 3Hau€HHs MMOBIpPHOCTI NEpeaaTH TOJOCOBUM KaJp B PEKUMI
KOHKypeHIIii 3i cranmissmu BE 3 BukopucTanHsm mectd noBropHux cnpod (Ps vo)
HaBeJCHO B Ta0. 4.5, a TaKOX JJIsl 3pyYHOCTI HaBEACHO WMOBIPHICTh MOTPANUTH B

KOJII3110 P¢_vo AJIS CTaHIIi 3 TOJIOCOBUM TpadikoM, 110 OTpUMaja JOCTYIH 10 KaHaly.
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['padik #MOBIpHOCTI mMepeAaTd TOJOCOBUW Kaap B 3MIIIaHId Mepexi 3

HAaCMYEHUM HaBaHTaKEHHSM 3 nepiuoi cnpodu Ps vo HaBeneHo Ha puc. 4.7,

Ps_vo
1,1
1 —B { = e -} -{} —_— ]
0,9
08 1N —=-PS_VO
07 N —e—pl 512
’ \ —_—
0,6 \_ o
**
—e
0,5
0,4 Nae
2 4 6 8 10 12 14 16

Pucynox 4.7 — VIMOBIpHICTb YCHIIIHOTO TIEpeIaBaHHs TOJI0COBOTO KaJIpy OJHIEIO
ctaniiero VO B 3milIaHii Mepexi 3 KiibkoMa ctaniismu BE 3 nacuuennum

HAaBaHTA>XCHHAM

3poOUMO OIIHIOBaHHS TOTO, YW BCTUTHE CTaHLIisl 3 TOJOCOBUM TpadikoM
NepeaTu CBiil rOJIOCOBUH KaJip B MEPEXKi 3 BEJIMKOIO KUIBKICTIO CTAHIIIM 3 HACUYEHUM
HaBaHTAXXEHHAM 3a mepioj BUOIpkH rosiocoBoi iH(opmamii (20 mc). s 1poro
BU3HAUYMMO MAaKCHUMaJbHy KUIBKICTh YaCOBUX CJIOTIB, SIKI MOXYTh 3HAJOOUTHUCS
CTaHIIi 3 TOJOCOBUM TpaiKoM AJis YCIHIIIHOTO IEpelaBaHHs T'OJI0COBOTO KaJpy B
3MIIIaHIF Mepexkl MPOTArOM KUJIbKOX OBTOPHUX CIPOO.

3rilHO0 3 OTPUMAHUMHU 3HAYEHHSMHU HMOBIPHOCTI YCHIIIHOTO TIepeaaBaHHs
rojiocoBoro kaapy Psvo OyaemMo BBaXkaTH, IO CEMHU MOCTIOBHUX CIpoO (mepiia
cnpoba 1 WICTh MOBTOPHUX) AOCTAaTHBO, 00 mepenatu roiocoBuit kanap. Lo6
BU3HAUUTH, SIKY MaKCHMaJbHY KUIBKICTh YacCOBHUX CJIOTIB Tpeba BUKOPUCTATH IJis
peamizaiiii cemu crpod, ckopuctaeMoch ganumu Tabm. 1.2. Ilig gac mepmoi cipobu
JTOCTYMy 10 KaHally 1Jisg cTaHiiil 3 rojocoBuM TpadikoMm CWpa = 3, a mig yac
HACTYMHHUX CIPOO MaKCHMAaJIbHE YMCJIO YaCOBHUX CJIOTIB OYIKYBAaHHS Ma€ 3HAYCHHS

CWmax = 7. ToOTO MOXIJIMBE MaKCUMaJbHE YHCJIO CJIOTIB OYIKyBaHHS B pasi
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BUKOPUCTAHHS TOCTIOBHO CEMH CIPOO ISl YCHINTHOTO TEpeIaBaHHS TOJIO0COBOTO
Kaapy craHoButuMe 3+7:6 =45. Ilpubnu3Hy KUIBKICTHP  JOCTYINHHUX IS
BUKOPHUCTAHHS YaCOBUX CIJIOTIB MpOTIroM iHTepBasy 20 Mc HaBeaeHo B TaOu. 4.4 —
Q1, Qa.

MakcuMalibHa KiJIbKICTh YaCOBHUX CJIOTIB, SIK1 MOXKYTb 3HaJIOOMTHCH CTaHIII1, 110
nepeaac Toja0coBUid Tpadik s pearizamii ceMu TOCIiIOBHUX CITPo0 mepeaTy Kaap
BHACJI1I0K BAHUKHEHHS HU3KU ITOCII1IOBHUX KOJII31# M1/ yac nepeaaBanHs (Haripmmi
clieHapiil) ctaHoBuTH 45, a cepenaHe (HaWOULIBII 1MOBIpHE 3HaueHHs) — 22.5. I3
OTPUMAaHUX PE3YyJbTATIB PO3PAaxXyHKIB, Tali. 4.4, BUIUIMBae, 110 B MeEpekax 3
KIJBKICTIO HACUYEHUX CTAHIH 2, ..., 16 KIJIBKICTh BUILHHX YaCOBHUX CJIOTIB, HasIBHUX
npotsrom 20 Mc, 3Ha4HO O1JIbIIIEe KUJIBKOCTI CJIOTIB, HEOOX1THHUX CTAHIII 3 TOJOCOBUM
HABAHTAKEHHAM JUJIs1 TIOJIOJIAHHS KOui31i, B pa3i HeoOXiAHOCTI CTaHIis 3 TOJOCOBUM
TpaikoM MOXe 3IIMCHUTH OUIbINE JBOX LUKIIB IO CIM crnpod (1o JyKe Majo
WMOBIPHO) 1 TapaHTOBAaHO MepenaTy Kajap. Ha miarpyHTI OTpUMaHMX pe3yJbTaTiB,
Tabn.4.3 ta puc.4.7 MOXKHaA 3ayBaXXKHUTH, IO y MEpPEXKax 31 3MilIaHUM Tpadikom 3
MPIOPUTH3AIIEI0 3aBASIKM CKOPOUYCHOMY KOHKYPEHTHOMY BIKHY OJMHHYHI KaJpu
rojiocoBoro Tpadiky OyayTh TmepeJaHi 3 BEJIUKOW MWMOBIpHICTIO. MokHa
MPOTHO3YBAaTH, IO B 3MIMIAHUX Mepekax 3 HacuueHuM Tpadikom BE, omnodacHo
MOXYTh (DYHKI[IOHYBAaTH BiJ YOTUPHOX JI0 OJAMHAAINTH CTaHII 3 TOJIOCOBUM
TpadikoM 3aJIe)KHO BiJl KJTBKOCTI aKTUBHUX CTaHIIM 3 HACHUYEHUM HaBAaHTAKCHHSIM.

B pasi 3actocyBaHHS arperyBaHHS KaJapiB B MeEpeki 3 HACHUCHUM
HABAHTAKEHHAM KIJIBKICTh BUIBHUX YaCOBHX CJIOTIB B iHTepBaii 20 MC, KOJIU MOXYTh
OyTH TiepemaHi TOJIOCOBI KaJpy 3HAYHO 3MEHIINYETHCS OCKUIBKH TPHUBATICTH ITUKITY
nepeIaBaHHsl arperoBaHoro KaJpy 3HAYHO OIIbINE TPUBAJIOCTI IUKIY TMepeaaBaHHs
3BUYAMHOTO Kajpy JaHWX. [pHUBAJIOCTI TIepeIaBaHHS arperoBaHUX KaJpiB
MaKCUMAaJIbHOI BEJTMYUHUA HaBEJEHO B Ta0. 2.3 1 Tabum. 2.5. SIKmo MepexHi mpucTpoi
HaJalllTOBaHI Ha TMepefaBaHHs arperoBaHuWX KaJpiB MaKCHUMaJIbHOiI TPHUBAJOCTI,
Tab1. 2.5, TOAl TPUBATICTh LUKy MEpeJaBaHHs OJTHOTO KaJpy B KaHalll 3 YACTOTHOIO
cmyroro 20 MI' ctanoButh 5424 mxkc, mo y 12,85 pasiB Oisiblie TPUBAIOCTI LIUKITY

nepeaBaHHsl OJHOTO HEarperoBaHOro KaJpy 3 KOPUCHUM HaBaHTaxkeHHa 1500
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OaiitiB (421,9 Mkc). Takum YUHOM KUTBKICTh BIIBHHX YaCOBUX CJOTIB HPOTSITOM
gacoBoro iHTepBany 20 MC B pO3IIITHYTOMY PEXHMI 3T1IHO 3 JAHUMH, HAaBSJACHUMU B
T1aba. 4.4, cranoButuMme 10-20. Taka KUIBKICTP BUIBHHX YaCOBHX CJIOTIB MOXKE

3abe3neuntr PyHKITIOHYBaHHS HE OUThIe 1-3 TOI0COBUX 3’ €THAHD.

BucHoBkmu 10 po3ainy

VY pesynbTaTi JOCHIIKEHHST 0COOIMBOCTEHN IepeaaBaHHs roJIocoBOro Tpadika
Juist opradizaiii nociayru IP-renedonii B oicHUX NpUMIIIEHHAX 3ac00aMH Mepexi
IEEE 802.11ac 3’scoBaHO, 110 B pa3i 3aCTOCYBaHHS MPIOPUTH3AINT MEPEKHOTO
Tpadika MOXHa 3a0€3MEUYUTH SIKICHE HAJaHHS 3a3HAuY€HOI MOCIYTd JUIsl BEIUKOI
KUIBKOCTI KOPHCTYBauiB, HaBITh 32 YMOBHU IHT€HCHUBHOTO NEpEIaBaHHS 3MIIIAHOTO
Tpadika.

Konmexku rosocoBux curHaidiB 3a0e3neuyioTh €(EeKTUBHE CTHUCHEHHS, IO
OOyMOBJIIOE Maly TPHUBAJICTh IUKIY JAOCTYyHy 10 O€3mpOBOJOBOTO KaHAIy JIJIst
nepesaBaHHs rOJIOCOBOTO KaJpy, HaBITh 32 YMOBH BEJIMKOI YAaCTKU HEMPOTYKTUBHUX
BUTpAT 4Yacy. 3a HasBHOCTI B 30H1 OOCIYroBYBaHHS TOYKH J0CTyIy 15-20 akTMBHUX
KJIIEHTIB, 1110 MIEPEAI0Th TOJI0COBUI Tpadik, 3aTpUMKa NepelaBaHHs Oy1e MEHIIIO0 3a
TPUBAJICTh IHTEpBaly BUOIpKU. Pe3ynapTaTh OTpUMaHO, 3  ypaxXyBaHHAM
xapakTepucTk kojeka G.711, mo hopmye Benukuit 610Kk HUGPOBUX TaHUX HA BUXO/I.
Boanodac orpuMmaHi pe3ysnbTaTd MOKHA PO3MOBCIOAUTH Ha I1HIIN MEPEXi, B SKHUX
3aCTOCOBAHI 1HIII TOJIOCOBI KOJEKHU 3 TaKUMHM K a00 MEHIIMMHU OJIOKaMH HUGPOBUX
TAHUX Ha BUXO.II.

