L Yppnipjuu U ghnnygjwt bwuwpwpniejniu
Gplwup wEnwwl hwdwjwuwpwu

Qnn Upubuh UYypngwup

OFDM URuLculLiLerr acdudnrnrue 64
ucuunruc nUHLru3bL uhrunnih@3nruueMh KUUUR

U.04.03 «nwnhnbhghlw» dwutiwghwnnipjudp

Phahlwdwpebdwnhlywlywu ghunnyeyniuubph pGlYuwdnth
ghnwlwt wunhbwuh hwjgdwtu wnbuwlununiejwu ubtindwghn

&Ered4ut 2019



Unbuwfununipjut  pbtdwu  hwunwwyt) £ << FUU Mtwnhndhghlwh L
ElGYunpnuplywih huunhwnnunnud:

SYhunwlwu nEhwdwp'
bhag.-dwp. ghn. nnyuninp, £ FUU pnprwlhg wunwd WU. Cwiunwjwu

Muwaonnuwlwu punnhdwfunuubp'
bhag.-dwpe. ghwn. nnlywnnp, ypndtiunp U.d. Pwpwowtjwu

Stfu. ghun. nnywnnp, ypndbunp 4.<. Uybnhujwu

Unwowwnwp Yuqdwlbpwnieni'
Lwjwunwup wggwjht wnihnbjuuhYulwu hwdwuwpwu

Mupunwwunipniup Ywywuwine £ 2019 hnwhup 15-hu dwdp 12:00-hu, Gplwup
whnwywt  hwdwpuwpwunwd gnpénn PNY-h 049 Dhghlwih  dwutwghnwlwu
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Uipbliwfpununipyut pinhwnip punipwaghpp

Uluwwnwtuph wpnhwljwunipiniup

dwdwuwlwyhg nwnwpubph qupqugniip ninkygykg upwuny, np pwgh
wywunwywu oguwgnpdnidhg' nwqiwlwu W twdhqughnu fuunhpubphg, uluybg
pnint qupqwuw| Upwug Yhpwnnup bwl pwnwpwghwwu ninpunutipnud, huswhuhp

tU Utié pwnwpubipnid inpwuuwnpwnh b dwpnywug hnuptiph huydwu b junwywpdwu
hwdwywpgbpp, wywnndbiptuwubph huptwnblywywpdwu uwppbpnud
wuywnwugnipjut wwywhnydwt hwdwhpubipp, npnup unp jnipwhwwnniy wwhwugubip
nntight Yhpwnynn nwnwpubiph wngl:

Ujnw Ynndhg, dbpoht dwdwuwlubpnud dowlywséd U qupgugwd unp
ghuwwbuwlyubpp, npnup  wnwuduwunwd Gu  thnpp gpdwu  dwybpbuny, dGd
wpwgnjwdp b wpwqugnuing, pbpbight - upwu, np fupunn  hnfuytight
dwdwuwlwyhg nwnwpubph Jpw npdnn wwhwuoubinp, npnup uwnbindynid  Gu
udwuwwnhy opjtilutipp hwynuwptipbne b hbwnbbne bwwwnwyny:

Pugh wyn, fubjwgh nwnuwnubiph U nwnuwpwht gwugtiph qupgugnuip unp
wwhwug nptight, np  |njwughnt  Yuwywuubipp odwnjwd |hubt  phpwfuubtiph
(GYwihqughnu punipwgnptiph dwuht hubnpdwghwt dhdjwug dholt thnfuwtwybnt
hwwnynipjwdp, hush 2unphhy qquih Ydkdwgyh nwnwpubph wpwgwgnpdnipniut ni
Ut dwownwph wmwpwdpubipp quubint hwwnynejniup:

Rwpqugnuiubinh wju pupwgpt wnwy £ pipby dh 2wpp fuunhputin, npnughg
Ywplunpnyeywdp Yupbih b wnwuduwgub) Gpynwp’ nwnwpwiht Yhpwndwt hwdwp
unp wqnuwupwuubph nwnwWuwuhpnip, htswbu twl nwnwpwht wunBuwubph
ninnnpnywdnipjwt nhwapwdh unp inwuwyubph dwynwiu nu Yhpwnndp:

Lbnwulwpwiht wgnwupwuutiphg Gu oppengnuw) hwbwjuwiht pwdwudwdp
dtinnyugywsd wqnwupwuubipp (OFDM), npnup |wjunpttu Yhpwnynd G snppnpn
ubipunh' huswbiu twl npnp dLwihnfunwutipny Yhpwnybnt Gu uwlb hhugbipnpn ubipunh
htinwhwnnpnwygwlwu hwdwywnpgbipnul: “w htin gniquhtin, wn wgnwuswuubpp
pwgh hubnpdwghw hwnnpnbing Ywpnn Gu twb ogunwgnpdybtp  nwnwpwjhu
uwywwwlubpnd:  Mwwnlwubiny  (wjuwebpn  wgnwupwuubph  nwupu, OFDM
wqnuwuowuubpp nubu  Jnipwhwnynieniuutp, npnup UG§  wnwybnuyeyniuubp  Gu
wwihu nwnwpwiht Yhpwnnwubpnud: <wnuwbu gbonwnpdnd £ wju, np wn
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wqnwupwuubpp huwpwynpnieintt GU wwhu nmwpwuswnbint dwdwuwlwihu L
hwéwfuwjhu  wpngbuubipp, wjuhupu wwijhu bu Jd6§ GYnwunenu  opjtlwnubph
htinwynpnugniuubiph, wpwgnieiniutiph W tnwpwdwlwu nhpph npn2dwt dkg: OFDM
wbuuninghwt  jnipwhwwnndy £ uwl upwuny, np htwpwynpnigynitu £ pudbinnid
hwdwlgb| hubnpdwghnt L nwnwpwiht wgnwuwuutpp dGYy hnuph dbg: Ubipohtu
utd wnwybinentu £ wwjhu win wgnwupwuubpht Yhpwnybine wnndninhy
nwnwpwiht hwdwlwpgbpn b wnwplw £ pwqdwphy hGinwgnuniyeniuutiph:

UwYwyju, nbinllu gnynieyniu niubignn futnhpubipp uwhdwuwtwynw Gu OFDM
wqriuliwtubiph  nwnwpwiht uyt Yhpwndwip: Wn futinhpubiphg ugbiup” pny|
nhdwywjnuip Hnwipwu hwbwfuwywuwhtu gnnuiubph uuwndwdp, dGswéwyu
hwodwplubp wwhwugnn dowydwu tnwuwyubpp b ybpowwtiu, dté qqujunieiniup
ns-qéwjuniyniuubiph ujuwndwdp:

Wu bnwuwlubpph nddwuu Gu udhpwd dbipghtu wnwphubiph pwgdwehy
htitnwgnunieyniuubip b nyjw| wnbuwfununieniup:

Uwnbuwlununipjwt tyuwwyp

Uwnbuwfununipjwt bwywwnwlu § htitnwgnnt b uhuptiqt OFDM nwnwpwjhu
wqnuwuowuh dowydwu unp Gnwuwlyubp, npnug hpwgnpdnuwip  wwhwugnd  k
qquipnptu  phs  hwoynnuywu  Sdwywubp pwt wljwiunwlywu Gnwuwlyubpp:
Lbwnwgnunt) Tty tiph Edtlnph wanbignieniup OFDM wgnuwupwutubtiph dpw b dowyt
Gnwuwlyubp ninnjwsd  dhoypnnuiht  hunbipdtiptughwih  tjuwqdwup W swihynn
wpwgnigyntutph wppnyph punwjudwup: Auwynpb] dhwutwlywu wignphpdutp
OFDM wgnwupwuh dowldwu b wuwnbuwihu gwugbph ninnyudnipjut nhwgpwdh
pYw)ht nElwjwpdwu hwdwn:

NMunwwunyejwi ubplwjwgynn bhduwlwu npnyputpp

1. Pwqiwphpwfu  dhowdwipnd, phpwfjuubph  hGnwynpnigyniuubph L
wpwgnipnlutbph pwadnigniuubpp Yupnn 5u npnoybp wnwudhu-wnwushu'
Yppwnbiny dhwswith dnipgth nhuypbn  duwihnfunyeyniuutip, W upwug
wwppbph dholt  hwdwwwwwufuwungniup hwuwnwwbind — gpdwu
dwuwnphgwubiph tdwuwyubph dodwpunwudwunigjw swthwuhony:




OFDM nwnwpwiht wgnuwuwuh' nwibipjwu hwlwjuwywuwhu stnnwubph
uywuwdwdp Ywjniunyeyniup qquihnptu Ywpbih £ dGdwgub|, dnunpwihu
wqnwuwuh Yypw Yhpwnbing nuytippwu Yndwbuuwgnud, nph wpryntupnud
ybpwywuquynuwd £ wqnwupwuh  oppngnuwnigynitup,  Ybpwunwd  k
dhoypnnuiht  hunbippbipbughwtu W Ewlwunpbu punuiugnd £ swihynn
wnuwgntpjntuutiph wnhpnypep:

Uunwgywé wpryniupubpp

Unwownyyb) U uwnbindyt) t OFDM nwnwpwjhu-htnwhwnnpnwygwywu
wqnwuowu, hhdudwsé  dwpuhdw)  bplwp  hwonpnwlywuniegniuttiph
gbubpwuwnpny untindjwd hbupwiht wgnwupwuubph Ypw, upwug thnpp
dwup thnfuwphubing hupnpdwghnu updynjubipny, nph 2unphpy ujwqbigynud
E wqgnwupwuh hgnpnipjut nhuwdhy  whpnyep, pwpdpwgynd  k
Jujniunuygyniup - ns-géwjunigniuutph Wwwdwdp U wnwowund  k
hubnpdwghwih hwnnpndwt huwpwynpnieniu:

Lwuwmwwnytb £, np punniugwd OFDM nwnwpwihu wgnwuwuh dowynuip b
wuwnbuwih ninnyuwdntejwu nhwgpwdh dwnwaquw)ph dntpny
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dhliunyu dnipjtih dowldwu inwuwyny:

OFDM  wqgnwuywuh Ynhbptun punniundp  Yupbih £ hpwywuwgub)
unpdwynpbiin wqnwupwuh dwwnphgwih pninp winntip nu uniubipp puwn
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nph wpryniupnud  Jpwywugquynud b wgnwowuh oppngnuwinyeniup L
Jpwunwd £ Uupw  puwjundwdp  wywpdwuwynpwd  dholypnnwihu
huntipdtiptughwu, npu b pbipnud £ swihynn wpwgnigyniuubiph whpnyeh
qquwih dkdwgdwup:

UnwowpyJwd E wigpnpppd, npp dhwtpwtuwly Yww £ hwunwnnd
htnwynpnigjwu U wpwgniejwu pwqgdnigyniubinh wwpptiph dholt, npnup
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Guwihnfunipjwu wpryniupnud: Un pwaqdnieiniuutiph wwppbipny unbndynid
E Yuwwninnt hdynyuwiht punipwgph udwuwyubp b wyn udwuwlyubph
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duwybpyyws E  hwyppt  pnjwunwyniyeyniup, Yhpwnwlwu  Upwuwynipniup,
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Qniju 1-nd ubpyuwyugwsé £ OFDM  wgnwupwuh  dwebdwwnhlywywu
ulwpwgnnientup, upw wnwuduwhwwnynigyniuubipp nwrwpwjhu
Yhpwnnigniuubpnd,  wnwybjngniuubpu. ne - pEpnyeyniiutpp,  huswbu - uwl
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1.1 wwpwgpupnd vbpwnjwd tu OFDM  wgnwupwuh &Lwynpdwu
ulgpniupubipt nu hwwnynigyniutbpp b upw dwpbdwnhyuwlwu ujwpwgpnyeniup [1]:
Uwutwynpwwbu 1.1.2  wwpwgpwdpnud  ulwpwgpjws £ OFDM  wgnwupwuh
wwowmwwuhs hunbpjwih wnwuduwhwwynyeniiubipp, hush sunphhy ybpwunwd
hwnnpnywé OFDM wqnwuwuh dhouhdynjwihu hunbpdbiptughwt huy dhowdujph
wantignupyniup punipwgnynud ghlihly thwenypwihu gnpdnnniejwdp:

1.2 wwpwgpwdpp udhpjwsd Lt OFDM  wqgnwlowth nwnwpwihu
hwdwlwpgbpnuw Yhpwndwup, upw wnwybiniginiuutipht b gipnyeyniuutiphu, huswtiu
uwl hwnnpnhs W punniuhs dwubiph  upufupnuhqughnu  fuunhputiph  NWdwup:
Uwutwynpwwbu 1.2.2  wwpwgpwdpnud  pungpyywé £ OFDM  wgnwuwup
wnwywndwu  gnpdnuubiph  nwnwWiuwuppnieniup,  npnughg  Jwuplinpnipjwdp
wnwuduwgytiy £ ne-qéwjunipyudp  wwydwuwynpjws  wnwydwnnuwiubpp, npnup
uwhdwuwthwynwd  Gu  hwnnpnsh  Gpwihtu hgnpnipjwt  nidnnuipwph  njpwjht
hgnpnipyniup W npwbu htitmbwup, nwnwph gnpénn hbnwynpnipniup: Ykipghthu
(nédwt  hwdwp  wnwowpyybky £ dwpupdw) Bplwup  hwonpnwlwuniegyniutbph
gbubpwuwnph hpdwu Ypw unbindt| htuwlwjhtu dnnnynn uhdynjubp, npnup niubu
hgnpnipjwt hwywuwpwswih wndyuudwu uyblyupjw) pwotujwsdnipiniu:

1.3 wwpwgpwhnd uywpwagpynid N OFDM hwdwlygywd
htnwhwnnpnuygwywu U nwnhnnughnt  hwdwlwpgp [2], npnbn  OFDM
nwnwpwiht  wqnwuowuh dbe wnwownyybi £ ubipwnbp hudnpdwghnt dnnniynn
uhdyniubip, npnug  pwuwynienitup  thnpp £ pwt  dwpuhdw)  Gplwp
hwonpnwwunteniuubinh giubpwwnnph dhongny untindjwd htuwlwihu uhdynutipp
UL Fwwbu 65U wgnnd wgnwupwuh hgnpnigjwu nhuwdhy wnhpnyeh ypw: Wuwntin
ogunwgnndyb) £ OFDM htnwhwnnpnwlgwywt wgnwupwuh thwpebeh Junnigywdpp
npntin  hGuwlwjhu  (Pilot)  wqgnwupwutbpp  thnfuwphudtp Bu hupnpdwghnu
uhdyniutipny, huy hupnpdwghnu updyniubipp thnfuwppuyty Gu hEuwlwihtu dnnninn
updynubpny’ (LY. 1): Wu hwuinynigjwu 2unphpy Ywpbih b hpwywuwgub) ghpwiuubph
wwwnlwubhnygjwu fuunhpp W hpwlwuwgut) dwdwuwlwyhg wynnhunnwwnphwnid
wywnndbptuwubph hwnnpnwlygniejwu hupnpdwghnt hwebipubpny thnfuwuwyybint
fuunhpp:



PWRGRN Junntgdwdpn OF DM hEntwhuwnnnnuUgWUWL Wonwlawunid

T
hblwluwh uhdynisn [4,]
hugnnuwghnl uhuyniutn [8,]

hwRrbRph Ywnnigywapp OFDM nwnhninlwghnl wgnwliwlnu

1
nupnpuwgfntunddnusn [8.] ’
-

LY. 1. OFDM htnwhwnnpnulygwlwt b nwrhninwghnu thwebigh Ywnnigwsdpp

wbn[4,]

1.4 wuwpwgpudPnd ubpyujugywsd £ OFDM wgnwuwuh b nwnhinwghnu
Yuwjwuh dhol thnfuywwwygywdnipniup: Wuwntin OFDM wqnwuswuh wwpwdbwpbpp
dhwpdtipnpbu wpunwhwjnynw Gu nwnwpwihu hwdwlwpgh puntpwgntiph dhongny:

1.5 wwpwqgpudpnd ppwlwuwgyty F OFDM nwnwpwjht  wgnwuwup
hwibdwwnup wy hwjntuh nwnwpwiht wgnwugwuubph htwn: Snyg £ wpygb), np
OFDM wqnuwupwuowup phpwfuh hwjntuwpbpdwt hwwnynyegniuutipny 2wwn udwu k
nwnwpwiht  hwdwlwpgbpnud  jwiu Yhpwnniginiu gunwd  gdwiht - hwéwfuwjhu
dnnnyugywd wgnuwupwuutiphtu: OFDM-h Yuwplnpwagnyu wnwybnyeniup Yujwund £
upwunw, np wju nwh htwpwynpnieniu Ubpwnbint hudnpdwghnt  uhdynjubp
nwnwnwjhu wgnuwuowuntd:

Qnifu 2-p wdpnnonipjwdp udhpywsd £ OFDM nwnwpwiht wqnwupwuubiph
dwwphgwywt uywpwgpdwup [3], [4] L wpdwqwup wqnwuowuh dowldwu
Gnwuwyubphu:  Unwowpywd L bnwuwy OFDM  wqnwuowuh “nwbpuu
hwéwfuwjhu gtinnuiubph uywwndwdp nhdwwinwip dEdwgubijint hwdwp:

2.1 wwpuwgpuwdnd ufwpwgpws £ OFDM hwnnpnywd W punniujwd
nwnwpwiht  wqnuwupwuutph  Jdwebdwwnhluwlywu  ubpyujwugnip  dwnphgwlwu
wbupny, hush 2unphhy hbounwgynid £ wgnwuswuh pqwhtu dowynwp b phpwfuubph
wbnwjuwgdwu  fuunph  dnudp: Uwutwynpuwbu - 2.1.2 wwpwgpwdnid
ubiplywjwgywsd t OFDM wpdwquup wgnwuowuh hwdwuwnbinnigjwu Yypw phpwfutubph
wpwgniyntuubipny b htnwynpngyniuubpng wwyjdwuwynpjwd wagnbigniyejniuutinh
htitnwgnuinuWip U wyn  wanbtigniyeyniuuiph - dhongny  dhowdwyph  hdwnyuwjhu
puntpwanph npn2dwu dhwswth b Gplyswih hhduwwu nwuwyubpp [5], [6]:
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2.2 ywpwqgpwpp hpbuhg ubpyuwjwgunud £ OFDM nwnwph hwnnpnwsé L
punniujwd wqnwupwuubph U upwug dowldwu wignphpdh hpwywuwgnwip LabVIEW
dhowyuwjpnul: Uju pwnlugwsd t tpynt Gupwytipuwagphg:

221 wwpwgpwdnw  ubpyuwjugws t OFDM  nwnwph  uhdnyuwghnu
wignphpdh dowynuip LabVIEW dhowdwypnid, npwnbin gnyg £ wipwd wignphpdh
wofuwwnwupp  pwqiwphpwiu dhowdwipnu Gpp wnw Gu Gwnwjwu  uyhunwy
wnudnyubip: Cunniudwd W hwnnpdwd dnnnynn uhdynubiph hwpwpbpnygywu Ynw
Uhpwnting  Sninh Gphswih nhuyptin slwthnfunyeyniu npngyp £ ehpwfuubiph
wpwgnipintuubn ne hbnwynpnyeyniuubpp' (LY. 2):

LY. 2. OFDM nwnuwnp Gnwswih ywwnybpnuwip pwgdwphpwfu dhowywpnid

2.2.2 wwpwgpwpnu gnyg Lt wnpgwd, np OFDM wgnwupwuh Ynhbiptuwn
punniunwip Ywpbih £ hpwlwuwgub) unpdwynpbiiny wgnwupwuh dwnphgwh pninp
wnntipu nu yniubpp pun wnweht wunwdh L gnwwpbind wyn unpdwynpywd
dwwphgwt untt wn un W wninn wn winn Juunwptb $nipjth dhwswith nhulpbin
Suwithnfunieniu, nph wpryniupnud uinnwtwup wgnwtowuh qquih nidnugnd’ (LY.
3):
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LY. 3. <bnwynpnipjwu hupnpdwghwt OFDM dwwnphguyh w) dby ujwu ypw, p)
ujntubiph gnudwnph ypu:

2.3 wwpwgpwdnd ubpyuywgdwsd £ pwqiwphpwiu dhowdwiph  gnpdwu
dwwphgwih npnanwip OFDM  punnitwd nwnhninfughntu  wqnwuswuh dhongny:
Unwewnpyyb) £ phpwiuh wbnwjuwgunn wwpwdbinptph npnadwt dh nwuwly, npp
dhwpdtipnpbu Yuw £ hwuinwnnud hbnwydnpnigjwt b wpwgniejut pwqdnieniuutiph
wwpnpbiph dhol, npnup unwgynid Gu OFDM nwnwpnud tpynt wnwudhu 1D $nipjtih
nhuyptitn dbwthnfuniyeyniuubiph wpryniupnid: Unweoht pwyjind untindynd £ pninp
huwpwynp  hwdwygnieyniuuipp wpwgnyeiniuuph b hbnwydnpnieyniuutiph
pwqunigyniutiph wwppbph dhol, npnug hhdwu Ypw uwnbndynwd £ Juwnunnt
hdwnyuwihu punypwagph pninp htwpwynp udwuwlyubph pwqdnieniu: Unwgyuwd
udwuwlubph pwaqineniup hwdtdwwnynd | thnpduwlwunpbt unwgyws gpdwu
dwwphgwih hbw' npngbint wdbuwdodwpunwudwt tdwuwlp: Ujunbn fuunpp &
wnwowunw Gdwpnwudwuniypjut swihwuhoh npnadwu dby, pwuh np gnpnyeniu
sniuh dwwnphgwubiph dholt htinwynpnigjwu npnpdwu dhwpdtip swthwuh: Snjnigyntu
niubignn hhduwlwu swihwuhoubpp henbywu Gu'

