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AgtayopeleTal n aviyeaen, agtobnkevon kot Slavoun tng JtaQovcag £Qyacios, € OAOK-
AMQEOUL I TUALATOC QUTAG, Yia euTToQkd GroTd. Emitpémetor n avatdmmon, amobhnkeuon
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agtevfvvovtol TTEOS TOV GUYYQROMEQ.

OL amoyelg kKoL To GUUITEQAGUATO TIOU TTEQLEXOVIOL GE QUTO TO £YYEAPO EKPEAIOUV TOV
GuYypapEa ko dev TieéTel va epunvevdel 0Tl avTIITROGOTEVOLVV TS eTionues J€celg Tou
EdvikoV Metadfiov IToAvteyveiov.



ITe@iAnyn

H magovca SItAmpatiki egyacio €xel wg GroTT Th GYedlacn, Tny TTEOGOUOIMGN Kol £V
TEAEL TNV KATOGKEVN VOGS OAOKANQ®UEVOL SLaPOQLKOU EVIGXUTA TTOU TEOKELTAL VO XENGL-
uogtomnBel wg driver €€68ov (Tredypauua odriynong) evég sroustoV 6e RF guyvétntes (micro-
wave). ‘Evag TETolog eViGYUTAS KATEXEL GNUAVTIKG QOAO GTIS SL1d@OQEES TNAETIKOW®MVIOKES
E(QPOQUOVEG.

To ueyadvtepo Uépog tng gpyaciog meayuatostomifnke gtnv Infineon Technologies AG.
H oxedlaon tov evigyuti vAosoumitnke gtnv 0.13um SiGe BICMOS texvoloyia BIIHFC
OV pag Taelxe n etougelo ko Ue KeviQkin guyvétnta Asttovgylac ta 145 GHz. Ape-
YA, ETAEYINKE N OQYLITEKTOVIKA Vo BaciceTal G Sla@oEIKn Slaudepwaon TELOV GTAdlwV.
Emouévwge, oxedidotnrkav katdAinia balun. “Eva balun Siougel To cnya stou elG€Qyetal oo
€L0680 Hovoy aKEOSERTN GE £vo, TeVyos SLaPoEIK®V onudtnv, eved KoTtd Ty ££080 ueto-
TEETEL TO SLAPOQIKG G GE AU evdg drpou Uécw evog devtepou balun (Siag woEnig.
Metd tnv oAdokAipwaon tng oyedioong ye atotxeia tng fipMobrkng BITHFC ko epdcov To
KUKA®UO TREOUGE TIC ATTALTAGELS TTOV TEINKAY, AKOAOVINGE N KATAGKEUA TOU EVIGXUTN GE
emi{medo Layout. uykekQuuéva, LETAAAKES GTEMGELS YENGLULOTTONONKAV YLl TNV KOTAGKEVN
TV SOV GToLXElwV TOU KUKA®UOTOS. XTIC TtRocouoiwaels A@dnkav vIt’'éwiv Kot
oL eTTOPES gUvdeong pads, To oIroia £5AGEAAICOUV TNV €TKOW®VIO TNG TTAOKETOS UE TO
€EMTEQIKG TEQIRAAAOV, Ue GKOTIO va SamieTmwdel To TTOGo Tng eTmiSACNg TOUG GTn Ael-
Tougyla Tou kKUkAOUaTos. H emtibpacn toug tTeMkd astodelytnke wiken, omrdte n dtadikaacio
oyedlaong cuvexiotnke ye tn oyedlaon TTAAKETOS KAl TNV NAEKTQOWAYVNTIKA TTpoGouoinon
avting. TéAhog, Ta amoteAéouata TnS TTROGOUOIMONGS TToV €ERYONGOV TTOQOVGLALOVTOL GTO
TeAevtalo ke@AAoLo.

Ye ueydin éktacn tng gpydciag yivetor GUyKQELon Tng dmddoons Kol ToV SLopOEETIKMV
TEYVIKOV UETAEY TOU GYedlacuol Tov evigyutn ce emimedo atoxeimwv PipAodnikng BITHFC
row gtn teAwn Layout wopen tov. H Swadikacio oxedlacng oAokAnpoinke emituy®s Kot
éprooe UEyQL Tnv €Eaywyn tape-out, GTOU KoL TO GYESL0 GTAAINKE GE €QYOGTAGLO Yo Vol
vAoTToindel n KATOGKELR TOL.

Aégeic KAeda:

Awapogik6s Evioyutig oyvog, tola atddio, micro-wave cuyvéinies, 145 GHz, mtpdypouuo
odnynong €£68ov (output driver), balun , SiGe BiICMOS.






Abstract

The aim of the present thesis is the design, simulation and finally construction of a
differential amplifier, which is going to be used as an output driver of a transmitter in RF fre-
quencies (mm-wave). Such an amplifier holds an important role in several telecommunication
applications.

The biggest part of the project was realised at Infineon Technologies AG. The design of
the amplifier was implemented at the 0.13um SiGe BiCMOS technology BIIHFC, which was
provided by the company, and with a central operating frequency of 145 GHz. At first the
architecture was decided to be based on a three stages differential configuration. Therefore
the appropriate baluns were designed. A balun divides the single-ended signal at the input
into a pair of differential signals, while at the output the differential signal transforms into
a single-ended one through a second balun of the same type. After the completion of the
design with components from the BIIHFC library and since the circuit met the requirements
set, begun the construction of the amplifier in a layout level. Specifically, the different parts
of the circuit were built using metal layers. During the simulation the brass pads - which
connect the board with the external environment- were also taken into account, in order
to ascertain the amount of their effect on the operation of the circuit. Their effect was
small, so the process of the construction continued with the design of the board and its
electromagnetic simulation. In the end, the results of the simulation were drew and are
analyzed in the last chapters.

A long part of the project holds the comparison in the performance characteristics between
the two designing techniques of the amplifier : with components of the library BI1HFC level
and the final layout form. The process of the design was completed successfully and reached
the tape-out phase, where the design was sent to a lab to be manufactured.

Key Words:

Differential power amplifier, three stages, microwave frequencies, 145GHz, output driver,
balun, SiGe BiCMOS






Evyoaieticg

H magovca SurAmyatikin egyacia exttovitinke otnv diedvit etaupeia Infineon Technolo-
gies AG otn méAn Villach tng Avctpiag. H To®Tn emapn ue tov epyactlakd Touéa Kabwg
KO N N GE WO XDEO TOU EEMTEQLKOV QTTOTEAEGAV UL TTEMTOYVOEN, TTOAVTIWN euTtelpio
yio UEvaL.

Me tnv oAokAMpwon tng, da ndeda va ek@edow Tis depués Lov euyaplaties e GA0UG
660U¢ GUVEBOAAOY GTNV EKTTOVNGN TNG.

[MpwtloTtws evxaElot® Jepud Tov emPAémrovto kadnyntn wov k.Iwdvvn Hagavdvo yio
TNV gUILEGTOGUVR TIoU Uov €8elfe €€ ayng, avadétovtds wov To Guykekwévo Jua, tnv
ETLGTNUOVIKI TOU KoJodnynon ko Tnv €EALRETIKI GUVEQYAGLaL.

Meydho evxaplot® otoug Iwdvvn ITémaa Bidaktopd @ortnti) kow Mopio Tortgiddkn
(NAEKTEOAGYO UNnYOVIKO) YL TIG ETLOLKOSOUNTIKES TOVGS VITOJELEELS KO TNV TTOAVTIUN GUULBOANR
TOUG GTNV OAOKANQ®MGN QTAGC TNG £QYAGLAC.

Euyaloted ioltepa Tn GULEOLTATELO Kol GUYKATOWKO wou Avoctacia Kovtalavoy pe
Tnv omoia polpactikaue OAn avti tnv egumelpia. Emiong euyaplot®d toug cuvadédgoug
Xpnoto Bwouo, Imdvvn Kovotagn, Apteuncio Xovustacdrov, Ayyedo AAeE6TTOUA0, Baciin
Avakddvn, Kovotavtivo T'odavéTtovdo kor tov kadnynti k.Avdpyveo Ilamayeweyiov, ot
ogrofor €kavav evydolotn tn koadnuegvotnta oto Villach. Evuxapioties kaw otov k.Franz
Dielacher yiwa tnv diatn cuvepyacia.

Ba nYeda emiong vo uyOELGTAG® TNV ayarnuévn wov gadépen Avva Zigov ya tn po-
nbetd Tng KaTd TN GUYYEOQN Tng gpyaciog. Ae da UItopovca v Wnv avaeéen Toug @eiloug
uov NikoAétta, Xowativa, Aéamowva, Eprivn, Tdvvn, Mogia, kKoO®OS Kol TOUS GUUEOLTNTES
kow @iAovg pwov EAévn, EtéMo, Niko, Kiuwva, AAEgavdpo, Eprivn, Xogia, Kwvetavtivo,
Ttov PBelokovtav S{TTAa wov avtd Ta xE6via.