OTpumaHi pe3ynbTaTH MOKHA PO3MOBCIOMTH 1 HAa OE3MPOBOIOBI MEPEXKi, B
SKUX TOJO0COBI JIaHl MePealoTh IIJIIXOM arperyBaHHs KUIbKOX rOJIOCOBUX KaIpiB. Uum
MEHIIIE BEJIMYMHA arperoBaHUX KaJpiB, TUM OLIbIIE TOJOCOBUX 3’€HAHb MOXKE
MIITPUMATH Mepexka 31 3MilanuM TpadikoM. B pasi mianyBaHHS 3MillIaHOT MEpExi 3
HNIATPUMKOIO TOJOCOBUX 3 €HAHb JOIUIBHO HE BUKOPUCTOBYBATH arperyBaHHS
KaJapiB 3 HU3BKUM MPIOPUTETOM ad0 BHUKOPUCTOBYBATH aJalTHBHE KEPyBaHHS

MCPECIKCIO, 3a JIKOIo B pa3i HasIBHOCTI T'OJIOCOBHUX 3’€I[H3HB 3daCTOCOBYETHCA 3a60p0Ha
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Ha arperyBaHHS KaJpiB.

Jlns opraizailii Mepexxi 3 OKpeMHUM KaHAJIOM [JIsi TOJIOCOBUX 3’ €HAHb
JIOIIIbHO BUKOPUCTOBYBATH KaHaJl 3 IIUPUHOIO pajiodyacToTHOi cMyru 20 MIw.

HaBeneHi Bullle BUCHOBKH CTOCYIOTHCSI MEPEXK, B SIKUX JUIsl HagaHHs nmociyr [P-
tenedoHii 3aiiicHeHo mpiopuTH3amnito 3rigHo 31 crnenudikaiiero IEEE 802.11e 3
HaJaHHAM rojocoBoMy Tpadika mpioputery AC VO, a iHIINM JaHUM, SIK1 IepelaloTh
Tieto xk mepexxero — AC BK abo AC_BE.

B wmepexax 13 3mimaHuM TpadikoM 1 HOTO MPIOPUTHU3AINIEIO 3aBISAKH
CKOPOYEHOMY KOHKYPEHTHOMY BIKHY KaJpu T0JIOCOBOTO TpadiKy MOXKYThb OyTH
rapaHTOBaHO Iepe/aHi, HaBITh 32 YMOBH BEJIMKOI KUTBKOCTI aKTUBHHUX CTAHIIIH 3 TAKUM

TpadikoM.
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S EKCOHEPUMEHTAJIBHA TIEPEBIPKA XAPAKTEPUCTHUK
BE3IIPOBOJJOBOI'O KAHAJY EJJEKTPOHHOI CUCTEMHU
IHHEPEJABAHHA JAHUX

5.1 Opranizanist i IIAHYBaHHS eKCIIEPUMEHTAJIbHUX JOCTIIKECHb

Jna pocmixeHHs BuOupaemo Touky poctymy (TJZl) 3 mpommuBkoro, sika
JI03BOJISIE  KOHTPOJIOBATH PEXKUMU (PYHKIIOHYBaHHS 1 TMPOIYCKHY 3aTHICTb
BUCXIJTHOTO 1 HHUCXIJHOTO KaHaJiB. B Hammx ekcrepuMeHTax BUKOPUCTAHO TOUYKY
noctyny (TH) MT76x2E 802.11 ac/n (T[1), puc. b.5, 3 npommuBkoro OpenWrt.
HonatkoBo posrisinyTo xapaktepuctuku TJI HUAWEI WiFi WS5200 (TH2),
puc. b.4, 3 npommBkoro BupoOHuka. [leppuanum kananom (primary channel) my1st 060x
T]1 € xanan 3 HomepoM 36 (5180 I'T').

VY mporeci eKCIepuMEHTIB JOCIIKEHO IMIBUAKICTh IepelaBaHHsA JdaHUX 13
3aCTOCYBaHHSAM O€3MPOBOJIOBUX KaHAMIB 13 IIMPUHOIO YyacToTHOI cmyrH 20, 40 Ta 80
MTI 11, a TakOK pIB€Hh HABAHTAKEHHS OE3MTPOBOIOBOTO KaHATY B pa3i 3/[1IHCHEHHS JBOX
Ta YOTUPHOX IOJIOCOBUX 3’ €JHAHD.

JUIst MOCHIIPKEHHSI eKCIUTyaTallliHUX XapaKTEPUCTHUK MEpekl BHUKOPUCTAHO
BOymoBaHi (yHKIIOHAIBHI MOkIHBOCTI OpenWrt [73], mporpamui 3actocyHku Wi-Fi
Analyzer [74] 1 SpeedTest [75].

[IpomyckHy 31aTHICTh KaHAy OIIHIOEMO 13 3aCTOCYBaHHSM CIELIAIBHO
nigiopanoro ¢airy Beaukoro oocsry. Y nociimkeHHi Bukopuctano daiin 1g-uhd-LG-
Europe-(www.demolandia.net).mp4 o6csirom 2 139 640 kb (2,1 riraGaiitiB).

JlocmimkeHHsT BIUTMBY B3aeMHOI opieHTarlli anten T/] 1 aDOHEHTChKOI cTaHIIii
(AC) 3pobneno 13 3acTtocyBaHHSIM 3acTocyHKiB Wi-Fi Analyzer ycTaHoBneHMX Ha

cmaptdoni LeEco Le Pro 3 Elite X720 (AC3) 1 Touni goctymy TJ1.

5.2 OuiHlOBaHHSA BIIMBY B32€EMHOI0 OPi€EHTYBAHHS NPUITMAJILHUX i

nepeaaBaJJbHUX AHTEH CTAHLIN 0e3MPOBOI0BOI Mepexi

Pe3ynbraty nepeBipku MIKUPUHU poOOYOi YACTOTHOI CMYTH 1 PiBHSI CUTHAIY Ha
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BXOJII MPUHAMAIBHOT aHTEHWM aOOHEHTCHKOI CTaHIli 3AIMCHEHUX 13 3aCTOCYBaHHSIM
3actocyHka Wi-Fi Analyzer, ycranoBineHoro Ha cMaptdoni LeEco Le Pro 3 Elite
X720, naBeaeno Ha puc 5.1 Ta puc.5.2.

Jlis 3pydHOCTI CHOPUMHATTA, 300paXeHHsA, OTPUMaHi Ha eKkpaHi cMapThOoHY

(CKpIHILIOTH ), TIOJIAHO 3 1HBEPCIE€IO KOJIBOPIB.

BB QLtEEdb W 44 8:%1017 BB 8dbd P4 %1022

—  Channel Graph = n z —  Channel Graph = n z
T 24GHz 5GHz ’ - T 24GHz 5GHz ’ -

Signal Strength (dBm)
Signal Strength (dBm)

44 44
‘JG?Fi Channels ‘JG?Fi Channels

a) 6)

Pucynok 5.1 — XapakTepucTUKH YaCTOTHOI CMYTH KaHally 36 JOCTIIKyBaHOI MEpexi

Ha puc. 5.1 HaBezieHO aMIUIITYAHO-4YaCTOTHY XapakTepucTuky (AUX) kanany 3
yacToTHOKO cMyroto 80 MI' 3 moyaTkoBUM HOMEpOM 36, IO HAJIEKUTH A0 MEPLIOTO
4acTOTHOTO miamiana3ony miamazony 5 [T, puc. 1.1. I3 3acrocyBanusm TJI2
3pobisieHo omiHoBaHHS AYX kanamy 3 Homepom 100 nnst apyroro miggianazoHy

nianazony SI'Tw, puc. 5.2.

Ha puc. 5.1a maBeneno AUX kanaiy y pasi y3ro/pKeHOT0 pO3TallyBaHHS aHTEH
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TH1 1 ACI. Ha puc. 5.106 naBemeno AYUX kaHaimy 3a YMOBH MAaKCHUMAaJIbHOT
HEY3r0JKEHOCT1 MpUMMAaJIbHUX 1 MepefaBalbHUX aHTEH npu po3TtanryBaHHi AC3 Ha
BiacTani 3 m Big T/1.

Ha puc. 5.1 mpucyTHi XapakTepuCTHKHU 1BOX O0€3mpoBooBUX Mepex HS Ta BHS.
Mepexxy HS opranizoBano 13 3actocyBaHHsM TJI2, mo Mae 4oTuUpH
npuiiManpHO/IepeaaBaibHl  aHTeHu, puc. b.4, a mepexy BHS opranizoBano i3

3actocyBaHHsM TJ12, 10 Mae 1B1 puiiManbHO/TIepeAaBalibHI aHTeHH, puc. b.5.

i M d WA 54%12:02 Mg« d W44 54%12:02
=  Channel Graph = n % =  Channel Graph = n z
24GHz 5GHz 24GHz 5GHz

a) 0)

Pucynok 5.2 — XapakrepucTuku 4acTOTHOI cMyru kaHainy 100 mocmixyBaHO1

Mepexi
Pierp curnamy Ha Bxoai AC3 0OyMOBJICHHMI HE TUIBKH CHTHAJIOM, IO
HAJIUIIOB 3a JIHIED TPSMOI BHUIUMOCTI, a € pe3yJbTaToOM 0araTompoMEHEBOTO
PO3MOBCIOIKEHHS B JIOCIITHOMY MPUMIIIEHHI.

Biacrass Big T/ no AC cranoButh npubmm3no 3 M. Ha puc. 5.1 HaBeneno
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pizHi Biactani 10 Bix TJ[ mo AC OCKIIbKHM ajarOpUTMOM BHW3HAYEHHS BIJCTaHI Y
3actocynky Wi-Fi Analyzer 3akiazieHO OLIHIOBaTH BiJICTaHb 3a PIBHEM MPUHAHSATOrO
curHaiy. I3 mopiBHsSHHS peanbHOI BijcTaHl (3 M) 1 oriHo4Hoi Biactadi (0,7 m1 1,3 M,
puc. 5.1) BUIIMBAE, 10 B JOCTIIHOMY MPUMILICHH] BIOUTI BiJ PI3HUX MOBEPXOHb
MPOMEHI CTBOPIOIOTH 3HAYHUM piBEeHb CUTHaAITY Ha Bxoj1 AC3.

I3 mopiBusiHHsA AUX, HaBeaeHux Ha puc. 5.1 BurumBae, mo mia TJ1 (mepexa
BHS5) wmakcumanbHa HEY3rOJUKEHICTh MNpUHMaNbHO/TIEpEelaBalbHUX aHTEH B
JOCIIITHOMY MPUMIIIEHH] TPU3BOAUTH O 3MEHIIEHHS PIBHS MPUIHATOrO CUTHATY Ha
8 nbm, a g T/12 (mepexa HS) — 1o 3MeHIIeHHs piBHA cUrHaily Ha 6 nbwm.

3a pesynbraramu nopiBHIHHS AYX kanamy Homep 100 3 y3romkeHUMH i
HeysropkeHuMu anteHamu T/[2 1 AC3 poOMMO BHCHOBOK, IO PIBEHb CHUTHANY,
npuiiasaToro AC3 3aexHo BiJl HPOCTOPOBOI OPIEHTAIllI CAMOTI'O MEPEKHOTO MPUCTPOIO
(AC) na Biacrani 3wm Bim TJ/I2 moxke 3MmiHOBaTUCh B Mexax 14 nbm Bin
«vinyc» 34 nbm no «Mminyc» 48 nbwm.

Sk BUTUIMBAE 13 HABEJCHUX XapaKTEPUCTHUK, puc. 5.1 Ta puc. 5.2, piBeHb CUTHATTY
B MeXaxX YacTOTHOI CMyrud O€3MpOBOJOBOTO KaHAIy Yy pas3l Y3TOIKEHOTo
pO3TallyBaHHS aHTEH CTaHOBHUTH -34 nbm, a y pa3i MakCUMaabHOI HEY3TOJKEHOCTI
CTaHOBUTH -48 nbM, 10 € JOCTaTHIM JUIsl 3aCTOCYBaHHS HaWOLIBII HIBHIKICHOTO

pexumy MoayJisii 1 kogyBanHs MCS9 B wactoTHiit cmy3i 80 MI'ty (RSSI= -51 nbwm).

