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ABSTRACT

Kremenet skOy O Y. Met hods of i mprovi
telecommunication systems based on hybrid technologies.Qualifying scientific
work on the rights of manuscripts.

The thesis for the degree of doctor of technical sciences, specialty 05.12.02
Telecommunication systems and networl&ate University bTelecommunications,
Kyiv, 2021

The work is devoted to the development of principles of construction and method
for improving the efficiency of millimeter wave telecommunication networks based on
hybrid technologies, which is a relevant and economicallynd direction of the
development of science and technology at the present stage.

Methods of constructing millimeter wave telecommunication systems based o
fiber-wireless and heterogeneous networks, stratospheric communication systen

optoelectronic metbds for generating and transmitting radio signals are analyzed
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A comparative analysis of noise in the millimeter wave communication channe
associated with interference, optoelectronic methods for generating radio signal
including the formation of radi@in in phased array, effects of molecular absorption and
reradiation in the atmosphere, the results of which can be used to construct those
increase the efficiency future mobile systems.

For the first time, a quasiptical model of a millimeter wave radchannel was
developed, which takes into account losses due to the geometric discrepancy
radiation, multipath propagation taking into account the effects of multiple reflections
and diffraction, absorption, which can be used to develop methods feasmtg the
range and availability of communication by creating signal amplification zones.

Based on the analysis of quality indicators, noise and dynamic-fradieency
characteristics of components for hybrid fivareless transmission systems, a solution
is proposed that combines frequency multiplication technologies based on extern
modulaion methods, remote optical local oscillator, restoration of an optical signal from
a radio signal, polarization and spectral multiplexing integrated with MIMO method,
which can be used to seamless integration of telecommunication systems that operat:
different frequency ranges, including in various-8ands of millimeter waves.

Compensating adaptive methods are proposed for the integrated architecture
fiber-wireless networks and the formation of radiation in phased antenna arrays. The
methods biance the limiting radidrequency characteristics of the main components
that affect the efficiency of the application of fibgireless technologies in millimeter
wave telecommunication systems.

Recommendations have been developed for further studesgeady calculation
models, optimal methods of modulation and multiplexing of signals, the choice o
network architectures in the millimeter wavelength range using hybrid technologies.

Key words: millimeter wave, 5G, hybrid technologies, fibgireless sysms,
optical remote heterodyning, narrowly directed antennas, energy coverageiaignal
noise ratio, heterogeneous technologies, energy efficiency, spectral efficiency.
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HOdz! dzesfyls® IsO HMlskzy dzsmls® LeodwL Sk L O fto
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B34 Is 5 H Qalglglz oWGxdzdzy 6 OH ' sMdJecdzOdz' o [ [ .
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450 j
100 I'6it/c
200 = ITepcrieKTHBHI
110 - ' Jlana3oHH
10 I'Git/c
15 i
) WirelessHD,
60 = 60 IEEE 802.15.3c,
IEEE 802.11ad....
42 HiperAccess
40 w- 40 MVDS
28,2931 LMDS
18 HiperAccess
10 =
3.1-10.6 UWB
5.1 WLAN
35 802.20
2.5-3.5 WIMAX
2.4 WLAN
2 UMTS
2.8 P
jisl GSM
0.9 p
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333f jssHd BYldqudassets cjlsjtetsHddlz

1B "o Odedgv Hotsn tsflsdydedres Roddzr BdzdL
h"ts HO' BJdbBWOR Y slftefiwEdkz 6 L ddyvw &
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Istclz H dzts P By ssHE fsodwL Odz O dedz s B IS s
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LD1 -

LD2 |-
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0o OATOO6 « , O0 O Ai1606 - | (3.1)

HJO Is@ T ORf dz' bEAs@ ;1 W OL1dls® T yd¢< dz' ydz Yy ofml
sflsdydedr = odd .
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" PO O cOOAIT O 71 0o = o . (3.2
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Codzd @ Odzdzy  d3" Y Ho sd5O dzOL jteOd3d L dzO ydzats
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1 sCOLdzed € d Ctsej tod dzls dzd n ‘ dzj S tsG j to g
fjtc]j lsostcj dzdz? H tsfdzl H g i O©zden 3 b R &) Hzfg diz§ d36 0
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HJOO T Wsted3O® flsdydesets Md e dzOdzlzp idaplz IsodZdtoH '
Wslstsf ted 2 d30y 0.
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sO &O° zOdzj Y dzj Hiclz& B H ¥ jodpd@y. O Ists W | h ts
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Vie (1) =V, ¢ Msin(nget), (3.7)

Vo () ft6dC ZOH j 20 HOftkc®, w¢O Cjtk‘ to
' dZHEZC 59 Odz0 &3 Y H oV BO dfodijerdiddO f NsffAs; V2 dats ¢
@O onodd 500 Ve, tsz cOBRY ME @s;CHEGs 50 ©F YO dgts ¢
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2R, am ”gei%pg

B (1) = AR F (3.8)

Hi0 fazsh O ffjtej udsets fjtejle L jndielyltedf
BOG dz' sdz0 {ftetsded € datsfyls® M te B j-ofpljciamfj H ot dzta Cad
s lsdydsts’  asds g deteA) Is'dz0" s lsd ydz® yYOMmlstslsO.
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AOLtBsoad2 LfimMkze LOYdmMmE' Is! v dOMiskzy dad 3
JO=J 6t /8in( 8 (3.11)
Hij & N Y0 " jee= NIV @, W yOMmisslsds L Odjyd

ZOfteked, dzgjsBR' HAZO Hd&v Glted BOdzdz" o s
©OH' Odz (tedfy. 3.2).