TéAog, da ndelo va exk@EAcw Tnv gvyvopocivi wouv ctoug yoveic uov, Iwdvvn ko
Acmagio, kadog kar Tig adeppés wouv Iodvva kot NikoOAETTO ylo Tn GTAELEN Ge OAES TIG
ETAOYES WOV KOL TNV aydItn TOUS TTOU aItoTeAel Kvnthiglo duvoun.
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Kef'laio 1 : Eisagwg

1 Eisagwg

Sto Kef'laio eisagwg ¢, analOontai to kPnhtro kai oi stiqoi ekpinhshc thc diplw-
matik ¢ ergasbac. Epipleon , parégetai ston anagn,sth ena shmebo anafor’c wc proc th
sOggronh sgedbash oloklhrwménwn kuklwm’twn se mikrokumatikéc —(millimeterswave) Kkai
THz sugnithtec . Teloc, parousi“zetai sqediagrammatik” to sOsthma enic pompoO

1.1 Kbnhtro gia th Suggraf thc Diplwmatik ¢ Ergasbac

Mba api tic pio emeli,deic diaforéc ston kismo twn oloklhrwménwn kuklwm™twn
brbsketai metaxO twn yhfiak.n kai analogik,n kukl matwn . H diplwmatik aut
asqolebtai apokleistik® me ta deOtera . H ulopoBhsh tou pr tou analogikoO oloklhrwmé-
nou kukl,matoc purodithse mia seir” sqedDashc susthm™twn pou epétrepe th sOndes
touc me ton pragmatiki kismo , pareqontac arketéc plhroforbec gia ta analogik™ s -
mata, ipwc hlektromagnhtik® kOmata , qoc, ermokrasPa k .a.. Me thn p“rodo twn grinwn
aux hke h mégisth sugnithta leitourgbac twn oloklhrménwn kuklwm™twn RF, katal g-
wntac sto s mera pou ta sust mata mikrokumatik n sugnot twn apoteloOn th b"sh stic
perissiterec efarmogec thlepikoinwni,n kai apeikinishc

Té hke epomenwc wc skopic h enasqilhsh kai h emb”njunsh sth ewrba twn mikroku-
matik .n sugnot twn mésw thc sgedbashc enic enisqut se arket™ uyhl sugnithta lei-
tourgbac. H diajésimh bibliografba gia autéc tic sugnithtec leitourgbac tan arket™
periorisménh . Wstiso , h meléth twn sqetik,n dhmosieuménwn periodik.n , papers kai
sunedrbwn apotélese kateujunt ria odi gia ton kajorismi twn stigwn pou epijumoOmai
na epiteleb o enisqut ¢ pou eprikeito na sqedi"'soume . Sugkekriména :

" Sugnithta leitourgbac : 145GHz.
"~ Keérdoc IsqOoc 28dB:
"~ 1sqOc koresmoO  10dBm

Aut h diplwmatik ergasPa aposkopoOse kai sthn exoikeBwsh me hlektromagnhtik®
progrrmmata prosomobwshc Sonnet EM kai Momentum Virtuoso. Gia auti té hke wc
priklhsh h sgedbash enic tétoiou enisqut se chip, ka ,c apaitoOse idiabterh prosoq
sta b mata pou a akolou h oOn

1.2 Sust mata mikrokumatik,n sugnot twn

Ta sust mata mikrokum™twn grhsimopoioOn uyhliterec sugnithtec , 1Ipou to m koc
kOmatoc | = ¢ / f ePnai mege ouc ekatost,n giliost.n . 'Etsi, h proséggish kukl matoc
méswlumped stoigePwn apotugq™nei, ligw tou iti autéc oi doméc apoteloOn shmantiki
komm’ti tou m kouc kOmatoc. Se éna sOsthma rant™r , to mikri m koc kOmatoc epitrépei
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thn kataskeOh arket” kateujuntik ¢ keraBac , etsi ,ste mia désmh aktinobolbac na es-
ti"zei se mia dedomeénh kateO unsh.

Oi sugnithtec mikrokum™wn (mmewave) p'nw api 100 GHz prosféroun th dunatithta
ulopobhshc enic eureoc f'smatoc efarmog,n pou sgetbzontai me tic thlepikoinwnbec ,
thn ugeba thn asf’leia kai ton biomhganiki élegqo poiithtac . H beltbwsh thc gwrik ¢
an’lushc me th sugnithta kajist™ touc pompoOc subemillimeter kOmatwn kat llhlouc
gia orisménec api tic proanaferjebsec efarmogec

O enisqut ¢ isqOoc apoteleb éna api ta basikitera stoigePa thc alusbdac enic pom-
poO, kaj,c topojetebtai sthn “krh tou kai mésw autoO par’getai to teliki s ma , to
opobo apodbdetai sthn keraba, ipwc apeikonbzetai sthn parak™tw di“taxh . Katanal, nei
thn perissiterh isqO sugkritik® me ta prongoOmena st'dia epexergasbPac s matoc , gl
auti ta qarakthristik® sgedbashc kai h sumperifor” tou elégqgontai diexodik™

Prin xekin sei h ulopobhs tou , axbzei na anaferjeb to gegonic iti h diadik’sia
sqedbashc enic enisqut radiofwnik ,n sugnot twn diaferei api aut se akoustikéc
sugnithtec . 'Enac ligoc pou sumbabnei auti , ipwc katagr'fhke sthn arq tou ke-
falaDou , ePnai iti se gamhliterec sugnithtec to m koc kOmatoc ewrebtai amelhtéo se
sOgkrish me ta stoigePa pou apartbzoun to kOklwma , epoménwc ta kumatik™ garakthris-
tik™ tou s matoc den lamb™nontai up  ‘lyin . Epipléon , oi energec suskeuéc periegoun ilo
kai megalOterec timéc antist’sewn , parasitik,n qwrhtikot twn kai autepagwg.n , kaj,c
aux'netai h sugnithta

Sq ma 1.1: BlockDi"gramma enic FM pompoO
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Kef'laio 2 . Basik Jewrba gia
an’lush mikrokumatik n diktOwn

2 Basik Jewrba

Ta mikrokumatik™ dbktua ebPnai basik™ domik™ stoigeba sthn an’lush twn RF susth-
m'twn. Tétoia dbktua grhsimopoioOntai gia thn epilog [ apirriyh  diaqwrismi / sun-
duasmi shm™twn se diaforetikéc sugnithtec se éna pl oc RF / mikrokumatik,n susth-
m"twn kai exoplismoO . Skopic autoO tou kefalaDou ePnai na perigr'yei di*forec énnoiec
diktOou kai na par“sgei exis,seic pou ePnai gr simec gia thn an’lush tou enisqut

EpBshc to deOtero komm™ti pou a apasqol sei sto kef'laio auti ePnai h katanihsh
twn ennoi,n eust’jeiac kai grammikithtac enic kukl matoc , 0i opobec a apodeigtoOn
aparabthtec gia thn sgedbash tou enisqut metépeita . Anaférontai skiagrafik® h
an’lush Monte Carlo kai méroc thc ewrbac twn gramm,n metaforc , pou a qgrhsi-
mopoihjoOn stic RF efarmogéc.

2.1 Y, Z kai ABCD par'metroi

Melet,ntac thn sgésh metaxO twn reum“twn kai twn t'sewn enic apliu db urou
diktOo, ipwc autoO pou parousi“zetai stic eikinec 2.1kai 2.2(@), katal goume sto orismi
twn pin"kwn [U], [Z] kai [ABCD]. Sugkekriména:

Y par"metroi

H agwgimithta braqukukl matoc alli,c oi Y par"metroi enic db urou diktOou

orbzontai wc ex c :
1 11 Yio3EVh
= (2.1)
|

2 21 Yoo Vo

Sth genikeuménh perBptwsh enic diktOou me n Orec, h agwgimithta upologbzetai
api ton tOpo
|.
Y = - (2.2)

J V=0 gia k, j

ston opobo isqOei Vi = 0, dhlad ewroOntai braqukuklwmeénec ilec oi “llec Orec
(n*1) tou diktOou ektic api aut pou exet’zoume k" e for”
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Z par"metroi

H sOn eth antBstash anoiktoO kukl,matoc alli,c oi Z par"metroi enic db urou

diktOou orbzontai wc ex ¢ :
1. 11 Z12 Il
= (2.3)

> 21 Lo o

Sth genikeuménh perbptwsh enic diktOou men Orec, h empédhsh upologbzetai api
ton tOpo :
V.
z = — (2.4)
lj 1«=0 gia k, j

ston opobo isqOei I, = 0, “ra ilec oi Orec  (nel) tou diktOou , ektic api aut pou
exet’zoume K™ e for~ , sumperiférontai san anoikt™ kukl, mata . Stic sqeseic 2.2
kai 2.4 parathrebtai iti o enac pbnakac ebnai o antbstrofoc tou “llou

[Z]=1[v]* (2.5)

Sg ma 2.1: DB uro dbktuo gia anapar“stash twn pin“kwn Y kai Z

ABCD par"metroi

Oi anaparast’seic paramétrwn Y kai Z mporoOn na grhsimopoihjoOn gia ton

qgarakthrismi enic diktOou mikrokum™twn me aujabreto arijmi ur.n . Wstiso , ta

perissitera kukl,mata uyhl ¢ sugnithtac apoteloOntai api mia seir” susth-

mtwn dOo ur.n pou sundéontai diadogik® , ipwc parousi“zetai sthn eikina 2.2(b).
Se autn thn perbptwsh , h an’lush aplopoiebtai shmantik® , €'n oi dOo Orec

perigr-fontai api to pPnaka ABCD alusbda gia k™ e dbktuo dOo ur,n

O pPbnakac ABCD orbzetai gia éna dbktuo dOo ur,n (Sq ma 2.2(a)) wc ex c:

PiE e

I C D 1,

\Y V. | |
jpou A= -1 ,B= 2 ,C=—+ D=1
V2 i,=0 l2 v,=0 Va2 1,=0 I2 v,=0

Parathrebtai iti an isqOei  A=D, to kOklwma ePnai summetriki.
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AxDzei na anaferjeb iti stic eikinec 2.2 h kateO unsh tou reOmatoc |, ePnai sum-

batik® antbjeth api aut thc eikinac 2.1. Aut h sOmbash pTrjhke gia thn
dieukilunsh twn seiriak,n diktOwn (alusbdac), pou antiproswpeOoun oi ABCD
pPnakec Sth sunégeia, melet,ntac tic t"seic kai ta reOmata xeqwrist™ sth Ora 1

kai 2 tou diktOou 2.2(b),ipwc sth sqésh 2.6, prookOptoun

P i .