5.3 OuiHBaHHSA NPOIYCKHOI 31aTHOCTI 0€3MPOBOI0BOI0 KAHAJY Mepexi

nepenasanns nanux crangapry IEEE802.11ac

JlocmimKeHHsT MBUAKOCTI MEpe/laBaHHsl IaHUX Y KaHaJIax 3 Pi3HOI0 MIUPUHOIO
YaCTOTHO1 CMYTH 3/1iiCHEHO 13 3acTocyBaHHsAM TJI1, Ha K1l yCTAHOBJIEHO MPOIIUBKY

OpenWrt.

5.3.1 ®yHKIiOHAJBHI MOXKJIMBOCTI 3aCcTOCYHKY OpenWrt

3actocyHok OpenWrt — 1e mnpukiagHa mporpamMa 3 BIJKPUTUM KOJIOM,
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po3pobiieHa Juisi KepyBaHHS TOYKAMU JOCTYITy O€3MPOBOJOBUX MEpPEX CTaHAAPTY
[EEE802.11. 3 miuHOM dYacy pO3pOOHHMKH IIbOTO TMPOTPAMHOTO 3al0e3rmeueHHs
OHOBJIIOIOTH (DYHKITIOHAJIbHI MOXKIJIMBOCTI 3aCTOCYHKY 3 ypaxXyBaHHSIM OCOOJIMBOCTEH
OHOBJICHOI anapaTHOi YaCTUHH TOYOK JOCTYIy HOBUX MOKOJIHB 1 MEBHOIO MEpioay
BUITYCKY.

B mamomy nocmimkenHi Bukopuctano Bepeiro OpenWrt (2019 pik), po3pobiieny
JUIS 3aCTOCYBaHHS B TOUYKaX JOCTYMYy 3 amapaTHUM 3a0€3MEYEeHHSAM, MOAIOHUM 0
MT76x2E 802.11 ac/n (TaiiBansb).

3aCTOCYHOK Mae 3py4yHui iHTepdeiic 1 Horo Mo>kHa BUKOPUCTOBYBATH SIK IS
KOH(DIrypyBaHHs TOYKU JOCTYILY, TaK 1 JAJi1 KOHTPOJIIO €KCIUTyaTallifHUX MapaMeTpiB.

[Tix yac qocmiIKeHHS] BUKOPUCTAHO TaKl (PYHKIIIT 3aCTOCYHKY:

— KOHTPOJb CTaHy 0e3MPOBOI0BOI Mepexki (wireless network), puc. 5.3;

— mnoOynoBa rpadikiB HaBaHTaxeHHs (payload graphics), puc. b.1;

— anami3 6e3mpoBoaoBoro cepeaoruia (channel analysis), b.2.

Kpim Toro Bukopuctano rpadiune MEeHIO 11 KOHPITypyBaHHS TOUYKH JIOCTYITY,
puc. b.3.

I'padiunnmii 1HTEpdelic KOHTpOO0 cTaHy Oe3npoBoAoBoi Mepexi (Wireless
Overview) BiioOpaxae iH(OpMAIIiIO PO CTaH MEPEXK, SIKI MIATPUMYE TOUKA AOCTYILY,
puc. 5.3:

— mpo mepexxy BH1 B mianazoni 2,4 I'T'i (1Ba BepxHi psaku Ha puc. 5.3);

— 1po Mepexxy BHS B giamazoni 5 I'T'i (Tpertiii i ueTBepTHil psaKu Ha puc. 5.3).

[adopmartis mpo KaHam MICTUTh: Ha3By TOYKH JIOCTYMy, TIEpEIiK
nigTpuMmyBaHux crnenudikamiii ctangapty [EEE802.11, Homep pobGodoro kaHamy i
HIDKHIO YacTOTY KaHally, piBEHb CHUTHANy BiJ MPUEAHAHOI CTaHIll, MOXJIHBY
MaKCUMaJlbHy WIBUAKICTh TIepenaBaHHs, (I3W4YHy aapecy 1 MOXKIMBI CrocoOu
mu(pyBaHHS CUTHATY B KaHaJI.

Jlpyra yactuHa po3risHyToro rpadiuHoro iHntepdeiicy MICTUTH 1HGOpPMAIlio
npo npueaHaHi ctaHuii (Associated Stations): 10 K01 Mepexi NMpUETHAHA CTAHIIS,

bi3uuny anpecy cradilii, [P-aapecy craniii abo Ha3By, piB€Hb CUTHATY (DI3UUYHOTO
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3’€IHAHHA, MOXJIMBY IIBUJAKICTh TNPUHAMaAHHS 1 TMEpelaBaHHA yCTaHOBJICHOTO

3’€IHaHHSA, IIMPUHY POOOUYOT YACTOTHOT CMYTH, 1HAEKC MOJIYJIALIL 1 KOAYBaHHS.

Openwrt Status ~  Systern~  Metwork ~  Statistics = Log out REERESHING

Wireless Overview

MediaTek MT7603E 802.11bigin

@ radiol . .
_ Channel: 1 (2.412 GHz) | Bitrate: 65 Mbit/s Rastad | A |
SSID: BH1 | Mode: Master : ]
4 B0 dB :
— 2 BSSID: D4:5F 25:FD:CE.EC | Encryption: mixed WPAMPAD PSK [CCMP) Disable | el lm|
& radiol MediaTek MT76x2E 80_2.11ac!n _ =R | o |
Channel: 35 (5.180 GHz) | Bitrate: 4533.3 Mbit/s L J
SSID: BHS | Mode: Master : '
-55 dB d
- L BSSID: D4:5F 25:FD:CE:EE | Encryption: mixed WPAAWPAD PSK [CCMP) Disable | el |.m.
Associated Stations
Network MAC address Host Signal / RX Rate / TX Rate
Noise
- 5.0 Mbit/s, 20 MHz .
Access Point 00:0AF5:89:89:FF  192.168.1.136 e 65.0 Mbit/s, 20 MHz, MCS B, | Disconnect
BH1" (phyo- -B0 dBm e
Short Gl
aply
™ 433.3 Mbit/s, 80 MHz, VHT-MCS 9,
Access Point S il WYHT-NSS 1, Short Gl ;
o gn. | 33DEADBFOOFS  HP250.1an (12.183.1.207) | a5 e o b vhRes e [ Disconnect
an) YHE-NSS 1, Shart Gl
2 B.0 Mbit/s, 20 MHz .
Access Point JBFECD7I9B:EE  192.168.1.123 o 150.0 Mbit/s, 40 MHz, MCS 7, | Disconnect
BHS" (phy1- -61 dBm | e T
Short GI
apd)
o B50.0 Mbit/s, 80 MHz, VHT-MCS 7,
Atess Bkt e LAT3540_F lan (192.168.1.205, a YHENSS 2, Shart Gl [ oeeicn
g pryt. | OSLBTASDEDI e 0k cfic0:4577-7862.1635:50a7) | 52 dBm | G667 Mbit/s, B0 MHz, VHT-MCS 9, .m‘
an) VHENSS 2, Shart Gl

Pucynok 5.3 — I'padiununii inTepdeiic KOHTpOJII0 cTaHy Mepexi 3acTtocynky OpenWrt

I'padix HaBaHTaxkeHHsI, puc. b.2, BIITBOPIOE IHTEHCUBHICTH NEpEAaBaHHs JAHUX
ak ¢yHkmiro vacy. [lomatkoBo Ha ekpaHi BioOpaxyeThcs i1HMOpMAIlS Mpo
ycepeaHeHy MIBUIAKICTh 1 MKOBI 3HAYEHHS IIIBUJIKOCTI TIEpeiaBaHHsl TaHUX.

BaxnuBum € po3ymiHHS aiaroputMy moOyaoBu TpadikiB 1 OOYHCIECHHS
yCepeaHEeHOI MIBUAKOCTI MepeaaBaHHs AaHux. [liapaxyHOK ycepeaHEeHO1 MIBHUAKOCTI
nepeadayeHo 3AIMCHIOBATH B MeEKaX YacOBOI'0 BIKHA TPUBAIICTIO 3 XB IUIIXOM
JICHHS MPUUHATOrO OoO0CATY AaHMX Ha TPUBANICTh IHTEpBalLy npuiiManHs. YacoBuii

KpPOK OHOBJICHHS 1H(OpMaIIii mpo 00CAT IPUHHATUX JAHUX CTAHOBUTH 3 C.
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[Tix wac mocmiKeHb, 3p00JICHUX B JaHIN AUCEpTaIiiHIi poOOTi, y pa3i, KOIH
IHTEepBaJI TIEpelaBaHHSI KOHTPOJIBHOTO OJIOKY iH(OpMaIlli CTaHOBUB MEHIIE 3 XB,
3a1iicHeHO Oe3rocepeHid Po3paxyHOK MIBHIAKOCTI NEpeAaBaHHs IIJISAXOM JIIJICHHS
00CSITY KOHTPOJBHOTO OJIOKY AaHMX (BUIPOOHUI Kaap) Ha TPUBATICTH IHTEPBAILY

nepeaaBaHHs, BU3HAUYCHOT o 3a rpadikoM, modyjoBaHUM 3acTocyHKOM OpenWrt.

5.3.2 Pe3yabTaTH BUMipIOBAHHA IIBUAKOCTI NepeIaBaHHS JAHUX KaHAJTY

oe3npoBoaosoi mepexi IEEE802.11ac

JUis MOCT1IKEeHHS IPONYCKHOI 3JaTHOCTI KaHaJIy BUKOPUCTAHO J1Ba HOYT-OYKH.
Onun HOYTOYK (AC 1) momeni LAT3540 mae naBi BOyJOBaHI aHT€HM, ONEpATUBHUN
3amam’ITOByBaJIbHUM TpucTpii 8 I'b, HakonmuuyBad JaHWX HA KOPCTKOMY JHCKY,
niarpumye Mepeskaunii cranaapt Gigabit Ethernet, inmmii (AC 2) — moaeni HP250 mae
oHy BOyJOBaHy aHTEHY, ONEpPAaTUBHUI 3amam’ ATOByBajlbHUU mpuctpidi 16 I'b, 1
TBEPIOTIIbHUN HakonuuyBau gaHux (SSD), miarpumye mepexuuit ctanaapt Gigabit
Ethernet.

Cxemy BUMIPIOBaHHS HaBEJIEHO Ha puc. 5.4.