1" ufps@eadeahd (3.8) ' (3.10) o (3.11)
eE(t) g 0" -1
$ g5€" € L 3.12
SE,M 02 g0 i (312)
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g A 8e;g (3.13)
1 sdzv 9 to' oadgwdgdz (3. 12) sy dzO® tetsL € dzO

Re(E, )= -—cos@/opt t) 3 COSIL 033 Jo Ure C@ W M )“F&
= o , (3.14)

—sm(/ Qa J.(/ R),_smg w,#m v}t,ﬁ
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Re(E, )= ——sm(/l/Opt ) 4 COSng:z)a Jy (/RF)Slg W ot )”t'ﬁ:
- o ,(3.15)

-—sm(/ GQa\] (fR),go% W, $m I/)/t,%

m=- o

WlkdCy'w 1 jMfmids (HteY"BEB. tEHE
{ "odWdedz® (3.14) ' (3.15) wsfdhmksls’ H
ydmasd B' ydd: hHekze, L0 s Odds Mmdd
Yyomlstslsd. 1 HfmlsOdy & 3 B' yddBd MmBkze OB
BsHEzdY Yy, O O®fd kif0 FoAEsss syt j S I
bftcOo dzv s ytsé dzOftekzetss o Owcbkdsj dzls' Wk daC

H JJ
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fsdz" 9 k ftstc’ o dgV dzdz’ L ftsdzvdigdd © Heotnm Is
oj &zdyuddzd &Ofteked s’ 2dtscts L& M j dadzg .

(3.14) ° (3.15) B' Yydz mMdszed L' wodzwse [s!
BaiCs’ L B’ uddn MBze (s yrleaky N 8 ks S ta
tcj Glzdzs 9 Olsd MW L g dztse ZOftezed L & M j dzck

fslsky dz' flsdzjtifzludsydets ' s5MS " dzr € §tedmizlsds |
Mftedwlisd. 10§tds &On, sflsdydz djmnmzykz o
sonrfted wRBBEZ ' dsydhj oz detxgz oedgd zjdgtsa’

jo=@n @) K¢ dedytfglsz (3. 14) * (3.15) ds
sflsdudz® dzj Mzy® fdhmklsdy o seB&E § dj YO=
BsHEdY Yy~ ¢jdzjekyls! v ' & € ©® G©HdsEE

YomlstslsOr o HMizls daw .
VL HoBIOCIkdestsdsz [ PACdsH OB BE, dzd3sH [z dzv
f dzj yor ' delsjteW jtetsdzjlstc® ° 77 dtsy dzO s d M

eE1(t) Qf;;Ae]- ' @V(t) 0O dd eEg

QE (t) 8 1 g 0 1 gl. 'T . (3.16)

[ BLOOWLEE to' odgdzdz" (3.16) HO'

eE1(t) g9 ,the g/ /2 _ L
eEz(t) 82 ele'/ 02 4 i /O)2 | (3.17)

tdLid sz Y Jdgfd®doudla dz@upddyd dzomlsiz§ ded o

Re(E, )= gsiréaé'L—“% I %Fs@(m & wig

. (3.18)
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ReE,)= gcodlis & J, Lu sif(y & w)
%%‘é}n = @ K Y d

o:  aa " B (3.19)
+gsin2éL—d3 81 N /aRFco% W +(2n i)py,;)t @
92 M= - o ? -
V to' odgvdgdzv = (3.18) * (3.19) ts{lsdydzaC

BOs Is! ©HAOS o 7/, 1dBbdzjoy da'dfjlskzz @ w1 Mz e daj
9 HoBlOCIdts®lz [[A off YOMblsdy ¢ &G tsdz
[ OctcOdRRz, "t YsBZHSa OO L O t' o dz¥ dzdg¥ o3
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Re YacrtoTta, I'11

tdfm. 3.21. [ BLEORBSIORO LO HSfSHBSESE
odrwean jdzj CfefHdesEstsL d3' N j d2O Istsydets o €
Qo dzv ' Is' MW tsHdzd d3 ¢ O te 3420 dflzdz dsls . 16,620 azt
Tyomlssils0 sfilsdydzs’™ dzj Mezyts’™ . std3f dzj ¢ fmdz
f dzsh ddzed todmkzdzeS 2 L Mftow dsso Oded &5 o ° H  dzC

CS BRHJ] COL Odzts;Vv CLdG 9f "WHj ifHsIS dats filfjlis'ts b migef
SHdts f dzj ysosets Ho BISOSCIsdzse s [ [ K 30!
L teOrBolz’ Is! Mw 1O oWt telPdds sls + (Y. Je)' oQ@iz" dzdz
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WslssH' sHEZ yYOfmissA Sdi(hiz)uoh b B OwEse O | W
WElstsHqsH I, 0teY H  jhdzj Cliske@diAR | f}, zO &Y B d ydzO
W =2/0) . | Odzj o dLAOY s8] CHsddad 5, s dz €
fslsidz: L Mjteyjodded otdst dzO e dz filss
o Bz datsdy WslstsH' SHEGAG 9lsteOIsd, od¢
ulkzls dzd o Afplsaeqf (hf,), @ oteORtsolz’ olstOlagl).y sk
1 OfmMstsmso ze yd y' L dkOyjddzr o (3. 12)
odeOL HAEY Wsktshmistekzd o