.- Ci Dy Iy

P oo

P C, D 13

H sunolik mtra  ABCD thc sOndeshc dOo diktOwn dOo ur,n diamorf netai wc

SRR AN § s

l1 Ci Dy C Dy s

sOmfwna me to opoPo apodeiknOetai iti h mtra ABCD thc sOndeshc twn dOo
diktOwn prokOptei akrib,c api ton pollaplasiasmi twn pin“kwn ABCD pou an-
tiproswpeQOoun api tic ddo memonwmeénec Orec (sgéseic 2.7 kai 2.8). EpishmaPnetai
iti h seir” pollaplasiasmoO twn stoigePwn tou pPnaka prépei na ebnai Bdia me th
seir” me thn opoba ta dbktua ebPnai diatetagména.

H grhsimithta thc anapar’stashc tou pPnaka ABCD egkeitai sto gegonic iti me
b“sh touc pPnakec ABCD gia stoigei ,dh dbktua dOo ur,n , mporoOn na dhmiourgh oOn
exis,seic gia pio perbploka dbktua mikrokum™twn , pou apoteloOntai api alusBdec
aut.n twn apl.n dijOrwn . Stic sugnithtec mikrokum™wn , oi pbnakec met"doshc
ABCD kai oi Separ"metroi pabzoun kentriki rilo

Sqma 2.2: (apP uro gia ABCD mtra (b)SOndesh db urwn diktOwn en seir” ([1] sel .189)
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2.2 Par'metroi S

Se aut n thn enithta anaptOssontai genikeuménec par"metroi skédashc enic enisqut
kai shmei,netai to kérdoc thc energoOc suskeu ¢ me th gr sh twn paramétrwn S. 'Enac
grammikic enisqut ¢ mporeD na anaparastaeD wc db uro kOklwma me isodOnamh phg
Thevenin sth Ora 1kai fortbo sth Ora 2, ipwc parousi“zetai sto sq ma 2.3.

Oi paradosiakéc par'metroi grammikoO diktOou pou grhsimopoioOntai se gamhléc
sugnithtec étoun polléc prokl seic stic metr seic kai thn an“lush kukl matoc uyh-
| ¢ sugnithtac . Sugkekriména oi U kai Z par'metroi epilégontai sun wc gia hlektro .
nik® gamhl ¢ sugnithtac , en, oi parmetroi S kai ABCD grhsimopoioOntai euréwc sta
RF kukl,mata . Auti ofePletai sto gegonic iti oi par"metroi Y kai Z apaitoOn sunj kec
meétrhshc anoiktoO kukl matoc braqukukl matoc , pou ebnai dOskolo na pragmatopoi-
hjoOn me akrbbeia se uyhléc sugnithtec . AntDjeta, oi par'metroi S metr.ntai upi
eleggimeneg peperasménec sunj kec sOnjethc antBstashc  .[2]

En, oi par'metroi Y kai Z basbzontai se tseic kai reOmata , oi iroi "prospBpton
kai "anakl.meno " féron kOma protimoOntai gia ton akribéstero garakthrismi twn S
par'metrwn . Oi exis,seic twn kanonikopoihméenwn prospPptwntwn (@) kai anakl,menwn
(b) kumtwn t’sewc se éna sOsthma me qarakthristik empédhsh Z, diamorf nontai wc
exc :

Al
a = p=— (2.10)
Zy
b = o (2.11)
i = P== .
Zo
Oi par'metroi skedashc alli,c S orbzontai wc o ligoc enic prospbptontoc kai
enic anakl,menou férontoc kumtoc . Se éna db uro dbktuo, ipwc parousi‘zetai sto
sq ma 2.3, pabrnoun th morf
b, b,
Si1= Py S12= P
1 a,=0 2 a;=0 (212)
b, b,
So1= — Spp= —
a1 a,=0 A2 a,=0

ipou h sun kh  a, = 0 upainDPsetai téleio tabriasma sOn ethc antbstashc  (qwrbc
an’klash api thn empédhsh termatikoO ). Se morf pPnaka [S]isqQOei :

it i

2 So1 S @

Sq ma 2.3: DD uro dbktuo gia anapar’stash twn S paramétrwn ([3] sel .50)
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Ka emba api tic tésseric S paramétrouc enic db urou kukl matoc ferei sugkekriméno
tegniki iro  RF wec tripo garakthrismoO twn kum“twn api ta opobPa apartbzetai , kai ek-
frash thc grhsimithtac thc . Sugkekriména :

" S11: Ap,leia epistrof ¢ eisidou ( suntelest ¢ an"klashc eisidou )
" S15: Apominwsh ( antbstrofo kérdoc )
" Sy : Kerdoc isqOoc

" Sy, : Ap,leia epistrof ¢ exidou ( suntelest c an"klashc exidou )

Genik™ oi par'metroi S ePnai sOn etoi arimob kai ePnai boliki na ekfr'zontai se
morf migadik,n arim,n me pltoc kai f°'sh

Smn = [Smrje) ™ (2.14)

Sun wc upologbzontai se decibel (dB) wc 20l0gjSmy.

Parimoia me tic paramétrouc agwgimithtac U kai empédhshc Z , h mtra skedashc
mporeb na grhsimopoihjeb epbshc kai gia ton pl rh garakthrismi thc sumperifor~ gram-
mikoO kukl matoc ne ur,n . Gnwrbzontac thn genikeuménh morf miacS paramétrou , pou

perigrfei th sqésh metaxO thc prospbptousac g; kai antanaklimenhc bj, kumatomorf ¢
t"shc
b.
Sij= — (2.15)
aj a=0 gia k, j
kai omobwc
[b] = [S][a] (2.16)

prokOptei o pPnakac pou perilamb’nei ilec tic S paramétrouc enic diktOou N ur,n
WC exc :

S

s
2n 2.17)

Snn
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2.3 Krit ria Eust” eiac

Se antb esh me ta pa htik™ stoigeba , ta opoba den talant,nontai pot¢ , mia energ
suskeu mporeD ebte na ePnai se ésh na enisqOsei éna s ma ebte na diathrhseD mia
suneq tal’ntwsh . Dedoménou iti 0 stigoc ebnai na sqgediasteb suskeu pou leitourgeb

wc enisqut ¢ , prépei na apofeuq oOn lan asménec talant, seic , 0i opoPec den apoteloOn
suneq tal’ntwsh me sta eri pl°toc kai sugnithta , all” mia qaotik sumperifor” , h
opoba kaist” ton enisqut asta . Sto plabsio auti , ePnai aparabthth h meléeth twn
sun kwn eust” eiac enic enisqut [3].

Prokeiménou na katal xoume sta krit ria eust’jeiac , prépei arqgik”™ na analujeb h
logik twn suntelest,n an"klashc pou anaferjhkan kai sto kef'laio twn S parameétrwn .