Pucynok 5.4 — CxeMa ekcliepuMeHTaIbHOT JIOKATBHOT MEpexKi
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Ha cramionapuomy xomm’torepi (I1K) y crminpHiM mamii 3HaxoauTbes (hanm
obcsirom 2 139 640 xb. Jlns Bu3HaUYeHHS IMPOMYCKHOI 3/IaTHOCTI KaHAIy 3 MEBHOIO
HIMPUHOI0 YAaCTOTHOI CMYTHM Ha MEpLIOMY eTarl MepelaeMo BUMPOOHUN ¢daln Ha
craniito AC1, Ha apyromy etami nmepenaeMo BUNpoOHMA (aitn Ha cranmiro AC2, Ha
TPETHOMY €Tarll IepeaeMo BUMIPOOHUH (haiisl Ha 0OMIB1 CTaHIII OJJHOYACHO B PEKUMI
MIMO. [ins BU3HAUYEHHS MAaKCHUMAaJIbHOI MPOMYCKHOI 3JaTHOCTI O€3MpPOBOJOBHX
KaHaJiB 3 PI3HOIO MIMPUHOIO YAaCTOTHOI CMYTHU TpoBeaAeHO 15 cepiif BunpoOyBaHb 13
«3aKauyBaHHSAM» BEJIUKOTO OJIOKY NnaHux. OTpuMaHi B OKPEMHUX CEpisiX pe3yJbTaTh
OJIM3bKI 33 YMCIOBMMM 3HAaY€HHSAMU. B KUIBKOX cepisix Majo MiICIe 3MEHILIEHHS
IPOIMYCKHOI 3/1aTHOCTI KaHaiy npu po06oTi 3 ACIl BHac/IiOK 4acTKOBOI'O PO3PSILY
Oarapei 1 mepexoAy HOYTOyKa B pEeXHM «30aJaHCOBAHOTO EHEPIrOCHOKMBAHHS
(balanced). MakcuManbHy MpOIYCKHY 34aTHICTh MOXHA OTPUMATH 32 YMOBU pOOOTH
HOYTOyKa B PpEXKHMI JKHUBJICHHS «MAaKCUMAJIbHOI MPOIYKTUBHOCTI» (maximum
performance). ¥ Takomy pasi mepeaaBaHHs AaHUX BiI0OyBaeTbcs B pexxkumi MCSS
(cmyra 20 MI'), MCS9 (cmyra 40 1 80 MI'nr), puc. 5.3.

PesynbraTty HaTypHUX BUTIpOOyBaHb HaBeIEHO B TaO. 5.1.

Ta6nuus 5.1 — [IponyckHa 3gaTHICTh Oe3npoBogoBoro kanainy mepexi IEEE802.11ac

YacroTHa cMyra YacroTHa cMyra YacroTHa cmyra

Cranmis kanaiy 20, MI'n kaHany 40, MI'u kanany 80, MI'i
At ¢ S M6/c At ¢ S Mo6/c Aty S M6/c
AC 1 136,29 143,67 59,14 289,42 46,29 369,81
AC?2 180 60,65 118,29 144,71 50,57 338,47
ACI1+AC2 180 83,07 180 186,72 95,14 359,82

pumirka. Cranuis AC1 npuiiMae curHanu Ha /Bl aHTeHH, a ctaHliss AC2 — Ha oJHY.

[IpomyckHy 37aTHICTh KaHaly B pa3l HASBHOCTI TPbOX AKTHUBHUX CTaHIHN 3
HAaCUYECHUM HAaBAaHTAXXEHHSIM BU3HAYEHO JJi1 4acTOTHOI cMmyru 20 MTI', puc.5.5. s
IBOTO 3acTOCOBaHO ime onuH HoyTOyk kommanii DELL lat3540 (AC4) 3 nBoma
npuiiManbHO/IiepeAaBabHUMU aHTeHamu. [1IBuakicTe nepenaBanHsa nanux Mk AC4

1 TI1 mpubmm3Ho Taka cama, sk 1 mixk AC1 1 T/I1, Tabm.5.1. 3aransHa ycepemHena
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HIBUIKICTH TIEpeAaBaHHs B MEPEX1 3 TPhbOMa HACHYEHUMH cTaHIlisiMu (pexum MCSS)
ctaHoBUTE 99,09 M6/c.

Tpeba 3BepHyTH yBary Ha Te, 1110 OI[iHKa PIBHS CUTHATY Ha BXO/I1 a0OHEHTChKHUX
CTaHIli CYTTEBO pi3Ha, puc.5.5, Xodya BCi CTaHIl 3HAXOAATHCA MPHUOJIM3HO Ha
OJIHAKOBIM BIJICTaHI BiJ] TOUKH AOCTYITY (2,5 M), 110 CBIAYUTH PO OaraTonpoMeHEBHI

PEXKUM PO3MOBCIOJKEHHS CUTHAIB.

Associated Stations

Network MAC address Host Signal / RX Rate / TX Rate
Noise
= 72.2 Mbit/s, 20 MHz, VHT-MCS 7,

LAT3540_B.lan (192.168.1.205 YHT-NSS 1, Short Gl PR ———
ss Poi : :15:05:D3 o . v S sconnec
’”écﬁg“fwf:r:g‘) 4851 B e baa fdb1:d53e:3d53:0:913:e650:1212:25d) | 57 dBm | 173.3 Mbit/s, 20 MHz, VHT-MCS 8, ‘&’

YHT-NSS 2, Short Gl

Y 6.0 Mbit/s, 20 MHz ————

% i v : .
Access Point | 38:DE:AD:GF:90:F5 gﬁfsdt_,"f;,}g?g,éiigjfig'P 457:1660) ™ 86.7 Mbit/s, 20 MHz, VHT-MCS 8, | Disconnect |
"BH5" (wlans) SRR S AN E 0 EEM | VHTNSS 1, Short GI —_—

& 6.0 Mbit/s, 20 MHz
Access Paint | 80:19:34:E7:2A02  lat3540.lan (192.168.1.164) o dgm | 1733 Mbit/s, 20 MHz, VHT-MCS 8, \ Disconnect ]
"BH5" (wlans) VHT-NSS 2, Short Gl —

Save & Apply | .

Pucynox 5.5 — XapakTepucTuku Mepesxi 3 TpbOMa aKTUBHUMU CTaHITISIMUA

Jlist oTpruMaHHs 00’ €KTUBHOI KAPTUHU 3pOOJIEHO BUMIPIOBAHHS MaKCUMaIbHOI
IIBUKOCTI TIepeaBaHHsl JaHuX 3acobamu 3actocyHKy SpeedTest. 1i BumiproBanHs
3po0JieHo 13 3acTocyBaHHsAM cTaHii Al i toyok moctymy T/l 1 TH2, a Takox i3
3acTocyBaHHIM cMapTdony LeEco Le Pro 3 Elite X720 (A3), puc.5.6.

Pesynbrati BuUMIpIOBaHHS MPOMYCKHOI 3MaTHOCTI 3acTtocyHkoM SpeedTest
HaBeJeHO B Ta01.5.2.

Tabmuus 5.2 — IlpomyckHa 31aTHICTH O€3MPOBOJOBOTO KaHATy 3a pPe3yJIbTaTaMH

30BHIIIHBOTO TCCTyBaHHA

T T2 HIBuakicTh
YacToTHA 30BHiHbOro Ethernet
) cMyra S M6/ S. M6/ 3’e¢aHaHHA 3 [HTEpHET,
Cramuin | oo » VID/C e M6/

MI' Husximawit | Bucximuuii | Husxigauii | Bucxinawnii | Husxiaauii |Bucxiganii

IMOTIK IMOTIK IMOTIK IMOTIK MIOTIK IMOTIK

ACl1 80 327,6 206,5 364,3 195,2 898,1 720,7

AC3 40 98,8 83,1 102,4 78,6 815,2 673,6
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Crin 3a3HAYMTH, 10 3HAYEHHS MPOMYCKHOT 37aTHOCTI 0€3MPOBOOBOTO KaHAITY
mepexi IEEE802.11ac, naBeneni B Tabn.5.1 1 Tabmi.5.2 € nedKUMHU MeIiaHHUMHU
BEJIMYMHAMH, OTPUMaHUMH B pe3yJIbTari Oaratopa3oBux (Ouabine 15 cepiif) B pi3HUIA
yac 106wu. Jliama3oH MOKIIMBUX 3HAYEHB MPOIYCKHOT 3aTHOCTI JISKUTH B Mexax +5%
B/l 3HaueHb, HABEJACHUX Yy 3a3HAYCHUX TaOMMIX. Ll BIAMIHHICTH pPE3yJbTaTIB
BHUMIPIOBaHHSA OOYMOBJICHA 3aBaHTAXCHHSIM MPOIECOPIB KOMIT IOTEPiB, MPUETHAHUX
JI0 MEpeXi, BUKOHAHHAM CHUCTEeMHHUX (YHKIH, a B pasi 3actocyBaHHs SpeedTest
HABAHTAXKEHHAM (hallJIOOOMIHHOTO CcepBepa 1 3aTPUMKaMM I1aKETIB y 30BHIMIHIN

MEpEexi.

OpenWr‘t Status +  System~  Metwork ~  Log out REFRESHING

Wireless Overview

MediaTek MT7603E 802.11bigin

& radiol [ |
. Channel: 1 (2.412 GHz) | Bitrate: ? Mbit/s Restart A |
SSID: BH1 | Mode: Master . et

T :
i BSSID: D4:5F 25:FD. CE:EC | Encryption: None Disable | ey [m|

@ radiol MediaTek MT78x2E 80_2.11ac."n _ =
: Channel: 36 (5.180 GHz) | Bitrate: 150 Mbit/s

| Add |

S51D: BHA | Mode: Master

o L BSSID: D4:5F:25:FD: CE:EE | Encryption: Mane Disable | geely |.m_

Associated Stations

Network MAC address Host Signal / RX Rate / TX Rate
MNoise
N @’P - andraid- de0Bbed49471 1144 lan 182&5 g‘lb”’rs' AR MU 5, |
CCRSS FOIn i % . 4 5 allsl i
Srees B4EF-FAEDCEIZ  (192.165.1.229, . Discannect
BHipé‘;'h‘”' fd15:1087 25bd: 01 07905 2:4568:85ad) |0+ 9B 15?1005 gﬂlh”’fs' Ahe MESE =

Pucynok 5.6 — Xapakrepuctuka Mepexi, B AKiii aKTUBHOIO CTAHIIIEIO € cMapT(OoH

5.3.3 IlapameTpu ros10coBOro Tpagixky

Okpemi acreKkTy Mpolecy IepeaBaHHs T'oJIOCOBOTO Tpadiky TOCIIIKEHO 13
3aCTOCYBaHHSM 3acTOCYHKIB Viber Ta Telegram. ¥ mporieci ekCriepuMeHTy BU3HAYEHO
IHTEHCHBHICTh TOJIOCOBOTO Tpadiky B pa3l ABOX, pHUC. 5.7, 1 4YOTUPBOX, pHUC. 5.8,

roJIOCOBUX 3’€JJHAHb, a TAaKOX IEPEeBIPEHO BIUIUB TI0OJIOCOBOro Tpadiky Ha
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IPOMYCKHY 3/IaTHICTh OE3MPOBOIOBOTO KaHATY.
Ha puc. 5.7 1 puc. 5.8 mpuCyTHI BEJIMKI MIKK 1HTEHCUBHOCTI MOTOKY JaHUX, SKi
OB’ s13aH1 3 TIepeaBaHHsIM HE T0JIOCOBOI 1H(MOpMaIIii, 110 TepeadayeHo MPOTOKOIOM

3actocyHKy Telegram.