1) = AGOaIZI A Pm[f °cog (] . (3.20)

Hd T " HEWHGECBe ' " dHd CMd ¢1é | ¢ DeE@skisis PHAE
HdzW otcOnmrlzo Odzdzy yYdMmlstsets lsdydzsets §° HI
WslssH' SHEsd. JE, B d3'clspdy,dzdd 5 ( 8" 4 2y dzdz’ (3
SHdzOA,59 '9 tc' o dgv dzdz' (31220, dzh 58 BEtdeE B
o J dzdEgPd&E dssy dz0 tsBteOIsd wWE¢ odrn' Hdzj 1 sdzj
9dn tSH 5. [ s d, H dzW 9 dL dzOYj dadm® dzOala] My ts o
ftiesHtSo Y Jdes HdAzw [ [ A "L HoBABO o©dnBBHONR]
sM¢' dz ¢d WtlssH' sH HY jtoj dzsds Mistelz 3z .
odCtsted MisOdzdz d3 W H' & ¢ dzG ] 6O:

|1,2(t) =1, d3,$qcos.f ). d3J LQ»_( q)$0 RF

F2cosf, o) Lé__q] « (/2 )cas(R mt F ¢ (3.21)
F2sing, Jl é,q] w G )SingL I+ 3 wt

HJhﬁi@aoﬂ/% f s’ 2 20 MS dzOMo @ Y tzfp t
sflsdudssets MOk & Y BsHEZzEYsstesd SO
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L3 hjdedgw o wWodssdzgz o dcdzw H o (3.21)
f Otcdets @ 5 ffidsftcwdgEdial = o  HR ddzj dzdz" = ' H C 9 OH
(3.21) bkdtsod Ld3 hjdedegv ©® Co9OHW©GOISEG' , Ttk

1,0) =1, 42 &I ol s I 3 wt ¢ 322
m=0

H Al gL &3 dzl e Mde@ Jv isdgisde 2 o5) .

HC ZOHES O W EHAOS Mgtz dz 2 Yomlstsis B3|
fsHOd hsets OdOd Lk * °° &sydd LOofdmolsc
L, =213 ¢ )sin Wt)F_ (3.23)

r dzw L tekzydzsmlis LGOS 86 9 (3. 22)
odJyOHCESBBBERSH 8 9 BOMROMdMse " 2 Mo B o0

L= 4 O & Ady,. (, )sing A Pt . (324)

] " Hdi sddsts, IhsH® L &fy™ MOB) L O o j dzdn
ftoslsddzj ydeddz L dzOStsd3. 1 OL dMmded?2 ydzj dz ( 3. 2

IWRF,B o4l J g L )SH wt) . (3.25)
t " edaWdgdgw (3.24) ° (3.25)l gnils(0F.IsA F) MdiC
sL dz0yo’ , hts t' adgwdzdzgvW BERZHIEIS! JSo' 90dzj d

(3.22) LOB dzdIsd Mkzdstse € tfsdgsc @ dzdf s Is th Hs'Istis
090N ElstsMistcBsd3 SHdzsets WiSIsSBH' SHE OB
BOkOdhtse ' 2 Mmnj d3 . AWV EFd@iso © HEsL o tsdzw '’ L
o' n Mrd B [[A.

HJtjHd (Bilskzy ds #if e daddizlz® HorE@s cupO ) los 1€°d
tcsLtcOrBsoalz' Is! mMw wQ

PWRF:<|2mF>F§>cf

H [ (3.26)
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HiR ¢ odn' Hdtfl(fsf * W, dz' stclzs yO WkdeC y' w
(Sksaddd HEYSOBR] L dzOy| dets He it g 11 d) g
HdzZV otORkzo Otz YWREBESIS S HEEZSE WilstsH ' SH
CBdO o FnRjsejss pH sd3 °  diO o' OlgisGdy | ddssiagiEz 1o d
SHA&ZOS yj dzgf 9HO ' Is! Mv t©jOd LIzeOld dzO |

H' ' OfOLtsdg . U hdusCshmMBkzetsodr WlstH' ©SH
LGEBHYJ dadzw ° a3 J HOdzl' o, h s f tod seHts Hzf layd «
ZOdzys ctsds ' dzOo Odzls Oy j dzdzg? 5. )} SH' B dZ ZOdz
& d2 0 fjeiBOfL, [ d@DdjHjdRD6.d&0O| jiEddizy uIf.
L Odzj y dzg' Mlss § OtcORj Istc’ @ C s sdzj dzls* B, =H dz¥
1/ 2 o9 &z0OfMdz' HSC 9" HEOdzkzy j dzdzy MlstclzdBlz o

fedLosHdls! HE oltOlsd {islsrQ dzs fils ' B QIAED d& d

fitejrnoy tdfm. 3.6 L odC¢ tHe bbbz Y ¥ 65
2 otwOntsolz’ off dzdeo dzOdzyt ¢ O kL ¢ tsH Y Jjiddazv

9 zO M dz' olstcOIsd ftoslsdW OL dzsets | [ ) . 1" H
9 dteOL Hdv odn' Hdd golskzy dastdstz [ dal B BE