JewroOme ton enisqut san éna mikrokumatiki db uro kai étoume wc  Zgskai Z, tic emped -
seic eisidou kai exidou antbstoiga
Genik™ gia énan suntelest an’klashc isqueb o tOpoc

_ Anakl,meno KOma _ by _V,

~ Prospbpton KOma & VI

Wec suntelest ¢ an“klashc pou koit™ei proc to fortbo orbzetai
L=— 9 b= & (2.18)

EpBshc api thn eikina 2.3 fabnetai iti isqOei :

Vi= V;=V a_=b
L 2772 0 2 (2.19)
Vi= V, =V, () b.=a
Antika istntac tic sgeseic 2.19sth sgésh 2.18 prokOptei
a=Ghb, (2.20)
Sto db uro kOklwma tou enisqut ta féronta kOmata eisidou kai exidou sundeintai
me th morf exis,sewn wc ex ¢
by = Sy + S (2.21)
b2 = Syiay + Sxa (2.22)
Sundu’zontac to sOnolo twn parap™nw plhrofori,n , 0 suntelest ¢ an“klashc eisi-
dou diamorf netai wc
by Sqesh2:21 Si1@1+ Sioa, Sgésh 2:20 S1o by sgesh2:22
IN = — IN = ) N = Sut )
a a1 &
S12821 L
= IN = St ——— (2.23)
) 1 S» L
Me thn Bdia diadikasPa, api tic parap™nw exis seic prokOptei kai o suntelest ¢
an“klashc exidou
by S12521 s
oUT==—5) ouT=Sn+ —(— (2.24)
a 1 Sus
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KOKloi eust” eiac

H an’lush eust’jeiac db urwn ebnai imoia gia ila ta ebdh enisqut . Genik’, eb-
nai pijani na sumbeb tal’ntwsh , e'n h sOnjeth antbstash ebte thc Orac eisidou ebte
thc exidou apotelebtai api arnhtiki pragmatiki meroc . MporoOme na orBsoume tic
apait seic gia thn “neu irwn eust’jeia db urwn diktOwn , epib’llontac to pl'toc twn
suntelest,n an“klashc eisidou kai exidou na ebnai mikritero api th mon“da gia k™ e
pajhtiki fortbo kai antbstash phg ¢ [2]. Auti sunep”getai iti

jGnj<1
jGouTi<1

Epoménwc anjGnj < 1 kaijGoyrj < 1 gia ilec tic pajhtikec phgéc kai thn antbstash
fortbou , o enisqut ¢ ewrebtai "neu irwn eustaj ¢ . Se diaforetik perbptwsh anafere-
tai wc dunhtik™ astaj ¢

'Otan éna kOklwma ePnai dunhtik™ asta &c , up’rqoun timéc twn emped sewn phgc s
kai fortbou | gia tic opoPec ePnai etiki to pragmatiki méroc twn sOn etwn antist’sewn
eisidou |y kai exidou oyt. Autéc oi timéc twn g kai | mporoOn na ka oristoOn ston
g'rth  Smith me sugkekriménh grafik an’lush

Argik™ ka orbzontai oi timéc s kai | gia tic opoPec isqOei jGnj = 1 kaijGouTj = 1
SOmfwna me tic sgéseic2.23 kai 2.24, pou upologbsthkan prohgouménwc , prokOptoun oi
exis,seic :

(2.25)

. (S22 S S15S
jinj=19 NI 1.;) = 2 (2.26)
1S221° | ] 1S22° | ]
. . (Su S, S12521
jouti=19) s ——5 = /o (2.27)
Su? j P IS i P
ipou @ = S11S2 S12521
Oi IOseic twn parap™nw exis,sewn wc proc ta s kai | brbskontai se dOo kOklouc,
touc eponomazimenouc kOklouc eust” eiac
" KOkloc Eust” eiac Exidou  (timéc | giaj nj= 1)
. S S
Kentro KOklou : C| = %
1S22° | ]
- S
Aktbna KOklou : R_ = %
1S22)* ] ]
" KOkloc Eust” eiac Eisidou (timéc s giaj outj=1)
- S S
Kentro KOklou : Cg = %
ST
R S12S
Aktbna KOklou : Rs = %
ISIE
Gia na plhroOtai h “neu irwn eust’jeia , a prépei oi kOkloi eust’jeiac na brbskon-
tai entel,c ektic tou grth Smith, to opobo ekfr"zetai majhmatik™

jiCli R.>YgiajSij<1
jiCsj Rs>1giajSpj<1
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Krit rio Eust” eiac Rollet :

H eOresh twn parap™nw kOklwn boh “ei sto ka orismi tim,n gia ta s kai |, ipou
0 enisqut ¢ ePnai eusta ¢ . Up“rgei wstiso pio eOkolh diadikasPa gia thn pistopobhsh
“neu irwn eust”eiac , h opobPa basbzetai sto gegonic iti h sun kh 0<jslj<1
antistoigeD se mia par'metro megalOterh thc mon"das , gnwst wc par'gontac k. H
me odoc kefactor ePbnai gnwst epbshc kai wc Rollet's krit rio eust” eiac . Apoteleb thn
pio sugn” grhsimopoioOmenh meé odo. BasPzetai stic paramétrouc skédashc miac energ ¢
suskeu ¢ . Gia na ektimh eb ari mhtik® aut h kat"stash eust” eiac , Oi par"gontec

eust” eiac  Rollet upologbzontai wc ex ¢ :

_ 1S jSeaf® |

K¢ - - (2.28)
2jS12521)
kai
= |S1S22  S12529) (2.29)
Oi sun kec ki >1kai < 1prépei na ikanopoioOntai tautigrona
Orbzetai epbshc h boh htik par"metroc eust” eiac By h opoba grhsimopoiebtai kai
sto prigramma prosomobwshc Cadence kai a meleth eb gia epal eush thc eust” eiac
tou enisqut
By = 1+[S1i® j Sal® | [ (2:30)
H eust’jeia enic kukl, matoc enisqut exart™tai sun wc api th sugnithta dedome-
nou iti ta dbktua antistobgishc eisidou kai exidou exart ntai genik™ api th sugnithta
Epomenwc ebnai dunati énac enisqut ¢ na ePnai stajeric sth sqediastik tou sugnithta ,
all” astaj ¢ se “llec sugnithtec [4. Sthn prixh e’n k> 1, h suskeu den a emfanbzei
poté suntelest an“klashc eisidou exidou me pltoc megalOtero api thn mon’da ,
anex’rthta api to pwc a ePnai to teliki kOklwma antistobgishc . Auti dhmiourgeb

epoménwc mia prisjeth sunj kh sqetik™ me th eust’jeia thc suskeu ¢

Teloc, prépei na epishmanjeP iti h anaptOxh thc eust’jeiac se autn th diplw-
matik periorbzetai se db ura kukl,mata enisqut , Ipou oi S par"metroi thc energ c
suskeu ¢ mporoOn na upologistoOn qwrBc talant,seic p'nw api th z,nh sugnot twn
pou mac endiaferei . Epomenwc h apokleistik éekfrash twn problhm“twn mésw db urwn
kuklwm’twn eis"gei merikoOc periorismoOc , pou den ePnai arket™ genikob gia orisménec
efarmogéc. Gia to éma auti paratDjentai dOo argePa sth bibliografba [4],[5] proc diex-
odik meleth kai eOresh thc apiluthc eust’jeiac upi ilec tic sunj kec [6]. Bébaia, h
apl sunjkh k> 1 ebnai anamfbbola mia kal praktik odhgba pou prépei na akolou-
hjeb kat™ th sqedbash enisqut kai sta plabsia aut ¢ thc ergasbac
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2.4 Orismob Kerd n IsqOoc

H pio shmantik meétrhsh sto sgediasmi enisqut mac ebnai to sunoliki kérdoc tou
Up“rgei éna pl oc diaforetik,n orism,n kérdouc , kajénac api touc opoPouc apodeiknOe-
tai gr simoc se diaforetik” stdia thc diadikasPac sgediasmoO . Kajénac paregei plhro-
forbec sqgetik™ me thn apidosh enic enisqut kai h gr sh ilwn epitrépei thn epbteuxh
susthmatikoO sgediasmoO. Oi basikob orismob kérdouc ePnai

"~ Keérdoc IsqOoc : ebnai o ligoc the isqOoc pou katanal,netai sthn antbstash tou
fortbou Z_ proc thn isqO pou odhgebtai sthn eDsodo tou db urou . Auti to kérdoc
ebnai anex’rthto thc sOn ethc antBstashc thc phg c Zs kai ta garakthristik®

k’poiwn energ,n stoigePwn tou db urou endegetai na exart ntai api thn Zs.
PL
G=—
Pin
" Dia ésimo Kérdoc IsqOoc : ePnai o ligoc the dia ésimhc isqOoc tou db urou proc
thn dia ésimh isqO api thn phg . Se auti to kérdoc upo étoume  conjugate matching
kai sto fortbo thc phg c all” kai sto fortbo thc exidou , prigma to opobo dhl nei
ex'rthsh api thn  Zg kai Z; .
Pavn
GA =
Pavs
" Keérdoc metatrop ¢ isqQoc  : ePnai o ligoc thc isqOoc pou apodPdetai sto fortbo

proc thn isqO pou ePnai dia ésimh api thn phg , prigma to opobo dhl nei thn
ex'rthsh api thn  Zg kai Z; [7][1].