Openwr‘t Status £ m Statistics Log out REFRESHING

Load  Trafic  Wireless  Connections

br-lan  ethd  lan1  lan2  lan3  land  wan wlan?  wlanS

drm 2rm Trm

178 mlinibs (22500 i)

TOUT liibs (150,00 i)

a00.00 ity (75,00 Figis)

{3 minute window, 3 second interaly

Inbound: 4243 Kibit/s Average: 10227 Kibit/s Peak: 30224 Kibit/s
(5.30 KiB/s) (12,78 Kib/s) [37.78 Kib/s)
Outhbound: 5439 Kibit/s Average: 12574 Kibit/s Peak: 1.69 Mibit/s
(5.80 KiB/s) (16.72 KiB/s) (215.92 KiB/s)

PucyHok 5.7 — IHTEHCUBHICTh HaBaHTaXEHHs 0€3MPOBOJIOBOIO KaHAy B pasi

peaizaliii IBOX TOJIOCOBUX 3’ €HAHb B 3aCTOCYHKY Telegram
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Systerm ~  MNetwork ~  Statistics Log out REFRESHING

Load  Traffic  Wireless  Connections

br-lan  ethd lanl  lan2  lan3  land  wan  wlan2  wlanS

am 2m T

293 mlibibs (375,00 KiENs)

195 mlibibs (250,00 FiENs)

1000.00 Finits 1 25.00 FiErs)

(3 minute window, 3 secand interval)

Inbound: 12274 Kibit/s Average:  137.93 Kibit/s Peak: 27583 Kibit/s
(15.34 KiB/s) (17.25 KiB/s) (34.85 KiB/s)

Quthound:  118.23 Kibit/s Average: 227 36 Kibit/s Peak: 3.558 Mibit/s
(14.90 KiB/s) (25.42 KiB/s) [457.75 KiB/s)

PucyHnoxk 5.8 — IHTeHCUBHICTh HaBaHTAXXEHHS OE3MPOBOIOBOTO KaHAITY B pasi

peanizanii YOTUPbOX rOJIOCOBUX 3’ €/IHaHb B KOMyHIKaTopi Telegram

[ix gac ekcepuMEeHTy 111 JIaHi HAJXOSTh 330BHI HA a00OHEHTCHKY CTAHIIIIO, 1110
o0yMOBIIIO€ OubIlle 3HaueHHs BuxigHoro notoky TJ[1 (Outbound) mopiBHsiHO 31
BX11HUM notokoM (Inbound).

VYcepenHeHa 1HTEHCHUBHICTh TOJIOCOBOTO Tpadiky TMpU JBOX aKTUBHUX
3’eqHaHHAX cTaHoBUTH 102,27 kOiIT/C, a TPU YOTUPHOX AKTUBHUX TOJOCOBHX
3’eqnanaax 137,98 k0it/c. ToOTO miAIMKHEHHS ABOX aKTUBHUX CTAHIIN 3 TOJIOCOBUM
TpadiKoM IPU3BENO 10 30UThIIEHHS MOTOKY naHux Ha 35,71 k6it/c. B komyHikaTopi
Telegram nepen0ayeHO MOMIJIMBICTH BUKOPUCTOBYBAaTH HM3KY KOAEKIB 3 MAJIOIO
IHTEHCUBHICTIO CTHCIIOTO TIOTOKY [76]. B maHOoMy ekcrmepuMeHTi cxoxke OyB
3actocoBanuii kojaek 1ILBC, Tad. 4.1.

B okpemoMmy ekcnepuMeHTI TepeBIpEHO BIUIUB TOJIOCOBOTO Tpadiky Ha
IPOMYCKHY 3JaTHICTh OE3MPOBOJAOBOr0 KaHaly 31 3MimaHuM TpadikoM. OTHOYACHO B
KaHal BIAOyBajgoCh NepeAaBaHHs AOCHIIHOTrO (aitmy 1 OyiM aKTUBHUMHU YOTHPHU
rojiocoBi 3’emHanHs. [IIBUAKICTh MepeaBaHHsl 3araJbHUX JAaHUX 3HAXOIWIACHh B THUX

Ke Mexa, 1o 1 0e3 rojiocoBoro Tpadiky, a BIATBOPEHI T'OJOCOBI MOBIIOMIICHHS (3a
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Cy0’€KTUBHOIO OIIHKOIO) HE 3a3HAJIN HISKUX CIIOTBOPCHbD.

Ha miarpyHsTi oTprMaHuX pe3yiabTaTiB MOXKHA 3pOOUTH BUCHOBOK, 11O B MEPEXKi
31 3MimaHuM TpadikoM, B SKid € OJWHWYHI KaJpH, arperoBaHi KaJpu BITHOCHO
HEBEIMKHUX PO3MIpiB (Web-Bifico, BiIe0 3BUYAWHOI YITKOCTI TOIIO), SKi HAAXOIATH 3
MIEBHOIO TIEPIOAMYHICTIO, MOJKHA OJTHOYACHO 3a0€3MEeYNTH HE MEHIIE JBOX JECATKIB
TOJIOCOBUX 3’€IHAHb, 3aBISKH BEJIHKIA KIIBKOCTI BUIBHUX CJIOTIB KOHKYpPEHTHOTO

BIKHA.

5.3.4 AHaJti3 OTPUMAaHUX eKCIIEPUMEHTAJIbHUX Pe3y/bTaTIB

[lin yac ekciepuMeHTIB a0OHEHTCHKI CTaHIII1 OyJIM po3TallloBaHl HAa HE3HAYHIM
BIJICTAHI BiJl TOYKH JOCTYNY, II0 OOYMOBHJIO MOKJIMBICTb BUKOPHCTATH HaWOLIbII
IPOAYKTUBHI peKUMHU MoyJiLii 1 koayBaHHs (MCS) i BU3HaUE€HHS MaKCUMAaJIbHO1
MPOITYCKHOI 3/[aTHOCTI KaHaly.

[TopiBHSHO 13 3HAYEHHSMU TMPOMYCKHOI 3aTHOCTI OE3MPOBOJOBOTO KaHAITY
mepexi IEEE802.11ac 6e3 arperyBanHs KaipiB, HaBEJIEHOMY B IPyTOMY PO3/UTI JaHOT
nucepTarii, puc.2.9 — 2.17, MakcumanbHa IPOIYyCKHA 3/IaTHICTh KaHATy, OTPUMaHa B
EKCTICPUMEHTAILHUX JOCTIKEHHAX, 3Ha4HO OlbIiie, Tadm. 5.1 — 5.2. 3 iHmoro 60Ky,
€KCIIEpUMEHTAJIbHI 3HaYEHHSI MAaKCHUMAaJIbHOI MPOIYCKHOI 3JaTHOCTI 3HAYHO MEHIIIL,
HIK OTPUMaH1 B IpYroMy po3/IiJIi 3HAYCHHS 1JI PeXKUMY TIepeiaBaHHsI MaKCUMaIbHO
BEJIMKHX arperoBaHuX KajpiB, Ta0m. 2.5.

3a3HayeHe CIHIBBIJHOIICHHS MK PO3PAaXyHKOBUMHU 1 €KCHEpPUMEHTAJIbHUMHU
3HAYEHHSIMHU MOXKHA MOSCHUTHU THM, L0 B HAJAIITYBaHHIX TOUOK JOCTYITY 3aKJIaZeHO
pPEXHUM TiepeaBaHHs (32 MOKJIMBOCTI) arperoBaHuX KajapiB 3 0OMEKEHOI0 KUIBKICTIO
00’e€HaHUX KaJpiB a00 3 0OMEKEHUM OOCSITOM 3arajbHOI BEJIUYMHU arperoBaHOIO
KaJpy (MEHIle MaKCUMaJIbHOI BEJIMUMHU, Tepe0adeHOi CTaHAapTOM).

OcCKiIbKH OCHOBHOIO TEXHOJIOTIEIO MIPOBOAOBUX Mepex € TexHosoris Ethernet
MaKCUMaJbHUI pO3Mip OJIOKY KOPHCHOTO HaBaHTaXEHHS MakeTy mAaHux (Maximum
Transmission Unit — MTU), ycraHOBJI€HHH B HAJAMTYBAaHHIX TOYOK JIOCTYILY

ctaHoBuTh 1500 OaiiTiB.
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[lix yac 3MIMCHEHHSI €KCIIEPUMEHTIB 3 BHU3HAUEHHS MPOITYCKHOI 34aTHOCTI B
MeKax JIOKaJIbHOT Mepeski 1 3acodamu 3actocyHky SpeedTest posmip MTU cranoBuB
1468 6aiiTiB (pe3yapTaTu BUMIpIOBaHHS 3acTocyHkoM WireShark).

VY pa3i 00ciyroByBaHHsI CEpBICIB 3 O€3MEpPEpPBHUM IE€pe/laBaHHSAM I1AKETIB
(macuuene HaBaHTaxeHHs) wMepexa [EEE802.11ac 3miiicHioe mepempaBaHHS
0e3mMpoBOIOBUM KaHAJIOM arperoBaHux (aiinmiB, BeMMYMHA SIKUX BH3HAY€Ha
HAJIAIITYBaHHSIMH BUPOOHUKA.

3acToCyBaHHS JBOX IPOCTOPOBHUX MOTOKIB B KaHaJIaXx 3 YaCTOTHUMU CMYyTraMu
20 1 40 MTI'n 3abe3nedyye MOABOEHHS MPOMYCKHOI 3JaTHOCTI KaHAy MOPIBHSHO 3
OJTHOTIOTOKOBMM TlepefiaBaHHAM JaHuX, Tadna. S5.1. ¥V pa3l BUKOPUCTaHHS JABOX
MIPOCTOPOBUX IMOTOKIB B KaHaii 3aBmmpiiku 80 MI'1y 301IbIIeHHST MPOITYCKHOT
3IaTHOCTI € HE3HAYHUM, 110 MOXXe OyTH OOYyMOBIJIEHO 3MEHILIEHHAM iHaekcy MCS
yepe3 CKJIQJHICTh OOpOOJIEHHS CHUTHaJIbHUX TIIOTOKIB Ta BIUIMBOM YMOB

6aFaTOHpOMCH€BOFO PO3MOBCIOAKCHHA.

BucHoBku 10 po3airy

[Tix yac 31iliCHEHHS €KCTIEPUMEHTAIBHUX JTOCTIIKEHb (DYHKITIOHYBaHHS MEPEXK
nepefaBaHHs JaHUX 3°5COBAaHO YHCIIOBI 3HAYEHHS TMPOIYCKHOI 3/1aTHOCTI
oe3mpoBogoBux kaHadiB 3aBmmpku 20, 40 1 80 MI'u, Otpumani pe3yibTaTu
MiATBEPKYIOTh TMPABUIIBHICTh PE3YJbTATIB, OTPUMAHUX I Yac TEOPETUYHOTO
JOCTIPKEHHSI  eKCIUTyaTaIlifHUX XapaKTepUCTUK MepexX TMepelaBaHHs JaHUX
crangapty IEEE802.11ac.

JIiss  oTpuMaHHS ~ MakKCUMaJIbHMX  3Hau€Hb  MPOIYCKHOI  3/IaTHOCTI
0€3MPOBOIOBOTO KaHAy HEOOXIAHO pO3TAIlOBYBaTH TOYKY AOCTYIy Ha JOCTaTHIN
BIJICTaHi, 3a SIKO1 MOTYXKHICTh CUTHAJIy Ha BXOJ1 a0OHEHTCHKOI CTaHIIii MEpEeBUILyE
MIHIMAJbHO HEOOXIJIHMM pIBE€Hb CHUTHAJIB, M0 3a0e3ledyye 3acTOCYBaHHS
BIJIMOBITHOTO 1HAEKCY MOYJISIT 1 KoyBaHHS. HasiBHICTH yMOB 0araTonmpoMeHEBOro
PO3MOBCIO/IKEHHSI CHTHANIB CYTTEBO BIUIMBA€ HAa pIBEHb BXIAHOTO CHUTHAIY

a0OHEHTCHKOI CTaHIli 1 MOKEe BIAPI3HATUCH HA OAHAKOBIiH Bijactani Big Tl Ha 15 nb.
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Hey3romkeHicTh MPOCTOPOBOTO  TMOJIOXKEHHS MPUAMaIbHO/TIepeaBaTbHUX
anteH TJI 1 AC npu3BOAUTH 10 3MEHIIIEHHS P1BHS BXigHOTO curHany AC. 3MeHIeHHs
PIBHS cUTHAy MoXe csraTtu 14 nb.