P.=212d°0 W [H:

[sted30dz0 o (3.27) ROLOSCkjtdmisdco od
fstelrHC | (3.27) d3syipEes d2®ldds daf@ s O B 30 ddE dz
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1 j mmd.@dwe A/, waed, s edSdizt kst W e H

2

(3.27)

Vee< ¥ /7. 1 tjLbdjds@isdd? dgpdztyf slskzy dz' fls:  dac
Bsy dz0 LOfdMOIsd & odcdwHh:®
|2/ 2 HZ
Pr.ss = 4 FRZ i . (3.28)

10 HEFGHREEL28) &y dz0 BpEc @O&zdePs d S t
o (MBS s YOMstsls dsG® {0 deOippojdgds” &' dz' =~ o §
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[z CtdeStej sdetVe 2’ dzd2O b el | sy j f tcOL
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fslskzy detsfils® OB f dd Hi fipdos™ dzdewj ded3C. =2d9r) o
Hazw ftetsj Slskzo Odzdzw  dz' oz
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GlH]=-22+1 . , (3.30)
V18]
HiR-=R_, = 50 Hg=1/2. l JeOL (3.27) di3ts y dz
esL teOREdSE & dz 2 tedfp. 3.4 ' 3.5, WwWChr
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L BSHddd3 odrtsHBA, [@pojHjdz dzO todfm. 3. 273

e —

oMHOUHHIT oTOMION
P AR p A i reairmarpuntning - ARSI b iban bin i o

GanancHi ¢orTomionn

120 140 160 180 200
ITpomikua yactora, MI 11
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[Toryxuicts RF curnany, 10 ab/ain.

A" twjQladz’dds e d d30dz’ dzO0 f tetsdy’ Py W2t syl
fjtejHOY "L Lddykzsydd f jtcjlsotstcj dzda” d3 H d
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SHdd®B o9drtSlHEsdE 60 #ed Hdzw Mddd sted Yydzets™  dz’
BO&zOdzdzO dz" dz' v dBO' B ' dr h 2 dzO 6 HI G5
SsHdzdd3 oadratsHEsd, Nt EZLetsHYyE® Ist Mwipwe L(EB . A
EmMC dzOH dzj dgdz?v M j B ftod?2 B3OYO dzj 5B~ ' H
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3.23, O MOy L dzOydzy (BAZJL' St 15,5 HI
ZOMmdz' H S sd3 ISPyl WNddzi OL dzgtsets hzdsz © B O
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wde" d B o Oy dzdeaddd L MdMmisj @gdets’ IsBYS

tsLORkEaOld L (3.27), ' ®&OSHdEOD dzO o C
' odz SwBftiMm' S 1 Hi1. [ OSMdHEO@dABL 6
WlkdS Yy 1 jMmMidY fjthses fsEWHCE:
P g:. n?a%lzjz([cg )R rrui |2- (38.31)
{ " odwdzdz" (3.31) dBsydO Mfteshisdilsd L
Wk dzS Yt 0 3,4 ) by sday) =o,581. ) 5C R BO 5H i, d5 1/2
' odeWdedzy (3.31) OBk O odcdzvHE
Py b4l - 20+ 7(1 0] (3.32)

) 2Oy dzdzv o R Hdets® Y slskzy dshisP,, G dalj
odL dZ2Oydlsd =V f@ee d W, deOftekzc O, dzj 5B A" H daC
odn' Hdzs' tFryls 2y detsfyls

2 .

<

t

2
SR - (3.33)

)tegd,= 1,8R,E250' [d&3 odtOL Hd&¥ &OSCMHdd
By dzO0 ftojHMmlsOoadlsd o odcdvH'

R

oll

n, m

Po [wdles - 5+4 20l (3.34)
r d dzod3' ydzd 2 H  Of OLtsdz s Ctsdiftej '’ i
odrmn  HdzB' fwlsky desls' o bkyy' StBftcj '
Pys T Jsz;lR 1“1_'5|2 (3.35)

Hj,, T &9 j L dzOyj dzdz?v wWHOL Saswfftic jiZolz ¢ tod

1 20y j dedzv f OtcOd3j Istelz Hd dzOd3" Yydetséts H' Of
slstcd B3OS L O Ediised, hts o8 HHAD G Hzddv3 .d2 8]
" " HekCEZ (3.27) HBSt' 9adg# ' 1 HI:
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PWRF,SS :100,1 Y / 12H ]

= 13"
PWRF ‘]12 (/ 1H .I) . (336)
{ “odgvdzdzy (3.36) ydijtz=dzts0 , 50046, W LS
L ZOYjXAB , 9504) = 0,@2B6L 5d " M5 SdeGo§ dfdzt

Hpo=%29 t' adgvdzdzv (3.35) HO' o9dttOL © HJYy(d
Cesdif ey m* ° 1 HI

Pys[Hd]es - 23+ 5(140]). (3.37)
usYyYys 0 Cdiftej M, ISJ0 ‘o nds@isazf{o dd3 Isj - dz
[30], ' 5y dz0 ttdBOSMAY,, L Wi L- d jodzdz®
HeMWYedyy ledd@ siZftcj M W O odrtsHEZ. afdgdzw e dtcC
V2 J s
F:) A, 1:HF/R1a A (3.38)