PL

Pav S

GT=

2.5 Exis,seic epbteuxhc megistou Kerdouc

Sthn eikina 2.4 parousi“zetai éna mikrokumatiki dbktuo enisqut enic stadbou mazb
me ta dbktua antistobgishc (matching) eisidou kai exidou . Ta matching kukl mata grhsi-
mopoioOntai gia th swst metatrop thc antDstash eisidou Zin kai exidou Zgyt sthn
antbstash phg kai fortbou  Zs kai Z, antbstoiqa. To pio gr simo kerdoc orismic gia ton
sgediasmi enisqut ePnai to kérdoc metatrop ¢ isqOoc , to opoPo epijumebtai na ft'sei
thn meégisth dunat tim tou sthn prokeiménh ergasba . Orbzoume xeqwristi pragmatiki
kérdoc gia to dbktuo antistobgishc eisidou (phg ) Gs , ton kentriki kormi tou monosta-
diakoO enisqut G, kai thn éxodo (fortbo ) GL. To sunoliki kérdoc metatropéa prokOptei
api ton pollaplasiasmi touc

Grmax= GsGoGL (2.31)

Ta kérdh upologbzontai se decibel (dB), epoménwc o pollaplasiasmic twn kerd,n
antistoigbzetai se “roish twn epimérouc dB. Oi exis,seic touc xeqwrist™ met™ api
an’lush tou kukl, matoc bré hkan

_ 1 jGsf?
T GaGsP (232
Go = jSoqf (2.33)
G = —1 J G|_j2 2.34
Tl SuGp (2.34)
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To G, paraménei sta eri gia dedoménh sundemologba tranzBbstor wc kentrikic kormic
tou enisqut . Epomeénwg to sunoliki kérdoc metatrop ¢ isqOoc tou enisqut ephre”zetai
api ta kerdh Gs kai G twn tmhm“twn antistobgishc . To mégisto kerdoc a epiteuq eb
itan ta meérh tou kukl matoc par’sqoun téleia antistoigPa metaxO thc empédhshc thc
phg ¢ tou fortbou kai tou tranzBstor tou enisqut

H mégisth metafor” isqOoc api to dbktuo antistobgishc eisidou exidou sto tranzbs-
tor a sumbeD, itan o suntelest ¢ antan’klashc eisidou exidou ePnai suzug ¢ autoO
thc phg ¢ tou fortbou antbstoiga , dhlad itan

Sunep,c h sgésh 2.32 tou keérdouc Gg metatrépetai analigwc

_ 16 16 _ 1jGf _ 1
ST 2 270 ez 17 a2 (2.36)
11 GnGgl 1 GG 1) G 1)]G
To sunoliki kérdoc metatrop ¢ isqOoc diamorf netai wc ex ¢

- - 1jGJ?

Syt .
1P A 1 spap

(2.37)

GTmax=

Sqg ma 2.4: Enisqut ¢ enic stadbou mazb me ta dbktua antistobgishc ([1] sel .562)

Stic exis,seic  2.23 kai 2.24 gia touc suntelestéc an’klashc antikajistoOme tic sgé-

seic 2.35. EpilOontac analutik™ autéc tic dOo exis,seic wc proc s kai | katal goume
stic sqeseic :
q—
B; B2  4jC?
= 2.38
s 2C, (2.38)
q—
B, B2 4iC3]
= 2.39
L 2C, (2.39)
ipou : = S11522  S12521

Bi=1+Sii? jSaof® |
Bo = 1+Sxf® jSui® | 1
Cl = 811 822
Cz = 822 Sll
Gia na epiteuq eb to mégisto dunati kérdoc , epilégoume tic I0seic twn g kai |, gia
tic opoPec isqOoun oi sun kec :j sj< 1kai j |j< 1, kai tic antika istoOme stic exis, seic
twn zhtoOmenwn emped sewn eisidou kai exidou.
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_1+ s

Zs = Zo (2.40)
1l s
1+

Z = L7 (2.41)
1 L

ipou Zo h sOn eth antbstash thc Orac

2.6  Grammec Metaforc

Oi grammeéc met"doshc epaizan p“nta shmantiki rilo sta oloklhrwména kukl, mata

uyhl ¢ sugnithtac . QrhsimopoioOntai sth sqedPash wc stoigePa antistobqishc kukl ma-
toc anapifeukta , wc diasOndesh metaxO mplok kuklwm™twn [2].

Se kukl,mata pou sqedi"zontai se RF sugnithtec , protim™tai h gqr sh gramm,n
metafor’c énanti twn sugkentrwtik,n (lumped) stoigebwn ipwc ta phnba . H basik
diafor” metaxO touc ePnai to hlektriki mégejoc . Oi fusikéc diast seic tou diktOou ePnai
pol® mikriterec api to hlektriki m koc kOmatoc , en, oi gramméc met’doshc se megejoc
mporeD na apoteloOn axillogo komm™ti tou m kouc kOmatoc . Sugkekriména isqQOei:

_ Vb
T fo
R C
ipou : Vp= -p% (2.42)
C A I
kai isqOei | = -
ipou | : mkoc kOmatog, I: m koc gramm ¢ metafor’c , fy:sugnithta endiaférontoc

c=3 10° m/s: taqOthta fwtic  ess:sflma kai  n: etikic ari mic (h sqésh upodhl nei
iti to m koc gramm ¢ ePnai sugkrbsimo tou m kouc kOmatoc)

'Opwc fabnetai sto Sqma 2.5, mia gramm met"doshc sugn™ apeikonbzetai sqghmatik™
wc gramm dOo surm’twn, diiti oi grammeéc met'doshc (gia egkrsia hlektromagnhtik
di"dosh kum™wn [TEM]) éqoun p’nta toul’giston dOo agwgoOc [1]. Oi pio shmantikéc
par’metroi pou perigr'foun thn apidosh uyhl ¢ sugnithtac miac gramm ¢ metafor™c
ebnai h qarakthristik antbstash  Zg, kai h staer” di"doshc g , pou anagrfetai wc

= +] (2.43)

"= 2|_p (2.44)

ipou a : stajer” exasjenhshc (Nepers/Length) kai b: stajer” f'shc (se Radians/Length).
Sthn perBptwsh miac gramm ¢ met"doshc qwrbc ap,leiec , h stajer” di"doshc ebnai ka-

ar” fantastik
= kai a=0 (2.45)

Sqg ma 2.5: Gramm metafor"c sundedeménh me fortbo empéedhshcZ;

25



'Etsi , mia gramm met"doshc ePnai mia katanemhménh par’metrogipou oi t"seic kai
ta reOmata mporeD na poikPloun se meége oc kai f'sh sOmfwna me to m koc thc , en, h
sunh isménh an’lush kukl,matoc asqgoleBtai me stoigeDPa , ipou h t"sh kai to reOma den
poikbllei ais ht™ wc proc th fusik di"stash twn stoigeBwn

Diapist, hke iti to pl'toc t"shc , toul"giston gia mia anantistoigba gramm ¢ , exart’™-
tai api thn ésh pou a metrh eb sth gramm . Epoménwg kai h antbstash pou "koit"zei "
sto eswteriki thc gramm metafor"c poikBPllei an“loga me th ésh thc . Se apistash z=
| api to aujabreto fortbo Z,, h antbstash eisidou thc gramm ¢ upologbzetai

Z, + jZotanh( |)
Zo+ jZ tanh( 1)

Gia na mporésoume na upologbsoume pio eOkola tic di"forec timéc pou garakthrBzoun
mBa gramm metafor’c, ewroOme th gramm wc db uro mikrokumatiki dbktuo kai efar-

mizoume an’lush ABCD paramétrwn . To aploOstero kai pio koini analutiki montélo
auti perilamb™nei ABCD pbnaka enic dijOrou wc sun’rthsh twn  Z0, g kai tou m kouc

thc gramm ¢ metafor’c |.
it oshl Z,sinh 178V,
=B (2.47)
sinh |

I 7 cosh | lo

4N = 2o (2.46)

ipou i1, vlkai i2, v2, ePnai ta reOmata kai oi t'seic sthn eDsodo kai thn éxodo twn
dOo ur,n , antbstoiga.

A=coshl B = Z,sinh |
sinh | (2.48)
C= D = coshl|
Z,
Api thn upologisménh  ABCDem tra wc sun’rthsh thc sugnithtac , Oi par"metroi thc

gramm ¢ met"doshc mporoOn na Ihf oOn eOkola wc ex ¢

_ acosltA)
==
r— 2.49
B (2.49)
- C
Kat™ ton sgediasmi twn gramm_ n metafor’c sto Cadence grhsimopoi hke an”lush

S parameétrwn , epoménwc grei'sthke h metatrop twn  ABCD parameétrwn se kat’lihla
diamorfwmeénec sunart seic twn S paramétrwn , ipwc anagr-fontai

a= 1FSw@ Sz) + SizSa

— (2.50)

. Zp(1+ S1)(1+ S22)  S1:Sa (2.51)
252

co 1 S S») SiSx (2.52)
Z, 2521

D= (1 Si)(1+ Sp2) + S12Sx (2.53)

257,

WcZ, sumbolbzetai h tim thc sOnjethc antBstashc pou periéqoun oi Orec tou kuk-
[,matoc .
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2.7 'Eleggoc Grammikithtac

Wec enisqut ¢ isqOoc orbzetai éna mh grammiki sOsthma pou par’gei armonik™ sus-

tatik™ ektic api th sugnithta , pou antistoigeb sto s ma diégershc , itan leitourgeb upi
kajest,c meg’lou s matoc . Up’rqoun dOo basik™ stoigePa gia ton prosdiorismi tou
mege ouc thc paramirfwshc se aut™ ta armonik™ sustatik™ : h armonik paramirfwsh

kai h endodiamirfwsh (intermodulation).