o di(AB) =31, 3 |ay; — by

° d,(A,B) = \/Z?:1 Z?:1(ai.j - bi,]')2

*  do(4,B) = max max |a;; — by,|

*  dprovenius(4,B) = \/trace((A —-B)-(A-B)
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Uuglwgubiiny uwnnwgndubip wyu ybipp updwd pninp swithwupgubipng W thnihnfubiing
wqnuwuowu wndnwy hwpwpbpnieniup unwgb) Gup, np uyniu jndnwdubipp unwgynid
Gu de swihnpnohsh  oquiwugnpddwdp:  Ujuwhuny, pwqiwphpwiu  dhowduwjpnu
dhwswih FFT L IFFT gnpénnnigyniutbpny  unnwgynd GU - wpwgnipniuubph L
htnwynpnigyniutbiph pwqunipyniuutip, huly do, swihnpnohsh dhongny hwuwmwwnynud
[nlénui‘uhnh dhgl}. dhwpdtip Yuwp (LY. 4):

d (Frobenius)(A8) dlinfinit)(A B) a2(AB) d1 (AB)
||| Yo 19 fe ] 9 mm ] 90 ]
727,174 32,0354 438,627 92187,7
M Wiyt | B e R [
i B s 0 sh e o o w1 fess 320835 432571 foosas |
DL EBE— = o
— SR 685,872 30,1993 436,82 90570,2
g = e ™ =
a3 2 RESULT
% 7o Bo i 5002
lJ.UI..rqu ik mm. 'WHI quvﬁ & I” -

P L]

LU. 4. Spdwu dwmnhgw‘ubnh udwuwlubph hwdbdwundwu wpryntuptubpp twppbp
dwwnphgwlwt unpdbipny

Ubtipnnh wnwybinigyniup Yuywunwd £ upwund, np h hwdbdwwn Gplswih dnipgtp
duwihnfunygyniuubiph, npwnbn Ywwwpdnd £ NP pwuwlyny gnpdnnnipyniutibn,
wjuwnbin uwwwnpybhp gnpédnnnipjniuubph pwuwyp N + P + L' E, npp qquih Yepwyny
ujwgbigunid £ hwaynnulwu nbuntputubiph pwuwyp:

2.4 wwpwgpwdpnrd-nd puuwnplywsd E nwnwpwiht hwdwlwpgbph dby wy)
Ywpunpwgnyu fuunhp' pny; nhdwluindp Mnylnwt hwlwluwhu  obnnuiubph
uywwndwdp: OFDM wqnwuwuutipp, huswybtiu W pninp nwnwpwht wgnwuwuubpp
nubu peny nhdwlwinud bnwyltppwt hwbwjuwhu obinnuiubph uywwndwdp: U
hwéwfuwjhu gtnnwiutiph pnywwnptih uwhdwup gbpwquugnn wpdtiputiph nbwpnd
fuwfuinynid £ OFDM wgnwuowuh opengnuwniegintup, hush wpnyniupnud wnwowuntd
t dhgypnnwiht - huwnbipdbipughw: U hunbipdipighwny - wuwdwuwynpyws
wnwywnnuitbpp wpnwhwjnynud  Gu OFDM - wgnwupwuh  dwwnphgwih  dhwju
htnwynpnigyniuttiph  npnpdwu  wnwugph Ypw: Oguydbiny wju  hwwnynieniuhg
wnwownpyyby £ unp Bnwuwy, npp bwwbu dEdwgund £ hwdwlwpgh nhdwlwjnuwp
Ty Enwu hwdwfuwjhu otinniubph uywwndwdp: Unweht pwyny, punniubing OFDM
wpdwqwup wgnwupwup, nph Fnuytpwt hwwfunypjwu 2tnnip gipwquugnud k
uwhdwuywsd 2tdp, wpwgnienuubiph npnadwt wnwugph nuinnigjwdp Yuwmwnpynid

-12 -



E Sniph wpwg nhuypbn uwihnfungnit W npnaynud Bu - ghpwiuh nwnhw
wpwgniejwdp wwjdwuwynpwd Hnwtpjwu hwbwfuwihu stinnuiubpp: Ujunithbunl
hwéwfuwjhtu whpnyend untinynd Bu hwpebigunn  quihsubip, npnup hbwnwnwna
Yuwuwh dhongny ptipynid Gu nbiwh uyhgp, b OFDM pinynid ybpwgynd Gu nwybpjut
obinnuwiutipp: Lwuh np Ty tpjwu obindwt sEgnpwgnuip Yuwwpynwd £ OFDM pinyh
wpwgniyniuubph wnwugpnd b pwuh np dwdwuwlwihu b hwbwjuwlwuwhu
wnwugpubipt dhdjwug oppngnuw) Gu, wulwfu GU, nwwnh wjn skignpwgnidip ny dh
Ytpw sh wagnni hnwynpnigjut npnadwt wnwugph Yypw, dhwju skgnpwgunud k
dhoynpnnwihtu hunmbipdtiptughwu, npp yepwgunud £ hwdwlwpgnd wnwowgwd Ytnd
phpwiuutipp: Uw pny) £ wwihu wpnbu, dnw pwyny, OFDM pinyh hbnwynpnipjwu
wnwugph ninnnipjwdp Yuwnwntb) hwhwnwpéd dnipjth nhulyptin dbwthnfunieniu L
npnati| phpwfutubiph hnwynpniejniuutipp:

Qniju 3-nd uywpwgpwd L 3D OFDM  nwnwph  hpwywlwgdwu
ulgpniuptbpp, npwnbn Gnwswih wwnlbp unwuwine tywwwynd unbnddb) k
wuwnbuwih  ninnjudnigywu  nhwgpwdh  Yndphuwgywd  EGlunpn-dbluwuhlwywu
tnéph hwdwlwnpg: Uju hp dbg wwpniwwynud £ Gpynt Gupwdbpuwghn:

3.1 yuwpwgpudnd ubpyujwgywd £ nwnwph thnywdnpyud wunbuwht
gwugh hwdwlwpgp, huswbu twl ninnnpnywdnygywu nhwgpwdh nElwywpdwu
pYwihu bnwuwyp: Snyg b wpdws, np W' OFDM wqnwlpwuh duwynpndu ni
dowlynwip, U wuwbuwih NR-h duwynpnwdp nt nEywdwpndp uwnwpdnd Gu
dphbunytu dnipgth nhuyptin dbwihnfudwtu Gnwuwynd, npp pbpnd £ wyn Gpynt
wwppbp  gnpdnnnipyniuubph nihdbpuwwgdwup'  htwpwynpnginiu nwng
dhwynpbnt wgnwuowuph duwynpdwu b dowldwu b ninnuénypjwu nhwgpwdh
pYwht nbhwlwpdwl wignphpdp:

3.1.2 wwpwgpwpnu  ubpluyugywsd E dwnwquyph wpwg nbuwdpdwu b
ntywwpdwu  unwgnuWt nt unnignudp pYwiht  Gnwuwyny:  BSwnwquw)eh
Yuwnwywpnuwp Yuwwpynd £ pwiht tnwuwyny b dhwdwdwuwy Yunnigynd £ nip
dwnwquwyp (hnyhwpwal nhwgpwdw), npp enyl § wwhu  dhwdwdwuwy Yuwnwpb)
nhunwpynd pninp unbndywd nunnnigyniutbpny: Npwbu punniuhs oguwgnpdybi &
snpu ninnhwuh USRP-2945R uwppp, nph FPGA Gupwlwnnigwdpnid Ywwnwpyb b
Swnwquwyprubph Yunnignd gniquhtin wgnwuowuh pqwht dywlydwu Gnwuwyny:
Uowyytp W thnpduwlwt dwuwwwphny uwnngytip Gu nwnwpwiht  hwdwyuwnpgh

-13 -



thnywynpdwd wunbwihu gwugh dbwynpdwu hhduwlwu bpbp dnnbpp', unpdw
dnnp, 2tnqws dnnp W dnunwny dnnp' (LY. 5):

L. 5. PUS-h dwnwquw)ph dLwynpdwu hhduwlwu Gptip dnnbpp

Npuwbiu punniuhy wuwnbiuw oguwgnpdytip £ ninnuiuyyniuwdl dhypnabipunwynn
wuwnbuwjh hhdwt Yypw untindyws thnywynpjwsd wunbuwiht gwug, npp punlugwd
£ snpu hwwn nip nwppwung dhypnabpunwynp wuwnbuwubiph wnnbkphg (LY. 6):

LY. 6. 4 innhg pwnlwgwsd dhypnabpunwynp wuwnbuwu b upw NUH-u E L H
hwpenignuuGpnul

3.2 wuwpwgpudpnd vtywpwgpjwsd £ OFDM wpwg nbuwdpdwdp nwnwph
dhwutwywu wignpppuh wotuwwnwupp: Cunniujwd OFDM wpdwqwup wgnuwuwup
dnunp £ gnpdnid wpwg pqwiht wbuwdpdwu piny, nph Gphg nnipu £ quihu
dhwdwdwuwy nip gniqwhbin wulwfu wpngbiu, npnughg jnipwpwuginipp unwgynud k
OFDM  wpdwquwup wqnuwuowuh hwiwwywwnwufuwt  pYwht  dowyjws nie
dwnwaquwypubph thnywjhu gnpdwyhgubipny pwqiwwwunybint wpryniupnid®

!
[Fn'p]L = Z [Sn,p]m . e—imdi
m=0

Wn ninnnipjniuutiphg unwgywd wndjuiutiph gniqwhtin hnuph hwdwfunwipp hpbtithg
ubpywjwgund £ Bnwswiyh  Jwwnphgw:  Ywwwpbind  Gnwswith  dwnphgwih
wpwgnueyniuubph bW wghdnunw)  wulwu  wnwugpubiph  nipnnugjwdp  bnipjtih
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nhuynpticn dhwswih Guwihnfunigyniuutip W hbnwynpnigjwt wnwugph ninniejwdp
hwlwnwnpéd dhwswih dnipjbh nhuypbn  duwihnfunyeynit, Yuwnwuwup phpwluh
wbnwjuwgunn  wwpwdbinpbpp:  Ugluwwnwupnd  Uwpwgpywd  thnpabpu
hpwlwuwgyb) tu nwnhwhwdwlwnpgh thnpdwudniph ypw, npp wwnybpdws £ (LY.
7)-nud:

LU. 7. 3D nwnwph thnpdwudnipp

Gqpwlwgnipiniu

Udthnihtiny wofuwwnwupnd Yuwnwpwsé hbnwgnunnieiniuubipp quihu Gup
wju  Ggpwhwugqiwup, np pwquwphpwfu  dhowdwjpnd,  phpwfuubtph
htnwynpnigyniutbph bW wpwgnieniiubph  pwgunyegyniuupp Yunbih £ npnobg
wnwudhu-wnwudht' Yppwnbing dhwswih dninjbh Lwihnfunyeyniuubp, b upwug
wwppbph  dhol  hwdwwwwwufuwunyeniup  hwuwnwnb] gpdwt  dwwnphgwubph
udwuwyubph Godwpunwudwunyejwt swihwuhony: OFDM nwnwpwiht wgnwuowup'
Ty linwu  hwbwjuwlwuwihu stnnuiubiph tywwdwdp Yununyggniup upbh |
dtidwguti|, dnunpwiht wgnwuwuh ypw Yhpwntiing nwtippwu Yndwbuuwgnid, nph
wpryniupnud - YYbpwlwuquh  wgnwupwuh  oppngnuwineniup b YYbpwuw
dhgypnnujht hunbipdtipkughw:

Unwgywd wprynipubiph hhdwt  dpw Yupbh £ dowybp  wwppbip
uwywwwlubiph  pwpdp  EdEYunpyniggwu thnpp b dhoht hbnwydnpniejwu
nwnhnnfwghnt Yuwjwuubn:
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bopmuposarue u obpabomra OFDM cuzHanos ona npumeHeHus 8 padapHbix cucmemax

AHHOTALUA

Passutne coepemeHHbIX pajapHbIX CUCTEM COMPOBOMJANOCh TeM (hakToM, 4TO
NMOMUMO TPaJMLIMOHHOIO UCMOMb30BaHUA, B Takux cpepax Kak BOEHHaA U HaBUraLMOHHas,
OHM HaLLMM LUMPOKOE TPUMEHEHNE TaKKe B TPaJaHCKUX LENAX JfAAa KOHTpona
aBTOTpaHcnopTa, B 6eCnUNOTHbIX MallMHax B KayecTse aBTOMOOWNBLHOrO pajapa U AnA
OTCNEMKMNBAHUA, U OMUCaHWA MEPeABUMEHUA NIOACKNX MOTOKOB B ropojax C BbICOKUM
ypoBHem ypbaHusauuu. C apyroii cTopoHbl, 06beKTbl HEOONBLUMX pa3MepoB, B TOM Yucnie
aKTMBHO pa3BuBaloLIMecs OecrnumoTHble NeTatolime annapatbl, WMeloLLe HeOONbLLYo
nnowasb pacceaHuA, BbICOKYIO CKOPOCTb U YCKOpeHWe, TMpuBenn K KapauHalibHOMY
usMeHeHuto TpeboBaHWIi K pajapHbIM CcHUCTeMaM, KOTopble TMpefHasHaueHbl AnA
OTCNeMu1BaHUA 1 3axBaTa 3TUX 0bbeKToB. [lpolecc pasBUTUA BbILLEYNOMAHYTLIX CUCTEM
npuBen K pagy npobnem, U3 KOTOpbIX CTOUT BbIAENNUTb [BE, 8 UMEHHO, U3YyYeHNe HOBbIX
CUrHanoB Ai1Aa NPUMEHEHUA B PagMonoKaLum, a Takmke paspaboTka U NpUMeHeHUe HOBbIX
MeToAoB AnAa ynpasneHua nydamu LIAP, B uenax npocTpaHCTBEHHOrO CKaHMpOBaHWA B

PaanoNoKauMOHHbIX CUCTEMAX.

Llenbto anccepraumoHHoii pabotbl ABnAeTca:

1. WccneposaHne u cuHTE3 HOBbIX MeToaoB pa3pabotkm OFDM papapHbix
CUTHaNoB, TPebYIOLMX 3HAYMTENBHO MEHbLUE BbIYMCIUTENBHbBIX PECYPCOB MO
CpaBHEHUIO C TPaAULMOHHBIMU METOAAMM.

2. Wccneposavue Bo3feiicteua adpcpekta [Jonnepa Ha curHanel OFDM  u
pa3paboTka METOA0B, MO3BONAIOLLMX KOMMNEHCMPOBaTb MHTEPPEPEHLIMIO MeX Iy
MOJAHECYLLMMM W paclUMpUTb AnanasoH U3MepPAEMbIX CKOPOCTEN.

3. CospaHue rubpuaHbIx anropuTMOoB, NPefoCTaBABLLNX BO3MOXHOCTb 06paboTKM

OFDM curHanos 1 uudppoBoro ynpasneHus guarpammbl HanpasneHHocTn LIAP.
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I'Ionyqu Hbl€ pe3ynbTaTbl:

1.

Bbin npepnoxeH u cozgaH OFDM paavonoKaumoHHblii curHan, ocCHOBaHHbIV Ha
OMOPHbIX ~ CUrHanax  MOMyYeHHbIX  reHepaTopoM  MOCNefoBaTENbHOCTH
MaKCUMalbHOM [JIMHbI, 3aMeHAA UX HebOoNblUylo 4acTb MHGOPMALMOHHbBIMM
CHMBONaMM, C TMOMOLLIO KOTOPbIX CHUMXAETCA [AMHAaMUYeCKWii AnanasoH
MOLLLHOCTU CUrHana, MoBbILLAETCA YCTOMYNBOCTL K HENMHENHOCTAM CUCTEMbI, U
NoABNAETCA BO3MOXHOCTb ANA Nepefayn nHdopmaumu.