) HMlsOo dzv ¥ fug= 90 ,(BE=BBY [ &5, Blstd Bk’ &

P. luajis - 0+4 (2p]). (3.39)
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t dfig. 25 wog dzw ! mMsB B¢ tcjLEdz sOIs o d d
fslskzy dzsfls” o kOC" 2 dz dz' . L dz' dz' 2 dzts o3l
Histe' o2& ‘HI1, hts EZLEetSHYE' Is! MW L ttsLOr
22,8 HI. [OCMdBOd dO ‘o HE3 dmdiGh fi=Hdsdadiokie) difk
fslskzy dzsmils ‘A "1 3tgJ5. vz ds.OIsd o' Hytse ' HOB Is! Is
Hsf ssatss o' oadzvdz ( 3.R32E.431H(3BPI 413 " H

H1d® v y ' ddvW QeI (e BPYSiH dzd
9 HBRZo O' k! MW ftod ' ade oR' Hdzs' §lskyd
(3.37) ° (3.39) §REijHAGYO" 5P, d dOYP dzda
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fts SR tejMm' ~ §° HMddz dedgy Hdzw o2 dz' ° b
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V, {t)=V  @Vsin(w th ¥ sin(w 1. (3.40)
1fMze WOL, o  Hitse ' Hded2 (3. 40):
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L &3 dzOBdetstglzey vy @ (WS ddiid dBtsy dzO L dgj mnlskze O
(3.14) ° (3.15). uvOCBY LO dzdzr soatsegtt L
z0 yOfmlstslsdedrs o Hdz $O7 N 3 41y, w¢' Bl
10 tedfm. 3.26, 8B { wwOdE otsdsPX dsCzsigts] JIftdd
Ld3" hJjdedz Bsy dzO BOydlilsd s x MOod3' Qy QfrHisdsc
fted dezdz' motsdzz L 3" P jdedz M jClste d3O° L dzO~
&ZO 25 HI daj odweodzweb Is! fqw ydzjtsody] dfls@ftc ddiss 3y
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BsHEZEZY YW LB d hddzdmw dzO 3 w1 . I Mm" 7y’
eBLicOREd OB LO t' sdswdgdzw 5 (3.42). c¢h
By 20 tlsted BOlsd odteOLd HEY Yslkshisttzd o .
&z mdavd f OH S OfpleEHAsdzs’ BSHEZEZYY' ~, ' 2866t
yofmls d dz:

P51 R I ) (/)cos( 4) . (3.43)
0= 2900 01 W (DA (D513 ow

+J0(j1)é Jaa( fo)sin[2k 4wt -

B 2J+1(/ /2 Smgzm K> '(21 3) Mt 8

J=0

-4 aJZK+1(/- 2) th( jl)sing 2h w, -(2k El) dﬂé)t g + (3.44)
k=0 h %

ol

+& 83007 ) I (/o) sing2muge, +(2) 4) )t -

j=0m %

k=0 h %

A Bl ) In()sing2h w2k 3 )t ?

I ):$2005(/.Lo}ww3|3§1 X/)&: 4 Jcog,2 W) 4,
k=1
+J, (/1)a_ Jom( /o) cos( 2m wsf) -

A Blanl1) el S)oos{(20 9 W, (0 W )t g

n=0 p 9

+a észl(/'l)sz al jz)cosg( 20 H) w, (Fn B Mt g (3.45)

n=0p®

+é. é.‘JZK (/ 1) JZm( ./2) COS@Z m l-l{LZZ RFl) g

k=1 m %

Y8 83, (/1) Dm( o) cOSBAM W, +K Fw)t;y‘fg.

k=1 m=#
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t " odgwdedzw (3.43) ROLOCIkjtedLEZz' MmMjted HC
.5, BOCOtstcOLsots oadStstedMmissolz’ Is W H dzw
CoOHEOIztcdzs dBlz, =(endg) 4 § dedg’ dzf udMmdzs] . v dzi
fsterHC 0 btz ydmd tBdHe ' fjteh'™ ¢ Otcdt
f OtcdzisG 5 f seWHCE HOB Is+ fqw ) (3.45) .
M slse Stcj dzdgv , o Iss?2 yoOm w¢ fsHe'  2dz
M slse Stcj dzdav 3. v odf OHC k3 Is"isiyddave ts y dgjodadH
fSteWHCE HEte' odz¢ 8 Is! -(dAzdz5) 1deistsyd o (18Q G4
L Mze & Hdzw By dzd & sMls ftesOdzOdz' L 9 Olsd
9 ' Haddzjdz? ©°'H C9OHW©GCOLEZtd Istsysd.

l1ted €9 OHtcOIs Iz tagetdjlzdzdinyj »d4Q@ig' B ' 13 iy ¢ dz@z'yd
My slso stej dz BZOs Is ! Codsf sdzj dalsd wf H2f-flstej Is
(2f,- f,), L OH Odz' o Istcjls! sz Y o jtelstsdilz t
ftslskzy dz' Mmls ZO BOdzdes Mde dzOdzOR OlsHfdzw h day -
L OMmistsMmizeo Odzadzy ISCAXIs [ sotEdEee sz Bdgieydats] dzdzv 1 j

_124°R s [
Py & o8 (3.46)
[Odgs ¢ d&zOdz! dzd2 o' HE kS dz0 Ghdsedzs 2 YO
J So' 9 Odzg disEadR x| O fipls HAS Azt BsSHEZEZY Y (3.2