Armonik paramirfwsh

H armonik paramirfwsh emfanbzetai , itan eis"getai éna talantwméno s ma se éna
mh grammiki stoigePo Me “lla ligia , h emeli,dhc armonik eDsodoc se éna kOklwma
enisqut a parag'gei pollapléc armonikec uyhliterhc t"xhc sthn éxodo . Kear
monik sugnithta a ebnai akeraio pollapl’sio thc sugnithtac eisidou (stajmisménh
api th sgetik euaisjhsPa se k™ e sugnithta entic tou eOrouc z,nhc tou stoigePou )gia
n=0,1,2,. .Epbshc to pl'toc k™ e armonik ¢ sun wc mei,netai , kaj,c h t"xh aux"ne-
tai . To pl'toc twn epipleon armonik,n prepei idanik™ na ebnai to el"gisto dunati , ,Ste
na mhn proklhjoOn dus’resta apotelésmata sthn apikrish tou kukl,matoc

Wc olik armonik paramirfwsh ,  THD, orbzetai o ligoc tou arobsmatoc twn
isqgOwn ilwn twn armonik n sugnottwn , api th 2h armonik kai p’nw , proc thn isqO thc
emeli_douc sugnithtac . H emeli_dhc sugnithta ebnai h kOria sugnithta tou s matoc ,

dhlad , h sugnithta pou a prosdiorizitan , €'n to sOsthma den éfere paramirfwsh
THD = Pn 2 Pout(nfo) (2.54)
Pout(nfo)
Aut” ta sq mata ekfr'zontai se dBc decibel se sgésh me thn isqO sth emeli,dh
sugnithta f,. Sugn”, autéc oi armonikéc brbskontai exw api th z,nh diéleushc tou
enisqut kai étsi den ephre”zoun to epi umhti s ma sth suqgnithta fo.

E ndodiamirfwsh

Mia elafr,c pio realistik eikina thc paramirfwshc parégetai kat™ thn exétash
thc exidou enic enisqut , itan diegebretai api dOo perissitera s mata . To fainimeno
auti onom”zetai endodiamirfwsh ~ ( IMD) kai apoteleb éna shmantiki métro grammikith-
tac gia eurO f'sma mikrokumatik,n kai ~ RF susthm™wn [3].

Sq ma 2.6: Pargwga endodiamirfwshc  2%&3% t'xhc ligw efarmog ¢ dOo tinwn 1 <f2.
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H metrhsh tou IMD xekin® me thn égqush dOo tinwn tou s matoc eisidou se mia
upi exetash suskeu . To IMD perigrifei to ligo (se dB) metaxO thc isqOoc exidou
sth emeli,dh sugnithta proc thn isqO exidou twn prodintwn paramirfwshc trbthc
t"xhc . 'Enac apiluta grammikic enisqut ¢ a parag’gei éna s ma exidou , pou peril-
amb™nei mino touc dOo tinouc stic akrib,c Pdiec sugnithtec me to s ma eisidou , all’
se enisqumenh morf . Antbjeta , eénac pio realistikic enisqut ¢ a parag™gei sthn exodi
tou epipléon tinouc se sugnithtec diaforetikéc api autéc twn dOo tinwn eisidou

Oi epipléon autob tinoi ePnai kajorisméno se poiec sugnithtec a emfanistoOn . Ar-
monikéc parathroOntai se sugnithtec pou ikanopoioOn tic sgéseic i fj kai 2fi
gia i,j=1,2 . 'Enac eukolomnhmineutoc kaninac gia thn antistobgish twn sugnot twn me
tic t'xeic twn armonik,n anaférei pwc to “jroisma twn suntelest.n twn dOo exar-

q ¢ sugnot twn , pou apoteloOn thn néa sugnithta paramirfwshc , faner,nei thn t"xh
Sugkekrimeéna :

~ Sugnithtec paramirfwshc 2% txhe : 2f, 2f,, 1 fo kai f, fy.
~ Sugnithtec paramirfwshc 3& t'xhc : 3fy, 3fy, 2f; f, kai 2f, fy.

Gia thn katanihsh twn parap™nw parathr sewn bohjei to sq ma 2.6. DOo api ta
pio dOskola prodinta paramirfwshc eBnai oi tinoi pou dhmiourgoOntai ligw paramir-
fwshc trbthc t"xhc kai emfanbzontai stic sugnithtec 2f, f, kai 2f, fy, akrib,c db-
pla stouc dOo tinouc eisidou , diiti brDskontai entic tou eOrouc z,nhc kai mporeb na
prokalésoun meg’lh paramirfwsh s matoc , Irubo , diarro se geitonik™ kan’lia Kk.a..

Shmebo parembol ¢ trbthc t"xhc

O ligoc thc endodiamirfwshc exarttai se meg’lo bami api to epPpedo isqOoc
twn emeliwd,n tinwn eisidou . Epoménw¢ mia sqgetik metrhsh pou ebnai gnwst wc
shmebo parembol ¢ 3% t'xhc TOI (thirdeorder intercept), qrhsimopoiebtai epBshc gia ton
prosdiorismi twn garakthristik,n tou kukl, matoc . Jemeli,dhc arqg tou TOI apoteleb
to gegonic iti gia k™ e aOxhsh  1+dB sthn isqO twn tinwn eisidou , ta prodinta trBthc
t"’xhc a aux"nontai kat” 3 dB.

Sthn eikina 2.7 parousi“zetai sto Bdio di"gramma to grammik™ enisquméno s ma thc
sugnithtac eisidou kaj,c kai to s ma exidou pou prokOptei ligw thc paramirfwshc
3% t°xhc se logarijmik kiPmaka . ParathreBtai pwc an oi dOo autéc grafikéc parast'-
seic ebgan idanik sumperifor , a témnontan ewrhtik® se éna shmebo to opobo kai
orbsthke wc shmebo parembol ¢ 3% t'xhc IP3. Sth pragmatikithta den témnontai pote
se auti to shmebo, diiti api mPa sugkekriménh tim isqOoc eisidou kai p'nw , h tsh
exidou den aux"netai grammik” . Oi grammeéc kérdouc argbBzoun na lugbzoun kai na odhgoOn-
tai se sumpBesh. Epoménwg to shmebo parembolc 3% t'xhc IP3  TOI apoteleD mia
ewrhtik énnoia pou dhl.nei to ewrhtiki epPpedo isqOoc , sto opobo ta apotelésmata
pr.thc kai trbthc t'™xhc ebnai Bsa .ApoteleD mia qr simh prodiagraf pou sundu“zei thn
énnoia tou IMD me to epPpedo isqOoc sto opobPo metr hke. To IP3 upologbzetai p nta
wc sun’rthsh tou IMD ( alli,cIM  3) wc exc:

ip3 = M3

+ IDl‘undamental tone (2-55)

Grafik™ to shmebo sto opobo témnontai oi kampOlec ePnai to shmebo pou h tetmhmeénh
tou shmebou tom ¢ apokalebtai wc shmebo parembol ¢ trbthc t"xhc eisidou  (3rd Order
Input Intercept Point ¢ 1IP3) kai h tetagménh tou wc shmebo parembol ¢ trbthc t"xhc
exidou (3rd Order Output Intercept Paint « OIP3).
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Sq ma 2.7: KampOlec eOreshc tou shmebou parembol ¢ 3% t'xhc [8]

2.8 An’lush Monte Carlo

Kat™ to sgediasmi enic kukl, matoc se morf chip, uprqoun ekatont"dec stoigeba
ta opoba den ebnai dunatin na ebnai amet’blhta se k" e PCB pou par'getai . 'Ola ta
hlektronik™ exart mata  , ipwc puknwtéc , antist’seic , phnba kai tranzbstor , par“gontai
me pososti anog ¢ stic timéc touc . Auti shmaPnei iti h tim touc , itan metrh oOn se
pragmatikéc sunjkec , a égei mia apiklish api thn prodiagegrammeénh tim . Se oris-
menec efarmogeg h akrbbeia ebnai zwtik ¢ shmasbac kai h diafor” stic timéc mporeb na
ephre”sei th leitourgikithta tou kukl, matoc . Gia to ligo auti wc teleutabo kommti
thc ewrbac, pou grei“zetai gia thn apikthsh kal ¢ eikinac gia thn pijanithta apo-
tugbac tou sgediasmoQ parousi’zetai h an’lush Monte Carlo. Sta plabsia aut ¢ thc
diplwmatik ¢ ergasbac den egine embTjunsh sthn an’lush aut . Wstiso , anaferontai
Ibga qarakthristik® thc me skopi na katanoh oOn ta apotelésmata pou proékuyan
kai parousi“zontai sto kef'laio 6.9.

Wc an’lush Monte Carlo orbzetai h diadikasba prosomobwshc pou dhmiourgeb pi-
anithtec kindOnou grhsimopoi ntac éna majhmatiki montélo . H me odoc paregei ena
eOroc pijan,n apotelesm™wn me b’sh tic diforec paramétrouc pou metr ntai sthn
an’lush . Afor” sth dhmiourgba prognwstik,n apotelesm™twn kat"stashc pou basb-
zontai se par"gontec katanom ¢ pou mporeb na ephre”soun to apotélesma tou sgedias-
moQLamb nei up "lyin to mégisto kai el qgisto irio k™ e paramétrou kai epanalamb’nei
tugaba thn prosomobwsh me diaforetikéc timéc [9].