VY pa3i 00CiyroByBaHHsSI CEpBICIB 3 O€3MEpEpPBHUM MEpeAaBaHHIM MaKETiB
(macuuene HaBaHTaxeHHs) wMepexa [EEE802.11ac 3miiicHioe mepempaBaHHS
0e3MpoBOIOBUM KaHAJIOM arperoBaHux (aimp, BeMWYMHA SKUX BU3HAUYEHA
HaJIAIITyBaHHSIMH BUPOOHUKA.

B mepexax IEEE802.11ac 31 3miliaHnM HaBaHTaXKEHHSIM MO>KJIMBA OpraHizailis
HE MCHIIIC YOTUPHOX OJHOYACHO aKTHUBHUX T'OJIOCOBHX 3’€IHAHBb 0€3 BTPATH SKOCTI
BIJITBOPEHOTO TOJIOCOBOTO CHUTHATY 1 SIKICHUX TOKa3HUKIB (yHKIIOHYBaHHS

0e3MpOBOIOBOTO KaHATYy.
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BUCHOBKHA

Y mpormeci poboTH Haa JHUCEPTAIEl0 y3arajJbHEHE 3aBJaHHS JIucepTallii
CHpsSMOBaHE Ha MOTIUOJIEHE IOCTIKEHHS BIUIMBY TEXHOJIOT1UHUX MapaMeTpiB Ha
eKCIUTyaTalliiiHI XapaKTepUCTUKH €JIEKTPOHHOI 0€3MPOBOA0BOI CUCTEMH TIEpeIaBaHHs
naHux 3a cnernudikamiero 802.11ac nns yAOCKOHAJICHHS MPOLECY MPOEKTyBaHHS 1
eKCIUTyaTarii 3a3Ha4eHNX MEPEeX IUIIXOM BPaxyBaHHs TPAHUIHO MOKJIHBOTO PIBHS
SKICHUX TMTOKa3HUKIB MTOBHICTIO BUKOHAHO.

[Tix yac BUKOHAHHS TUCEPTAIIiHOT POOOTH OTPUMAHO TaKi pe3yJIbTaTH:

1. OtpumMano  KUIBKICHY  OIIHKY  €KCIUTyaTallliHUX  XapaKTEepPUCTHUK
0e3MpPOBOIOBOTO KaHaTy B pa3i GyHKIIOHYBAHHS MEPEXKI B pexKUMI 0€3 arperyBaHHs
KaJIpiB JaHUX. B TakoMy pexuMi HalOUIbIIa TPOMYCKHA 31aTHICTh O€3MPOBOIOBOIO
KaHally OyJie NOCSATHYTa, SIKIO AKTUBHUMHU € YOTHPU CTaHIlli, 10 Oe3nepepBHO
nepeaarTs 010ku Janux. Po3Mmip 0110kiB kopucHoi iHpopmaii (MTU), mo Hagxoaath
330BHI JI0 JIOKaJILHOT Mepexi oOMexeH1 BennunHoro 1500 GaifTis.

2.Y pa3i HasSBHOCTI B MEpEXl OJJHOYACHO 0araThOX aKTUBHUX CTaHIH (16 1
OlubllIe), 110 HAMararoTbCA IEpeJaBaTH HACMUYEHUH Tpadik MPOMyCKHA 3JaTHICTh
KaHaJly TIOMITHO 3MEHIIIUTHCA Yepe3 BUHUKHEHHS KOJIi31i, OCKUIBKY YaCTHHY KaJIpiB
(3,66% B pa3i HasABHOCTI 16 aKTMUBHUX CTaHIII) AEsIKI CTaHIil HE OyayTh BCTHraTh
nepeaaBatu 3a 7 cipoO (mepia cinpoda 1 6 TOBTOPHUX).

3. VY pasi nepenaBaHHsl OMHUYHUX KaJIpiB (3 HaBaHTaxeHHsM 110 1500 GaitTiB)
ab0 HEBEJIMKUX arperoBaHUX KaJpiB 3aCTOCYBAHHS CUCTEM MOJYJISILII 1 KOAYBaHHS
MCS8 1 MCS9 (monymsiriss QAM-256, mBUIKOCTI TPOTHU3aBaaHOTO Koy 3/4 Ta 5/6
BinnoBinHO) nepexin Bim MCS8 no MCS9 B kanaimi 3 yactotHoro cmyroro 40 MI'g
301IBIIIy€ TIPOIYCKHY 31aTHICTh Ha 1,24 % (3 36,584 no 37,036 M6/c), a B kaHaii 3
yacToTHOIO cmyToro 80 MI'm, puc. 2.14, —Ha 1,4 % (3 41,665 no 42,252 M6/c).

4. Po3mMIMpeHHsT 4aCTOTHOI CMYTHU 3 METOIO0 30UIBIIMTH MPOIYCKHY 37aTHICTh
KaHaly € Majoe(eKTUBHUM 3acOO0M B pa3l MepenaBaHHS OJAMHUYHUX KaapiB abo
HEBEJIMKUX arperoBaHuX KaJnpiB. SIKIm0 B Mepexi 3 HACHUYCHHM HABAaHTAXKCHHSIM

kaapamu 1o 1500 GalTiB 3acTOCOBAaHO CHUCTeMYy MOAYJIii 1 komayBaHHs MCSS
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301bIIeHHsT 9acTOTHOI cmyru 3 20 MI'n go 40 MI'n mpu3BoauTh A0 301IbIIEHHS
MaKCUMaJbHOI TpomyckHoi 3natHocti Ha 20,73 % (3 30,302 mo 36,584 M6/c), a
36utbmenHs 3 20 MI'p no 80 MI'm — na 37,5 % (3 30,302 no 41,665 M6/c). ¥V pasi
3aCTOCYBaHHA B Mepexi cucreMd Momyismii 1 komyBanHs MCS9 30inbineHHs
gacToTHOI cMyTH 3 40 MI't 1o 80 MI'11 mpu3BoAUTE 10 30UIBIIEHHS MaKCUMAJIBHOL
nporryckHoi 3matHocTi Ha 14,0973 % (3 37,036 mo 42,256 M6/c).

5.V pa3i 3acToCyBaHHSI arperoBaHMX KajpiB IJIs TEpeJaBaHHS HACHYCHOTO
Tpadiky (HampuKiIaa, «3aKaukay BENUMKUX (DaiiyliB) MPOMYyCKHA 3/aTHICTh
0e3MpOBOIOBOr0 KaHally 3HAYHO 3pocTae. Tak B pas3l arperyBaHHs BXIJHUX (haiisiB
PSDU no makcumansHOTO piBHS nependoadueHoro B crnenudikamii [EEE802.11ac
(11454 Gaiit) TpoITyCKHA 3/aTHICTh KaHay 3pocTae no 68,5 MOit/c (koediieHT
KopucHoro HaBaHTaxxeHHs1 k=78,97%) B kanam 20 MI'u, no 126,4 M6it/c (k=62,2%)
B kaHaii 40 MI'11 1 o 195 (k=45%) M6it/c B xanami 80 MI'1, 1110 3Ha4HO MiABHUIILYE
€(EeKTUBHICTh BUKOPUCTAHHS YACTOTHOI'O PECYPCY MEPEKI.

6. Po3mip 30HM OOCIYroByBaHHSI 3aJ€KHTh BiJI 3aCTOCOBAHOTO B MEpPEXi
pEKUMY MOJYJISIIT 1 KOAyBaHHS, 1 pajilyC 30HU MOXE 3MIHIOBATHUCH JIO JIECSATH Pa3iB.
B Vkpaini piBeHb BUIPOMIHIOBAHOI TOYKOIO JOCTYITy MOTYXHOCTI OOMEXKEHUU Ha
piBai 100 MBT. OOMexxeHHsI piBHS BHUIIPOMIHIOBAHOI MOTY>KHOCTI TMPU3BOJHUTH O
3MEHIIIEHHS 30HM OOCIIyrOBYBaHHSI TOUKH JIOCTYITy B pa3i 3aCTOCYBaHHS TE€XHOJOTI1

MIMO. B pa3i 3acrocyBaHHs JABOX MPOCTOPOBUX IOTOKIB paalyCc 30HU

00CITyroByBaHHS 3MEHIITYETHCS B V2 pasi, a B pa3i 4OTHPBOX MOTOKIB — B 2 pasi.
CrniBkaHaIbHI 3aBaI MOKYTh HAJIXOJIUTH BiJl MEPEXK, 1110 3HAXOASITHCSA Ha BIJICTaHI B
KUIbKa JIECSATKIB METPIB, BHACIHIOK TEpelaBaHHS «CTapoi» MpeaMOylnd KaJpiB
KEepyBaHHS 1 KaJIpiB JaHUX JJISI B3aEMO/I11 3 a0OHEHTCHKUMU MPUCTPOSMHU O1JTBIIT pAHHIX
cnerugikaiii, Mo MOXKe MPU3BECTH 10 (HOPMYBAHHS OIHKU 3alHITOCTI KaHATY 1
nepexoay MPUCTPOIB MEPEXKi B PEKUM OUIKYBAHHSI.

7. Jlnga  oTpuUMaHHA MAaKCUMaJIbHUX 3HA4€Hb IMPOMYCKHOI  3/IaTHOCTI
0e3MpOBOIOBOTO KaHATy HEOOXIJHO pPO3TAIllOBYBaTH TOYKY JOCTYIy Ha JOCTaTHIN
BIJICTaHI, 3a SKOI MOTY>XHICTh CHUTHAJIy Ha BXOJ1 aOOHEHTCHKOI CTaHIII MEPEBUIILYE

MIHIMAJbHO HEOOXIJIHMM piBE€Hb CUTHAJIB, 10 3a0e3medye 3acTOCyBaHHS
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BIJIMOBITHOTO 1HAEKCY MOIYJIALIT 1 KogyBaHHs. HasBHICTH yMOB 0araTornpoMeHeBOTo
PO3MOBCIOJIPKEHHS CUTHAJIB CYTTEBO BIUIMBAE HA PIBEHb BXIAHOTO CHUTHAIY
a0OHEHTCHKOI CTaHIIII 1 MOKE BIAPI3HATHCH HA oJHaKOBiM BiacTaHi Big T/] Ha 15 nb.
Hey3romkeHicTh TpOCTOPOBOTO MOJIOKEHHS IPUUMaTbHO/TIepeaaBaibHuX anTeH T/1 1
AC npu3BOJIUTH 0 3MEHIIEHHS piBHS BXiJHOTO curHainy AC. 3MeHIIeHHsS piBHA

CUTHAITy MOXe csarat 14 nb.
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Pe3yabTaTH po3paxyHKy NPONYCKHOI 31aTHOCTI 0€31IPOBOI0BOI0 KAHAJIY Mepe:xKi