Mfslsoatstej dz@ odStstedMmlstsolz’ Is' Mvw htse dzd-e | 2
f steW H ¢ brddr @itiad idtercept poin@IP) [30]:
_am;, ¢
O|Pn—é£€§ , (3.47)

HiP, odrn' HdO (lskyd Mis! PR isinyaize idds 2 gy
Nt foseWHECE. 1 O0OOd3jIste Ol P3 HozvW tsL tcOnkz
ftcdtc' odzvweh d (3.28) Hts (3./4,6) h ts0OH O tetsLL
jw=2d2. 10 ' HMisOdtse ¢ d Y’ 565 tadiagdy jogmizy o
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OIP3=4?2R ,|H |”. (3.48)

Wdzts H dz' dz' 2 dz' Mmis! o d&' dzg wa L [wllryg
stcj Is! s COtdEsds ¢ 5B . Il S Bsted Mis Odzdzy O dzO
fsCOLk, hFts OIP3 LO Ibtojls! 8 cOtoditsdz ¢ ts
(3.48). ' odgWdede" (30 4&pc G B 1 gREGEE] HE
J&BH,= T OPJna]d - 13+ 0 11[2 0!I

IR " Hdz2O bsyhe st jJfisjeswdidklz (11 Pn) L dzOrts
Ol Pn dz©@ SwjW"' y' ‘ dals f° Hfd dzjhddegwn. s df Ohitd Qi jdis
&ZzO0 (3.29):

a?

IP3=
PR -

(3.49)

OBt bk d&ts¢ Otd ¥ dg=spdz dIP3fHts gz’ 9+H 1z{2 [0 ])

[ Sy jtedd3j dzls Odz! dz' HOdzH,zv M 1B d 2 qzON{E dizds ts
fjtejHOY L Jwllyp, d@BojHjds dzO tdfm. 3. 2

20|
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o
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—100 L J
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PamiouacToTHa BXigHA ITOTYKHICTH, 1BM

{dB.27. tjLkd 5Ok odd o Odedgy [ |
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L dz' d2° LOMssMseoOdzd?2 [ [ A L HotHBG o(
1/ 2 &0 1 1Yy Hdzw EZLcetsHyjdedgv odrtsH" 9
MitejHdy Bz Mistezdg® 30 dBwBd. [ dzv BsHEZV Y
tc’ o dats’ O dz' sHd YyOMmistsilstss 1,0 ° 1,1
oddi ot 9 0dyr FOEBPEABYcdEOdY jKj ' 2 cOdisdz
Hsf sdi3ice s OdzOdz' L Olsstc® jdzj Slstedydese s Mt j

t"LddyY eodL dOyjdtscts dO thdse " jSCMmfj
L OIP3 = 22,6 HI A, Isd sted Isd ydzts ., 060 L dED .
MlsOdzgsoa dIls! 0, 9 HI, IstsBlsts dzj © Hf so " Hdz Mk
LdZORsHdIs! Mw o dj 3 Or jSM jteddsj dzls Odz! dets”’

[ME  dz2 € O fwOCIsdy 903¢B LOBJLT j
Cstcdmdzs OdzOdz' L 9o Olsd MY slso sty jdzedgis’ § Ot dz
Lag hjdadzy. 102B" dz2 hddid MY tslsoe tstej dadzw d3d
My slbo sty dedzg" Hikzetsets LY HEZL)Wf 425 dzO Oy
f'wistss sO htshmistss G O tsigts da efpAedscH dz'( 3 .7 4s8s)l
BOlrg ¢ dzOdz! detsects tojydd3sz Hdzv ydr MSC ZzOHtse (-

cog § . N2 At Re [Hod
PIMCZ,ss: d) 8d3 F| d - (350)

CS odHdss "L (3.44), fwlblzyd MisXi) jt
} sdsdzsy doh d  6B(L.R8) § W@MSOFHe" ddsy 2O s
LOdzj Y d&' Mls! odh' Hdes' flskzy/dasmbicd 0o deidz
o dtOL HB (3./5039(Ldsske'dusPl Gtatso €O jys SEH. 5

odL dzZOYyO: Ol P2/ w¢ WEkdSvy'®¥ o'H

OIP2(j , J= 2sm2(/c(;g§|(/% olH ok : (3.51)

[ sy d2O € 0OLOLd, hts Ol P2 LO Hke® @
HO" (3.51). ¢dzOdzsc’ ydets fslskzy desmils® L O
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OH' BYOMISIs' /ol OXdyjyy dfttdisefind(iey ' HA dsH2' dzd o 1 d
@O (3.28) ' sSEdRdzsHREy dz0 GBd BOlsd |11 P2 ¢

IH?@:ﬂﬁlﬂ-. (3.52)

Rz

oW " ¢, hts ftsBlzHtSo Odzets dzO Bifjips g 3=5Q 8 .
JBHo=y2. 16 cttedLBdsOd d 2 sf}° o' HEC kO
CoOHWOlkztcdzsets tjiyddBz L &3 " jdedz?. stedo O
Ol P2 L dOydes Ldzdy k" Is' MW Gadz©O© Q" If'snfiBd’ dzj
Bz dztsB § O9 dzd - mMdmisg d3OB j dgds'- d B3G ¢ Iz Is ¢ f 56"
Hd dzOd3" ydzd2 H ' Of OL tsshuridusiree Ld@an@icHr&ndesS £ DRe dz:
fstc’ adzvdzgdz L o dzOMmMdedd3 L dzOyJ dzdz? d@3 SFDR Ist
BsH Ez dyvds. s tc
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60 Lyiaeq= 100 MA ]|
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1MA