Up“rgoun di*foroi par"gontec pou prokaloOn thn emf'nish tugabwn diakum nsewn

stic paramétrouc enic oloklhrwménou kukl matoc . 'Enac api autoOc ePnai o tugaboc
tripoc ka orismoO twn “krwn , itan ka orbzontai oi periogéc pou sghmatbsoun touc
antist’tec kai tic energec suskeuéc . Epipriseta , shmantiki par"gonta mporeb na

apotelésoun kai oi tugabec diakum™nseic kat™ m koc tou upostr,matoc kat™ th di"qush
twn prosmbxewn Autéc oi aitbec sun wc prokaloOn Guassian ( allbwc kanonik )
katanom twn paramétrwn , h opoba ebnai h b“sh thc an’lushc Monte Carlo [10].
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H Guassian katanom miac paramétrou x ka orbzetai apo mba sun’rthsh puknithtac
pi anithtac  P(x) pou dPnetai api th sgesh

x_)?

P(X)=Jp1:ez2
2 2

ipou m: h mésh tim tou x
kai s : h tupik apiklish thc katanom c

H shmasPa aut ¢ thc sun’rthshc égkeitai sto otb gia éna sugkekriméno kOklwma pou
epilégetai tugaba api mia meg’lh sullog kuklwm™twn , h pi anithta na I'mb”nei timec
metaxO tou x kai tou (x+dx) dPnetai api ton iro P(x)dx, o opoPoc apoteleD to embadin
k'tw apo thn kampOlh  P(x) sto di'sthma api  x éwc (x+dx)[10].

Sq ma 2.8: KampOlh kanonik ¢ katanom ¢ [11]

Mésw thc an’lushc  Monte Carlo epiumeBtai oi parmetroi , pou metrioOntai kai
egoun meg’lh shmasba gia th sumperifor” tou enisqut , ha emfanDzoun kanonik sgedin
kanonik katanom akima kai stic akrabec sun kec pou a epib’llei h prosomobwsh

Endégetai wstiso oi kampOlec pou a emfanistoOn na parousi"soun kiPsh Kai
kOrtwsh . 'Otan h kampOlh ePnai apiluta summetrik gOrw api th mésh tim , ipwc sthn
eikina 2.8, tite h kiPsh thc ePnai 0. 'Otan h katanom éqei megalOterh our” proc ta aris-
ter” , h klbsh ebnai arnhtik , en, etik kIBsh up’rgei , itan h our” ePnai megalOterh
proc ta dexi” . O iroc "kOrtwsh " dhl nei piso muter omal ebnai h kampOlh se
sOgkrish me mia kanonik katanom . Mia kampOlh pou ePnai steniterh api thn kanonik
katanom qarakthrbzetai wc éqousa etik kOrtwsh . Autéc oi dOo par"metroi a mac
bohj soun na sugkrbnoume piso kont™ ePnai h dianom twn dedoménwn mac se mia téleia
kanonik dianom
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Kef'laio 3 : Qarakthrismic
Enisqut

3 Qarakthrismic Enisqut

To Kef'laio auti apoteleD mia sugkentrwtik parousbash twn apof°’sewn pou

p'r hkan sgetik™ me thn epbteuxh twn stigwn pou té hkan exarqgc sto kef’laio 1,
prin xekin sei h sgedPash tou enisqut . Diamorf netai mésw autoO tou kefalaBou mia
ka ar eikina tou skeletoOQ tou enisqut , h ulopobhsh tou opobou analOetai sto 5°
keflaio

Se auti to shmebo, upen umbzontai oi basikob stiqoi pou té hkan gia th sgedbash
tou enisqut se RF sugnithtec me kentrik sugnithta leitourgbac ta 145GHz :

"~ Keérdoc IsqOoc 28dB:
"~ 1sqOc koresmoO  10dBm

3.1 Epilog t"xhc leitourgbac tou enisqut

Oi enisqutéc katat"ssontai se kathgorbec an“loga me thn kumatomorf tou reOmatoc
sullekth , o opoboc prokOptei, itan efarmizetai sthn ePsodo tou tranzBPstor k“poio
s ma. Oi kathgorbec autéc anagnwrbzontai wc t"xeic enisqut,n , pou kumabnontai api thn
t'™xh A éwc thn T. TaxinomoOntai se dOo meglec kathgorDec an’loga me th epi umht
gr sh tou tranzbstor

~

enisqutéc isqOoc, stouc opobPouc to tranzBstor leitourgeD wc mia phg reOmatoc
pou elégqgetai api to s ma eisidou kai to epbpedo pilwshc . Thn enithta aut
apartbzoun oi t'’xeic A , B, AB kai C. Stic kl"seic autéc , oi armonikec up“rqoun
mino sto reOma upodoq ¢ .

enisqutéc isqOoc, stouc opoPouc leitourgeD wc diakipthc . Ed, ent’sssontai oi
t'xeic D, E, F,F 1, Skai T kai qarakthrDzontai wc kl'seic leitourgbac basisménhc
se peperasmeno ari mi armonik,n

Oi uyhliterec kathgorbec (D, E, F, F % Skai T) grhsimopoioOn ton enisqut wc di-
akipth kai s 'autéc mporeb na epiteQgjei polO uyhl apidosh . Wstiso , stic epikoinwnbec
h pleionithta twn pomp.n pou leitourgoOn se katexoq n uyhléc sugnithtec , basbzon-
tai se isqO kathgorbac A, AB B enisqut,n ligw thc an"gkhc gia prodinta gamhlc
paramirfwshc  [1. Epoménwg se aut n thn enithta exet"zontai sunoptik™ oi enisqutec
kI'shc A , AB, B kai C, pou diaforopoioOntai metaxO touc an’loga to sq ma twn ku-
matomorf,n t"shc kai reOmatoc kai th gwnba agwgimithtac reOmatoc [2].
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Enisqut ¢ T"xhc A

Oi enisqutéc kathgorbac A ebnai grammik™ kukl, mata , ipou to tranzbstor ebnai polwméno
na “gei se oliklhro to eOroc tou kOklou tou s matoc eisidou . Dhlad h suskeu ebnai
p’nta  energopoihménh kai h gwnba agwg ¢ ebPnai2p [2]. Dedoménou iti énac enisqut ¢
ki'shc A leitourgeb sth grammik perioq , h t°sh pilwshc b"shc tranzbstor prepei

na epilegetai swst™ , gia na diasfalisteD h swst leitourgba kai h gamhl paramir-

fwsh . Wstiso , kaj,c h suskeu exidou ebPnai energopoihménh an” p“sa stigm , prowjeb
suneg,c reOma, to opoDo prokaleb mia suneq ap,leia isqOoc ston enisqut . Ligw aut ¢
thc suneqoOc ap,leiac isqOoc , oi enisqutéc t'xhc A égoun mia ewrhtik meégisth api-
dosh 4050%, kaijist,ntac touc akatllhlouc gia enisqutéc uyhl ¢ isqOoc . Epomenwg
apoteloOn kukl,mata gamhl ¢ apidoshc , all” égoun exairetik™ grammik sumperifor ,
kai gia auti oi perissiteroi enisqutéc mikroO s matoc kai gamhloO orObou leitourgoOn

wc kukl,mata t"xhc A

Enisqut ¢ T"xhc B

To tranzBstor se énan enisqut t'xhc B ePnai sqgediasméno na “gei reOma mino kat™ to
misu tou kOklou s matoc eisidou , dhlad h gwnba agwgimithtac tou ePnai p . H éxodoc
tou enisqut t'xhc B periégei thn enisquménh ékdosh tou misoO mino s matoc eisidou

all” antleD mino éna mikri reOma diarroc , itan den efarmizetai sma  [14. Sun wc
grhsimopoioOntai dOo sumplhrwmatik™ tranzBstor we enisqutéc  pushepull t"xhc B , gia na
par’sgoun enbsqush se oliklhro ton kOklo . H ewrhtik apidosh enic enisqut ki"shc

B ebnai perbpou78%.

Enisqut ¢ T"xhc C

H sgedbash enisqut t'xhc C égei th megalOterh apidosh , all* th geiriterh gram-
mikithta twn kathgori,n enisqut,n pou anaferontai ed, . Oi prohgoOmenec t'xeic, A, B
kai AB ewroOntai grammikoD enisqutéc, kaj,c to eOroc kai h fsh twn shm™twn exi-

dou sgetbzontai grammik™ me to pl‘toc kai th f'sh twn shm™twn eisidou . Wstiso , o
enisqut ¢ kI'shc  C éqei to tranzbstor kont™ sthn apokop gia perissitero api to misi

tou kOklou s matoc eisidou . Me “lla ligia , h gwnba agwgimithtac gia to tranzDstor
ebnai shmantik™ mikriterh api 180 moBbrec Bébaia, mporeD epitOqei apodotikithta kont™
sto 100 % [1].

Sqg ma 3.1: Oi kumatomorféc kai oi f’seic tou s matoc exidou k™ e kl"shc [13]
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Enisqutc Txhc A B

O enisqut ¢ Class AB ebnai énac sumbibasmic metaxO twn enisqut,n t'’xhc A kai B. Réei
ligitero dc reOma api i ,ti me thn t'xh A , itan up’rgei amelhtéo s ma eisidou , kai h
paramirfwsh ebnai mikriterh api thc t"xhc B . H gwnba agwgimitht’c tou mporeb na
ebnai opoud pote metaxO p kai 2p.