IEEE 802.11ac 3 yacToTHOI0 cMyrorw 20 MI'n

Tabmuis A.1 — TpuBamicTs NUKITY peasizallii BIpTyaJbHOI0 KOHKYPEHTHOT'O BIKHA

3aJIeKHO BiJ KITbKOCTI akTuBHUX cTaHIlii (N) 3 HaCHYeHNM HaBaHTAKCHHSM,

KOpHMCHE HaBaHTa)XCHHA Kajpy 512 GaiiTiB

Tvew, MKC

MCS 0

4

5

Af=20, MI'g

BPSK,
1/2

QPSK,
1/2

QPSK,
3/4

QAM-16,
1/2

QAM-16,
3/4

QAM-64,
2/3

QAM-64,
3/4

QAM-64,
5/6

QAM-256,
3/4

QAM-256,
5/6

1867,054

1195,054

971,0545

859,0545

747,0545

691,0545

675,0545

659,0545

623,8545

3696,009

2352,009

1904,009

1680,009

1456,009

1344,009

1312,009

1280,009

1209,609

5557,057

3541,057

2869,057

2533,057

2197,057

2029,057

1981,057

1933,057

1827,457

7456,194

4768,194

3872,194

3424,194

2976,194

2752,194

2688,194

2624,194

2483,394

9397,689

6037,689

4917,689

4357,689

3797,689

3517,689

3437,689

3357,689

3181,689

11384,15

7352,151

6008,151

5336,151

4664,151

4328,151

4232,151

4136,151

3924,951

13416,95

8712,949

7144,949

6360,949

5576,949

5184,949

5072,949

4960,949

4714,549

15496,51

10120,51

8328,51

7432,51

6536,51

6088,51

5960,51

5832,51

5550,91

Af=40, MI'g

1171,054

851,0545

739,0545

691,0545

635,0545

611,0545

601,0545

595,0545

579,0545

573,8545

2304,009

1664,009

1440,009

1344,009

1232,009

1184,009

1164,009

1152,009

1120,009

1109,609

3469,057

2509,057

2173,057

2029,057

1861,057

1789,057

1759,057

1741,057

1693,057

1677,457

4672,194

3392,194

2944,194

2752,194

2528,194

2432,194

2392,194

2368,194

2304,194

2283,394

5917,689

4317,689

3757,689

3517,689

3237,689

3117,689

3067,689

3037,689

2957,689

2931,689

7208,151

5288,151

4616,151

4328,151

3992,151

3848,151

3788,151

3752,151

3656,151

3624,951

8544,949

6304,949

5520,949

5184,949

4792,949

4624,949

4554,949

4512,949

4400,949

4364,549

9928,51

7368,51

6472,51

6088,51

5640,51

5448,51

5368,51

5320,51

5192,51

5150,91

Af=80, MI'y

827,0545

675,0545

627,0545

603,0545

579,0545

563,0545

563,0545

555,0545

555,0545

547,0545

1616,009

1312,009

1216,009

1168,009

1120,009

1088,009

1088,009

1072,009

1072,009

1056,009

2437,057

1981,057

1837,057

1765,057

1693,057

1645,057

1645,057

1621,057

1621,057

1597,057
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8

3296,194

2688,194

2496,194

2400,194

2304,194

2240,194

2240,194

2208,194

2208,194

2176,194

10

4197,689

3437,689

3197,689

3077,689

2957,689

2877,689

2877,689

2837,689

2837,689

2797,689

12

5144,151

4232,151

3944,151

3800,151

3656,151

3560,151

3560,151

3512,151

3512,151

3464,151

14

6136,949

5072,949

4736,949

4568,949

4400,949

4288,949

4288,949

4232,949

4232,949

4176,949

16

7176,51

5960,51

5576,51

5384,51

5192,51

5064,51

5064,51

5000,51

5000,51

4936,51
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Tabmuis A.2 — [IpormyckHa 34aTHICTh OJTHOTO MPOCTOPOBOTO KaHaTy 0€3MpOBOI0BO1

mepexi IEEE802.11ac 3anexHo0 BiJl IIUPUHU YaCTOTHOI CMYTH 1 CIIOCO0Y MOIYJIALIT

i kogyBaHHs (MCS), 3 KOpUCHUM HaBaHTAXKEHHAM Kaapy 512 OalTiB

S, Moit/c
N | MCSO 1 2 3 4 5 6 7 8 9
Af=20, MI'g
2 | 4388 | 6,855 | 8,436 | 9,536 | 10,965 | 11,854 | 12,135 | 12,429 | 13,131
4 | 4,433 | 6,966 | 8,604 | 9,752 | 11,252 | 12,190 | 12,487 | 12,799 | 13,544
6 | 4421 | 6,937 | 8562 | 9,698 | 11,181 | 12,106 | 12,400 | 12,707 | 13,442
8 | 4385 | 6,856 | 8,443 | 9,547 | 10,985 | 11,878 | 12,161 | 12,458 | 13,164
10 | 4,327 | 6,734 | 8,268 | 9,331 | 10,707 | 11,558 | 11,827 | 12,109 | 12,779
12 | 4,243 | 6,570 | 8,040 | 9,052 | 10,356 | 11,160 | 11,413 | 11,678 | 12,306
14 | 4,131 | 6,361 | 7,757 | 8,713 | 9,938 | 10,688 | 10,924 | 11,171 | 11,755
16 | 3,988 | 6,107 | 7,421 | 8,316 | 9,456 | 10,151 | 10,369 | 10,596 | 11,134
Af=40, MI'g
2 | 6995 | 9,626 | 11,084 | 11,854 | 12,899 | 13,406 | 13,629 | 13,766 | 14,147 | 14,275
4 | 7,111 | 9,846 | 11,377 | 12,190 | 13,298 | 13,837 | 14,075 | 14,221 | 14,628 | 14,765
6 | 7,081 | 9,791 | 11,304 | 12,107 | 13,199 | 13,730 | 13,964 | 14,109 | 14,509 | 14,644
8 | 6997 | 9,638 | 11,104 | 11,879 | 12,931 | 13,441 | 13,666 | 13,804 | 14,188 | 14,317
10 | 6,871 | 9,417 | 10,821 | 11,559 | 12,558 | 13,041 | 13,254 | 13,385 | 13,747 | 13,869
12 | 6,701 | 9,134 | 10,464 | 11,160 | 12,099 | 12,552 | 12,751 | 12,873 | 13,211 | 13,325
14 | 6,486 | 8,791 | 10,038 | 10,689 | 11,563 | 11,983 | 12,167 | 12,280 | 12,593 | 12,698
16 | 6,225 | 8,388 | 9,549 | 10,151 | 10,957 | 11,343 | 11,512 | 11,616 | 11,903 | 11,999
Af=80, MI'y
2 9,905 | 12,135 | 13,064 | 13,584 | 14,147 | 14,549 | 14,549 | 14,758 | 14,758 | 14,974
4 110,138 | 12,487 | 13,473 | 14,027 | 14,628 | 15,058 | 15,058 | 15,283 | 15,283 | 15,514
6 | 10,080 | 12,400 | 13,372 | 13,918 | 14,509 | 14,932 | 14,932 | 15,153 | 15,153 | 15,381
8 | 9918 | 12,161 | 13,097 | 13,621 | 14,188 | 14,593 | 14,593 | 14,805 | 14,805 | 15,022
10 | 9,686 | 11,828 | 12,716 | 13,211 | 13,747 | 14,129 | 14,129 | 14,328 | 14,328 | 14,533
12 | 9,390 | 11,413 | 12,247 | 12,711 | 13,211 | 13,567 | 13,567 | 13,753 | 13,753 | 13,943
14 | 9,031 | 10,925 | 11,700 | 12,130 | 12,593 | 12,921 | 12,921 | 13,092 | 13,092 | 13,268
16 | 8,612 | 10,369 | 11,083 | 11,479 | 11,903 | 12,203 | 12,203 | 12,360 | 12,360 | 12,520
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Tabmums A.3 — TpuBaicTs HUKITY NEpeaBaHHs OJTHOTO KaJpy KOPUCHOI 1H(popMarii

(512 GaiitiB) 6e3 ypaxyBaHHS 1HTEpBaIy 3BOPOTHOTO BIJIJIIKY BHUIIAKOBOI 3aTPUMKH

(CW), 3axucuuii intepBan 0,4 MKC

Af, MI'm | MCS 0 1 2 3 4 5 6 7 8 9
20 895 | 559 | 447 | 391 | 335 | 307 | 299 | 291 | 2/3/4
40 Tox 547 | 387 | 331 | 307 | 27/9| 267 | 262 | 259 | 251 248,4
80 e 375 299 | 275| 263 | 251 | 243 | 243 | 239 | 239 235

Tabmuus A.4 — TpuBaicTh HUKITY MepelaBaHHs OJHOTO KaJpy KOPUCHOI 1HPpopMaIii

(1500 6aitTiB) 6€3 ypaxyBaHHS 1HTEpBaIy 3BOPOTHOTO BIAJIIKY BUIAJKOBOI 3aTPUMKHU

(CW), 3axucHwuii inTepBan 0,4 MKC

AEMIg |[MCS | 0 | 1 | 2 | 3| 4 ] 5 | 6 | 7 8 9
20 2111 | 1167 | 855 | 695 | 539 | 459 | 435 | 415 | 367
40 Tos Tsi 670 | 527 | 451 | 375 | 330 | 327 | 315 | 209 | 295
80 " 6a3 [ 435 [ 363 | 331 | 295 | 279 | 271 | 267 | 259 | 256
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Tabmums A.5 — TpuBanicTs HUKITY peastizalii BipTyalbHOTO KOHKYPEHTHOTO BIKHA

3aJICKHO BT KIJTBKOCT1 akTUBHUX cTaHIlii (N) 3 HAaCHUeHUM HaBaHTaKEHHSIM,

KOpPHCHE HaBaHTakeHHS kajpy 1500 OaiftiB

Tvecw, MKC

MCS 0

4

5

Af=20, MI'y

BPSK,
1/2

QPSK,
1/2

QPSK,
3/4

QAM-16,
1/2

QAM-16,
3/4

QAM-64,
2/3

QAM-64,
3/4

QAM-64,
5/6

QAM-256,
3/4

QAM-
256,
6/6

4299,054

2411,054

1787,054

1467,054

1155,054

995,0545

947,0545

907,0545

811,0545

8560,009

4784,009

3536,009

2896,009

2272,009

1952,009

1856,009

1776,009

1584,009

12853,06

7189,057

5317,057

4357,057

3421,057

2941,057

2797,057

2677,057

2389,057

17184,19

9632,194

7136,194

5856,194

4608,194

3968,194

3776,194

3616,194

3232,194

21557,69

12117,69

8997,689

7397,689

5837,689

5037,689

4797,689

4597,689

4117,689

25976,15

14648,15

10904,15

8984,151

7112,151

6152,151

5864,151

5624,151

5048,151

30440,95

17224,95

12856,95

10616,95

8432,949

7312,949

6976,949

6696,949

6024,949

34952,51

19848,51

14856,51

12296,51

9800,51

8520,51

8136,51

7816,51

7048,51

Af=40, MI'y

2339,054

1435,054

1131,054

979,0545

827,0545

755,0545

731,0545

707,0545

675,0545

667,0545

4640,009

2832,009

2224,009

1920,009

1616,009

1472,009

1424,009

1376,009

1312,009

1296,009

6973,057

4261,057

3349,057

2893,057

2437,057

2221,057

2149,057

2077,057

1981,057

1957,057

9344,194

5728,194

4512,194

3904,194

3296,194

3008,194

2912,194

2816,194

2688,194

2656,194

11757,69

7237,689

5717,689

4957,689

4197,689

3837,689

3717,689

3597,689

3437,689

3397,689

14216,15

8792,151

6968,151

6056,151

5144,151

4712,151

4568,151

4424,151

4232,151

4184,151

16720,95

10392,95

8264,949

7200,949

6136,949

5632,949

5464,949

5296,949

5072,949

5016,949

1927251

12040,51

9608,51

8392,51

7176,51

6600,51

6408,51

6216,51

5960,51

5896,51

Af=80, MT'11

1363,054

947,0545

803,0545

739,0545

667,0545

635,0545

619,0545

611,0545

595,0545

587,0545

2688,009

1856,009

1568,009

1440,009

1296,009

1232,009

1200,009

1184,009

1152,009

1136,009

4045,057

2797,057

2365,057

2173,057

1957,057

1861,057

1813,057

1789,057

1741,057

1717,057

ol o DN

5440,194

3776,194

3200,194

2944,194

2656,194

2528,194

2464,194

2432,194

2368,194

2336,194

10

6877,689

4797,689

4077,689

3757,689

3397,689

3237,689

3157,689

3117,689

3037,689

2997,689

8360,151

5864,151

5000,151

4616,151

4184,151

3992,151

3896,151

3848,151

3752,151

3704,151

14

9888,949

6976,949

5968,949

5520,949

5016,949

4792,949

4680,949

4624,949

4512,949

4456,949

16

11464,51

8136,51

6984,51

6472,51

5896,51

5640,51

551251

5448,51

5320,51

5256,51
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Tabmumsg A.6 — [IpomyckHa 37aTHICTS OJTHOTO MTPOCTOPOBOTO KaHATY OE3MPOBOIOBO1