OIP2, nbm
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Bennunna $pa30B0i HOXUOKU KBAAPaTYPHOTO

PEXUMY 3MiI_[[eHH51, rpanyc

it dB. 28. fdLidz Ok tLicORrkzdEEZ O
R¢= 50 H&Y2

bdzOdz" L. L OCOdz desets SFDR Hdd&zv dzf dz2@ '
GZOMlskf detsdBz tetsL H' & . 10 tdfm. 3.29 tjLbzd
(adteOL 3.51) fte' adgssls: fw 'L tojLbd Ok
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odMBsCd?2 LB' 6 B ) tjLbkzd SOORBI odd tcr o C
tc' o j dz Ol P2 L d&OrtHdIs: Mw BdzdL! €8 35
WiBSISsEH ' SH

3.5, 1 sCOLdedSCd wEBsMlis’ HdzV  difS wddz d@ew uf |
" dzlsd dzmdo dzsMmis® o df tetsd3’ dzt 9 Odzdzy °  f tow d3d O3

3.5.1. stjW%'y' ‘dibs hbkdskz, o' Hdash j dadg"

V I jtcjHdy sk tesLH' d2 odoeo jHjdets dzO2
fwllyr, §uyddOs yd L ®&Obedys) 2 jLydejonPis: |
weshls', ©OC' w¢ Cwmj%' y' ‘dis hEdkE, o' HC
H' Of OLtsdz. [ HAOS "kzds, odzj Mmjded?2 dz' dz' * &
f OO Ists s ds.
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I deOL Hd&vY MyjShtcOd ds’ h' d dshls’ §
&' dzZte’j HPU" L [fwllyp dzO BOL' LBodz hdz SGt
By dz0 LOfdMOd & odcdwH:

| 2 3
NygmsP'R R [H kT kT 29I R HJ, RN D& H[L (359
p

Hil. fcod® o) ddyddd §sils' 2dés HsddGHst s
WskstHjljCltte', LOosHWSd ysdkkz (3 CEHX)s b
& dz 2, ftsHOBRIE; @RI MJM. o 3 H dats f)dze,2- fnls B dzO

I sdz! Y ROMAOO dzH Otels dgP B fr th@B-RWW) R, R, -9 ~» ' H da( 2
odma' Hdzd2 ®f ' tc.

1 jteh O M dzOHtsa © © (3. 53) f ser H Ode@z'
f sd3dats ) § dad o3 ) filaddz0 dg© dzg 2 CtsdW' y' " dzls §BHM
' Himddze “ s+ Mw Htod JjtojnatSH' HSE odmafBHEZ &
hzds dz@ o drmtSH dz' dz* fjtejHOY" . [BdHO O
sHddzd yv n MisOdzH Otcls dzts hzditse 5° Isj B j tc©
oditstedmMissozo Olsd HEEWOWiclethsEO- EdeGilt * fgls O dzls (
odf OHCOR Hdv tfdhmMkz bjfdasetscects "k syl
1 Of ted € dzOH , o tcOn Iz9o Odadaw sjf dzceotse s N kdlz,
tejLdMmMlsste’ , By kls' ftedL o j Misf .H & tetfjdswe dn ¢
(3.53) C'dzr €' Mz o tcOntso Iz’ odzj MBEC HEcESH
HSHOLSCtSod?2 Gilksdyudd?2 hEed, Ct' &3 W kdzH Od3y
hzd3" o, oddz ewdzd?2 o Isjted3 dzOr o' H dztsfmdzts
f OtcO®Ry Iste & Misdls! no dapifijtiel dis " LizdizrdzO dg j ldedpcH
CoOdzssoad?2 hkdz, hkdgz 8" H JjteB' ‘'odm otdss:
HtesBtsod2 hikd3g. (' L dzts 306z Usdis d3t it tistg WdaOdzwhe A
fwllr, LBCtej dBBO HJWC' HY Jtoj dzO h [z d3lm o dgtepPL
odnrBBHONR].
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tdB. 30. tjLikzd sOId jSMi jtcdd3j dzls Odz' dat