Bbino ycraHosneHo, 4to obpaboTka npuHaToro pagapHoro OFDM curhana u
onpepeneHve MPOCTPAHCTBEHHOTO PACMONOKEHWA Lenn KadaHuem Jiyya
Juarpammbl HanpasneHHocTu LLAP, peanusupyetca Ha ocCHOBE OfHOrMO U TOTO e
JOMCKpeTHOro npeobpasoBanua dypoe.

MNMokasaHo, 4TO KorepeHTHblii npuem OFDM papapHoro curHana MoMHO
OCYLLIECTBUTb, HOPMUPYA BCe CTONbLbl U CTPOKU MaTpuupbl npuHatoro OFDM
pajapHoOro curHana no nepBOMYy 3MEMEHTY W CYMMUPYA COOTBECTBEHHO
nofyyeHHble CTONbLUbI M CTPOKW, W MPUMEHAA AUCKpeTHoe npeobpasoBaHue
Pypbe.

Bbino npepnoxeHo u ycraHosneHo, 4to TonnepaHTHocTb OFDM curnanos k
JOMMNJIEPOBCKUM YacTOTHbIM CABUraM MoBbIlaeTcA bnarofapa KomneHcauum
JOMNEPOBCKOrO  CABWra B MNPUHATOM CUrHane, B  pesynbTate  u4ero
BOCCTOHaB/IMBAETCA OPTOrOH&IBHOCTb CUIHana U ucyesaeT MHTepdepeHumA
MeXAy MOJHECYLLIMMM, MOABNAIOLLEECA 3a CHYET HapyLUEHUA OPTOrOHAIbHOCTH
curHana. B pesynbTtate yBenuumsaetca amanasoH U3MepAEMbIX CKOpPOCTel
MpepnoxeH anropuT™, yCTaHaBNMBAIOLLMI OJHO3HAYHOE COOTBETCTBUE MEMAY
3MeMeHTaMM MHOMECTBA PAcCTOAHWUI U MHOMECTBa CKOPOCTeld, MonyyeHHble B
OFDM papape pasgenbHO AByMA OPTOrOHabHbIMW OJHOMEPHbIMU bbICTPbIMM
OMCKpeTHbIMM npeobpasoBaHuamn @Pypbe. C MOMOLLbBIO 31EMEHTaMU  3TUX
MHOMECTB CO3[at0TCA MOJENN UMMY/bCHOW XapaKTEPUCTUKN Cpefbl U MHOMECTBO
3TUX Mopeneil CpaBHUBAIOTCA C IKCMEPUMEHTATbHO MOYYeHHON hopMoid
VIMMYNIbCHOW XapaKTepUCTUKKU cpedpl, U Hanbonee npaspornofobHoe pelueHue

onpenenaeTca ¢ NOMOLbHO d,, HOPMOIA MaTpuLbl.
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Development and processing of OFDM signals for radar applications
ANNOTATION

The progress of modern radar systems was accompanied by the fact that, in
addition to traditional use, such as military and navigation areas, also become widely used
in civil purposes to control the vehicles, in unmanned vehicles as an automotive radars in
ADAS systems and for tracking and describing people movement in cities with high levels
of urbanization. On the other hand, small size targets, including actively developing
unmanned aerial vehicles with a small scattering area, high speed and acceleration, led to
a dramatic change in the requirements for radar systems that are designed to track and
capture these objects. The evolution of the above mentioned systems has led to a number
of problems. Among them, it is worth to distinguish two, namely, the investigation of new
radar signals, as well as the development and application of new methods for digital

beamforming (DBF), for spatial scanning purposes in radar systems.

The aim of the thesis are:

1. Research and synthesis of OFDM radar signals development methods, requiring
significantly less computational resources compared with the traditional
approaches.

2. Investigation of the Doppler effect influence on the OFDM signals and design
methods to compensate the interference between subcarriers and to enlarge the
range of measured velocities.

3. Development of hybrid algorithms that will provide OFDM signals processing and
digital beamforming.

Obtained results

1. It was proposed and created an OFDM radar signal based on the reference
signals obtained by the generator of maximal length sequences, replacing a small
part of them with informational symbols, which reduces the dynamic range of
the signal power, increases stability to nonlinearities of the system, and gives

ability to transmit information.
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It was established that the received OFDM radar signal processing and the
determination of the spatial location of the target by digital beamforming,
realized with the same discrete Fourier transform.

It was shown that the OFDM radar signal can be coherently received, normalizing
all the columns and rows of the received OFDM radar matrix by the first element
and summing up the columns and rows, respectively, and applying discrete
Fourier transform.

It was proposed and found that the Doppler tolerance of the OFDM signals was
increased by compensating the Doppler shift in the received signal. As a result,
the orthogonality of the signal was restored and the intercarrier interference was
disappeared, that came from the violation of the signal orthogonality. As a result,
the range of measuring speeds was increased.

It was suggested an algorithm, establishing one-to-one correspondence between
the elements of the set of distances and the set of velocities, obtained in the
OFDM radar by two separate orthogonal one-dimensional discrete Fourier
transforms. With the elements of sets was created models of channel impulse
response, and the set of these models was compared with the experimentally
obtained form of the channel impulse response and the most plausible solution

was determined with the d,, matrix norm.
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