mepexi IEEE802.11ac 3 HacnueHUM HaBaHTKEHHSIM 3aJI€KHO Bl IIIMPUHU

YaCTOTHOI CMYTH, KiIbKocTi cTaHiiil (N) 1 cnocoOy moaynsii it kogyBanus (MCS), 3

KOPHCHUM HaBaHTaXeHHSM kaapy 1500 GaittiB

S, Moit/c
N | MCSO 1 2 3 4 5 6 7 8 9
Af=20, MI'n
2 5,582 | 9,954 | 13,429 | 16,359 | 20,778 | 24,119 | 25,341 | 26,459 | 29,591
4 5,607 | 10,033 | 13,574 | 16,574 | 21,126 | 24,589 | 25,861 | 27,026 | 30,301
6 5,599 | 10,011 | 13,535 | 16,517 | 21,036 | 24,470 | 25,730 | 26,883 | 30,124
8 5,573 | 9,943 | 13,421 | 16,355 | 20,784 | 24,136 | 25,363 | 26,486 | 29,632
10 | 5525 | 9,830 | 13,239 | 16,102 | 20,405 | 23,646 | 24,829 | 25,909 | 28,929
12 | 5447 | 9,661 | 12,978 | 15,751 | 19,897 | 23,002 | 24,132 | 25,162 | 28,033
14 | 5333 | 9,426 | 12,628 | 15,293 | 19,253 | 22,202 | 23,271 | 24,244 | 26,949
16 | 5,180 | 9,122 | 12,188 | 14,725 | 18,476 | 21,251 | 22,254 | 23,165 | 25,689
Af=40, MI'y
2 | 10,260 | 16,724 | 21,219 | 24,513 | 29,018 | 31,785 | 32,829 | 33,943 | 35,552 | 35,979
4 | 10,344 | 16,948 | 21,582 | 24,999 | 29,701 | 32,607 | 33,706 | 34,882 | 36,584 | 37,035
6 | 10,320 | 16,889 | 21,489 | 24,876 | 29,530 | 32,402 | 33,488 | 34,649 | 36,328 | 36,773
8 | 10,250 | 16,720 | 21,226 | 24,532 | 29,057 | 31,839 | 32,888 | 34,009 | 35,629 | 36,058
10 | 10,131 | 16,458 | 20,834 | 24,027 | 28,378 | 31,040 | 32,042 | 33,110 | 34,651 | 35,059
12 | 9,954 | 16,095 | 20,308 | 23,367 | 27,510 | 30,032 | 30,978 | 31,987 | 33,438 | 33,821
14 | 9,710 | 15,622 | 19,645 | 22,547 | 26,457 | 28,824 | 29,710 | 30,652 | 32,006 | 32,363
16 | 9,395 | 15,038 | 18,845 | 21,575 | 25,231 | 27,433 | 28,255 | 29,128 | 30,379 | 30,708
Af=80, MI'y
2 | 17,607 | 25,341 | 29,885 | 32,473 | 35,979 | 37,792 | 38,768 | 39,276 | 40,332 | 40,882
4 | 17,856 | 25,861 | 30,611 | 33,332 | 37,035 | 38,959 | 39,998 | 40,539 | 41,665 | 42,251
6 | 17,791 | 25,730 | 30,429 | 33,118 | 36,773 | 38,670 | 39,694 | 40,226 | 41,335 | 41,913
8 | 17,605 | 25,363 | 29,928 | 32,531 | 36,058 | 37,884 | 38,868 | 39,379 | 40,443 | 40,997
10 | 17,320 | 24,829 | 29,213 | 31,700 | 35,059 | 36,792 | 37,724 | 38,208 | 39,214 | 39,738
12 | 16,927 | 24,132 | 28,302 | 30,656 | 33,821 | 35,448 | 36,321 | 36,775 | 37,715 | 38,204
14 | 16,419 | 23,271 | 27,201 | 29,409 | 32,363 | 33,876 | 34,686 | 35,106 | 35,978 | 36,430
16 | 15,794 | 22,254 | 25,925 | 27,975 | 30,708 | 32,102 | 32,847 | 33,233 | 34,033 | 34,447
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Tabmums A.7 — XapakTepuUCTHKH YCHIIIHUX crpoO TepefaBaHHS Kaapy Ha

PI3HUX eTamax JOCTYIy JI0 KaHaly 3 HMIMPUHOI0 4acToTHOI cmyru 20 MI'l B pexxumi

MCS8

N 2 4 6 8 10 12 14 16

j N;j

1] 1875 3,296 4,3452 5,092 56 | 59004 | 6,0494 | 6,0768
2 | 0,117187 | 0,580096 | 1,198406 | 1,850942 | 2,464 [2,999173| 3,435454 |3,768831
3 | 0,007324 | 0,102096 | 0,330520 | 0,672817 | 1,08416 [1,524499 1,950994 |2 337429
4 1 0,000457 [0,0179690| 0,091157 | 0,244569 | 0,477030 [0,774893| 1,10797 |1,449677
5 |2,861E-05|0,0031625| 0,025141 | 0,088901 | 0,209893 [0,393878| 0,629216 |0,899088
6 |1,7881E-06|0,0005566 | 0,006934 | 0,032315 | 0,092353 [0,200208| 0,357332 |0,557614
7 [1,1176E-07|9,7963E-05] 0,001913 | 0,011747 | 0,040635 [0,101766| 0,202929 |0,345832
T | 1,999999 [3,9999790| 5,999272 | 7,993292 | 9,968072 [11,89479| 13,7333 [15,435268




JlonaTrok b

JoBinkoBa indgopmalisi NIpo eKCnepuMeHTAJIbHI 32c00H

Log out

Load Traffic  Wireless Connections

br-lan ethO lan1 lan2 lan3 land wan

wlan2  wlan5

REFRESHING

3rn

300.00 plinits (3750 pligfs)

.
WAV i

108,00 pligiiz 01 2.50 plislfz)

2m

1m

Inbound:  219.09 Kibit/s
(27.39 KiB/s)

Outhound: 11255 Mibit/s
(14.07 MiB/s)

Average: 38558 Kibit/s
(48.20 KiB/s)

Average:  186.72 Mibit/s
(23.34 MiB/s)

Log out

(3 minute window, 3 second interval)

Peak: 1.07 Mibit/s
(136.83 KiB/s)

Peak: 323.67 Mibit/s
(40,46 MiB/s)

Load  Traffic  Wireless  Connections

br-lan ethD lan1 lan2 lan3 land wan

radio0.network1  wlan5

REFRESHING

3m

180.00 plinivs (22.50 pligfz)

120,00 pliviyz (15,00 pligfz)

50.00 plinids (7,50 pigiz)

2m

Irm

Inbound: 0 bit/s
0 Bfs)

Quthound: 0 bit/s
0 Bis)

Average: 211.01 Kibit/s
(26.38 KiB/s)

Average: 96.11 Mibit/s
(12.01 MiB/s)

6)

{3 minute window, 3 second interval)

Peak: 1.07 Mibit/s
(136.43 KiB/s)

Peak: 204.75 Mibit/s
(25.59 MiB/s)

Pucynok b.1 — Exkpanne menio QpyHkiii «rpadiki HaBaHTaXEHHs»: a — TPUBATICTD

nepeaBaHHs JaHUX OUIbIIIE TPUBAIOCTI BikKHA; O — TPUBAIICTh NIEpeIaBaHHS —

MCHIIIC
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Channel Analysis
| Refresh Channels ’

radiol (2.4GHz)  radiol (5GHz)

36 40 e 48 52 54 a0 a4 1100 104 108 112 ME 1200 124 1280 132 136 1400 144 (149 183 157 181 183
Local Interface

=25 darn

H3

=30 darn

nzliz_40G 30208

{5 dom

=40 darn
Signal SSID Channel Channel Width Mode BSSID
J-10 dBm Local Interface 40 20 MHz Master D4:5F:25:FD:CE:EE
4 -38 dBm @ H5 36 80 MHz Master 2C:AD:42:0A:04:4C
4l -71 dBm netis_5G_BBC208 36 80 MHz Master 04:5E:A4:68:C2:0A

Pucynox b.2 — Ekpanna iHpopMartiist QyHKIIT «aHai3 XapaKTEepUCTUK KaHATIBY»
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Wireless Network: Access Point "BH5" {wlan&)

Device Configuration

General Setup Advanced Settings

Status Mode: Master | SSID: BHA
- dBm BSSID: D4:5F:25:FD:CEEE
Encryption: YWRAZ PSk (COMP)
Channel: 36 (5.180 GHz)
Tx-Power: 20 dBm
Signal: 0 dBm | Noise: 0 dBEm
Bitrate: 0.0 Mbit/s | Country: LA,

YWyireless netwark is enabled Disable

Mode  Channel Wyidth
Operating frequency AC v | auta v | 20 MHz ~
hlaximurm transmit power driver default w |- Current power: 20 dBm

OSpeciﬁes the maximum transmit power the wireless radio may use. Depending on regulatary reguirements and
wireless usage, the actual transmit power may be reduced by the driver.

Interface Configuration

General Setup Wireless Security  MAC-Filter  Advanced Settings  WLAM roaming

hode Access Point v

ESSID  BHE

Metwark lan: @ T
@ Choose the network(s) you want to attach to this wireless interface or fill out the custom field to define a new
netwiork.
Hide ESSID

@ 'Where the ESSID is hidden, clients may fail to roam and airtime efficiency may be significantly reduced.

Wil Mode v
@ Where Wi-Fi Multimedia (WWhih) Mode QoS is disabled, clients may be limited to 802 112/802.11g rates.

Pucynox b.3 — Intepdeiic kondirypysanns T[] MT76x2E 802.11 ac/n
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a) 6)
Pucynox b.4 — 3osuimHii Bursia touku goctyny HUAWEI WiFi WS5200 (TZ12):

a — BHJI criepeay, O — 3aHs MaHeb IPIIaTy

Pucynox b.5 — 3oBuinmHi Burmisa touku goctymy MT76x2E 802.11 ac/n (T1)