“dals j defpd o datsdgts ' dz'( BWN) L [Jwllyp, odd tw datsc

9drBHOR ' d&O odAtH' BOXZOdzZmdesets HjIsj ¢
HtesBtsodnmn NEA o

1 kte! 57 Stdeds RIN, (cCO0OR{BY kZecE(
o & dg 0 L Jwlly dz© B@&, [Of fsdeuzO Mg &R0 s
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H' 2 Mdetsfls' , g fgfdew dz vGder  fffij drdfjdisdis d y dats®  dz' dz'
1 Oc0dz! d&z0 H B9 ) d dzO oS sted Mis Odats’ dz' dz*
f° " H cdzOdz’ L o' HdzsMmdes¥ YOMtsotst L Olsted d3§ |
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o' HdegsMwis! MW HB COIjette’ ' MddaW OL des@gts h
jdzj Clstcdyded?2 ° HtetsBtsad?2 hbkdkd. v Mmddj st
ftcdHlzh jdzd?2 L O Ediseod HftcOoddz! desegts ' HB S
Blzdatdls Odztso dzj dzts, o dzj Md d3d Isted ydets’™  dz' dz' °
1Yy ' d&OL jt. Aj2 hizd By dO LddL dlsd dz0
Yyomlsddzd0 Mt j Clstez dO odrtsH' Mdd3j lsted ydats®
12 HJ1 dzdyud ' sdzvdzdii MdARY st Quids” dzO0 1 to
HY J tojvdBtssdg tie B ' 8 " o tsdzis § s dzplz’ Rl jNbzHHfiglef' dzsHete@s B ' ts €
fted Mbtokzd 1001 U Hls/dgsg.dlsh s HBBte]
1 dydz? s BN j¥ hkdtseats' S OOS Is] tadchldictds tf
h Iz d3ts d3. 1l jtojodh jdzgdg" dzOH o' 9 dgj @3 HicsB SO S
dL &zO0y0*‘ Is mw  Jjdzj Slstedyded iz "M ERBORBd dzO o
OB *, tlyj, dj &yl Bkl §td
jIsjClskzo Odzdzv . U OClsftay] Ydeddzts'ds, ) dfiaf fmlsf etz y dzC
FnOOCIsjtedL s s M SHEZOSSoaddid ¢ OL dif, S Od

Bsy kzls: o' Htec' LdWIsdmw o L Odzj ydetsfls® o' +

AOC It hbdz HdY d& d° L [Jwllp &b
odL dzOyg dedzv [ 30] :

SR

I

2
F= Voloas (3.54)
IEIQZRBA |8|_0’F’D| kT
HN, ,BBdKO  Is! mMw 1+ (3.52) ° tc' o dgv dzdzv ( 3.

CjW' y' ‘ dzsO ' Hiddzj dedgw . (k' edaisedRden W (d8 . y5iz

NF[H ]= 196, a'{/ | d %Haq[: ], (3.55)
¢ =

Hy TodRAR s50 1B 1/ 2. OV’ ¢d, tBLtOA"
ZzO0 ttdm. 3. 31.

10 tod MY SH.O3s, L dzOyJ dzdz2?" NF o L Odzj 3 dzts
L dzO wyj.dz’
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hzllz dBtsBHISH JIsd o' dz' dz0O0dz' day L dzOyd daedz2? NF
10 todfipf SO, Ctwwde ' Hi=d 4% IS MftedO das dgizdzd A
cS odHdes, o yYy' sdzdz odf OHCEZ dzOeo ' Is! o' H dzfs
WEZdH OdgjjdzlstOddd g dzdz2? NF, B dzdets fftod o d
1] OOl Iste ¢co ' Hdetsh j dedlz" MdedzOdzz His hizdg
drtsH' 1y obkLd&zO OBt MdMmisj &3d dzOMilsz{ dzd d3

(V)

SNR, ;%ﬁ, (3.56)

aq’g

Hj-hdieddz® Mdked MdedzOdkz, (s SHjkY OdO §
o jdzjSktedyded? o PD.

1 HMkOdesoa SO (3.53) 9 (3.56) HO' L O
' odgvdgdzy (3.27) HO' L OCOWS .da{@) o dt
[ OCMd BOd dzj L dzOyj dzdz¥ SNR o dL dzOyO " -Hsr fiyw
Codftejf' v L&OSBH! MW L O HEfsksess (3.

2O yded2 H® Of OL tsdzg Hdzw dz' d2@° L [ w.
BOGOI' tsn OdzOdzsc tso d n L OMlssmizeo ©dz@zf OL tsdd
CsdBftej ' ‘¥ ' Hchpozysidaaynamiqranddd®R.) o dL dzOYO
" stz dztss [ 307 :

Pt 107
Na q@

CDR,, = (3.57)

HiPu,-odn ' HdzO ftslskzy dz' ofmlss. fted SCtdftej '’
] OtcOd3d Iste ¢ H d dzO o3’ Lyiad@H OHBEJ@Y ¢ LE=giylra®ics p
range, SFDR) o9dLd&0OyoO’' Is! mMw L O Wtz dts:H

(R L)/n

a 0
SFDRn=aqil)'—P; 5 . (3.58)
¢No¢B +

c¢ fwOoaddzts, CDR odL dzOYyO‘ Is' v -1 HEB®
oL tcOr ZdzetsC yd Mdzs enfuir G OsRnIsdz' 2dded’ = tH ° wlHlc
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2 2
CDRiH 1 = (014516)L 5 : lﬁll_-"-l | F ’ (359)
Na qg

HiIN, ;9 dL dOYyo* s+ v o (3.53).
1 ktcOr R OdedB'0H =1/ 2B= 1 |y o dtOL (
fjtcjlcostcjdas o dzseOtedW o3 ydzz W tstc Bz :
COR, [HO{w -22+ 8 [2]INogf; ¢
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fshdted dzdzg? o otdzsGdz . 1 Mm° yozd ded d3digs P jo dzdiz
jdzj Cltedydzdn sEEi 9 N OOCkjtedL k25 Is¢ dzj oz
Mfted2 dvIsdzde ' fls! Htekdets YoWHSE fdL o
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dzfj ftodLeotHdIs! HEtS L dzOydesets LB dz' " j dgdgv W&
8. zlkzdse  Ytoeeddsyjisdedf” IS B A3t dgjedEBds e d M ls
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