Axbzei na shmeiwjeD pwc oi enisqutec kathgorbacB, AB kai C genik® den qgrhsi-
mopoioOntai se euruzwnikéc sundéseic efarmogéc se uyhléc sugnithtec (P.g pnw

api 20 GHz), kurbwc ligw tou probl matoc diat rhshc thc stajerithtac . Oi enisqutec
t"xhc A apoteloOn sth perBptwsh aut h protin.menh 10sh , kaj,c o sgediasmic ebnai
aploOsteroc kai 0 enisqut ¢ ePnai pio anektikic se parasitikéc sumperiforéc [12]

Api ilh th parap”nw an’lush katal goume sto sumpérasma pwc 0 enisqutc a
sgediasteD wc t"xh A , me skopi na diathr sei th grammikitht” tou sto kalOtero dunati
epbpeda Epomenwg h apifash aut sunep”getai iti h apidosh PAE tou a ePnai polO
mikr , ka ,c den apoteleb enisqut uyhl ¢ isgOoc . Kat” to sgediasmi tou sto epbkentro
tou endiaférontoc brbsketai .h epBteuxh uyhloO kérdouc .

Kat™ th diadikasba an"gnwshc  papers sqetik™ me ton enisquth sta 145GHz, gia ton
apokleismi orisménwn , éprepe na par oOn apof'seic sgetik® me to ePdoc thc energoOc
suskeu ¢ , ka ,c kai me th sgedPash enisqut monoO diaforikoO akrodékth

3.2 Epilog thc energoO suskeOhc gia th ulopoPhsh tou enisqut

Prwtargiki b ma sth sgedbPash enic enisqut isqOoc ePnai h epilog thc energoO
suskeu ¢ (active device). Oi topologBec koinoO ekpompoO (commoneemitter (CE)) / koin ¢
phg ¢ (commonesource (CS)) kai kaskodiki  (cascode) grhsimopoioOntai sugnitera se
enisqutec uyhl ¢ apidoshc . Met™ api an"z thsh p"nw se topologbec enisqut,n pou
grhsimopoioOntai we odhgoP exidou, fabnetai iti up’rqoun treic diaforetikob tOpoi , pou
epilégontai wc energéc suskeuéc (active device) twn enisqut,n se uyhléc sugnithtec
Analutikitera

SundesmologBa koinoO ekpompoQCE) / koin ¢ phgc (CS) :
ApoteleD to pio apli se sgediasmi kOklwma , kaj,c apaitoOntai
ta mis” se pl oc  transistors. Epoménwg ePnai eOkolo na ulopoihjeD.
Wstiso , parégei gamhlitero kérdoc se sOgkrish me mia kaskodik
sundesmologba gegonic pou apoteleb basiki par"gonta aporriy ¢
aut c thc epilog ¢, miac kai to megisto dunati kérdoc sunist™ prw-
targiki stigo sth sgedPash autoO tou enisqut

Apl kaskodik sundesmologba
Paréqei uyhlitero kérdoc kai eOroc z,nhc (bandwidth) api to
CE / CS. Sugkrbnontac kai tic duo autec sundesmologbec se sug-
kekriménh sugnithta , mporoOn na grhsimopoihjoOn mikritera se
meégejoc tranzBstor, gia na epiteugjeD h Bdia isqOc exidoy kaj.c
epbshc kai mikritera parasitik™ stoigePa me pijan,c kalOterh antis-
tobgish(matching) sthn kaskodik sundesmologba apii tisto CE/CS.
EpBshc, epituggnetai pio eOkola eust’jeia , ligw thc polO kal ¢
apominwshc tou stadbou exidou api to st'dio eisidou . Se sunoq
imwc me thn proanaferjebsa an“lush , mia kaskodikh sundesmologba
ebnai saf,c pio perbplokh api éna kOklwma koinoO ekpompoO
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Kaskodik sundesmologba me stoigePo metaxO tou k'tw kai tou “nw
tranzbstor tou kaskodikoO
H topologba aut éqei ta pleonekt mata thc aplc kaskodik ¢
sundesmologPag en, epiprisjeta , me to stoigePo an"mesa sta dOo
tanzPstor tou kaskodikoO epitugg netai akimh uyhliterh tim keér-
douc kai isqOoc. Wstiso , grei“zetai prosoq wc proc thn epilog
tou endi'mesou stoigePou, diiti to uyhli reOma pou pern” mésa
api ton klI"'do pou perilamb™nei to epagwgiki stoigebo prokaleb
thn aOxhsh thc epBdrashc twn parasitik,n stoigeBwn kai mePwsh thc
apidoshc ison afor™ sthn isqO exidou kai to kérdoc tou kukl ma-
toc. Epoménwg to stoigeDo metaxO twn tranzBstor prépei na ebnai
iso to dunatin pio apli , kai gi'auti protimtai éna phnbo mia
apl gramm metafor’c me epagwgiki qarakt ra

En, oi enisqutéc CE / CS mporoOn na leitourg soun se polO gamhliterec t’seic
trofodosPac kai na par’sqoun uyhliterh apidosh prostijemenhc isqOoc (eidik”™ sthn
perbptwsh pou den apaitebtai uyhli kérdoc kai den up“rgei meg~loc arijmic stadbwn ),
éqoun pol® gamhliterh apominwsh eisidou eexidou kai kat™ sunépeia parégoun gamh-
litero kérdoc . Aut h anatrofodithsh metaxO sullékth (kimboc exidou) kai b"shc
(kimboc eisidou ) k"nei thn empédhsh exidou tou enisqut  CE / CS na fabnetai pio wmik
kai pio gwrhtik api to st"dio cascode @jia to bdio mégejoc tranzBbstor kai sunj kec pil-
wshc), ekeb ipou den up’rgei sqedin kamba anatrofodithsh api thn éxodo sthn ebsodo
ligw thc ac gebwshc thc b shc.

Lamb™nontac up 'iyin touc epijumhtoOc stiqouc tou enisqut , ipwc to iso dunatin
uyhlitero kérdoc exidou , o0 enisqut ¢ a apotelebtai api kukl, mata pollapl,n stadbwn
H topologPa enic kaskodikoO ePnai h kat’llhlh gia sgediasmi pollapl,n stadDwn
enisqut pou tairi"zei me éna sugkekrimeno fortbo , kaj,c den uprgei sgedin kajilou
epbdrash sthn apidosh kai thn antistoBgish me to prohgoOmeno st'dio . Gi autoOc touc
ligouc , ta kuklmata CE / CS aporrbptontai kai ant ‘'aut.n epilegetai h kaskodik
sundesmologba me endi"meso epagwgiki stoigeba

3.3 Epilog arimoO stadbwn

Sta perissitera sust mata , eénac enisqut ¢ monoO stadDou den paréqei eparki kérdoc

eOroc z,nhc den epitugq netai apiluta h sgedPash twn kuklwm’twn antistoBgishc
eisidou exidou . H I0sh ebnai o sunduasmic pollapl,n stadBwn enDsqushc . . Dedoménou
otb énan api touc pii basikoOc stiqouc thc sqedPashc tou enisqut apoteleb to mégisto
dunati kérdoc , epilegetai na sqediasteb énac polustadiakic enisqut c . Gnwrbzontac
plein thn morf thc energoOc suskeu ¢ pou a apoteleb ton enisqut , melet same thn
sumperifor” thc wc proc to kérdoc . Sugkekriména, met” apo prosomoi,seic ewr hke
wc mia tupik tim kérdouc enic aploO kaskodikoO kukl matoc me idanik” stoigePa kai
sun kec ta  14dB perPpou, itan h t'sh trofodosPac tou sullékth kumaPnetai metaxO
3V éwc 4V kai h sugnithtec leitourgbac tou ebnai ta  145GHz.

Prokeiménou na epiteug eb o stigoc twn 28dB epilégetai na sgediasteb énac enisqut ¢
trbwn stadBwn To sumpérasma auti proékuye api to gegonic iti me dOo st*dia pi anin
na proseggbzontan ta 28dB kerdouc, wstiso auti a sunébaine me ta idanik™ stoigeba

Sth sunegeia pou a sgediazitan o enisqut ¢ me kat'llhlh epimet’llwsh , a proekupte
arket mei,sh sto kéerdoc . Epomenwc epiléq hke h tristadiak sundesmologba gia na
up’rqgei peri rio na gbnontai apodektéc kpoiec ap,leiec dB.
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3.4 Kritria epilog ¢ sgedPashc enisqut isqOoc diaforikoO énanti monoO
akrodekth

'Ena s ma mon c eisidou (singlesended) ePnai mh isorrophméno ex orismoO kai logbze-
tai we diafor™ metaxO tou s matoc endiaférontoc kai enic stajeroQO shmebou anafor'c ,

sun wc thc gePwshc , to opobo grhsimeOei we monopti epistrof ¢ tou s matoc . Epoménwg
ena kal,dio sundéetai api k™ e phg s matoc sth diepaf | yhc dedoménwn . H métrhsh
ebnai h diafor" metaxO tou s matoc kai thc gePwshc thc ghc sth diepaf . Aut h

mé odoc basbzetai sthn phg s matoc pou ebnai geiwménh, kaj,c epbshc sto gegonic iti
h gebwsh thc phg ¢ s matoc kai h gebwsh thc diepaf ¢ égoun thn Bdia tim

Antb eta ta diaforik™ s mata (di erential signals) apoteloOntai api zeOgh isor-
rophménwn shm’twn pou kinoOntai gOrw api éna shmebo anafor’c se Bsa , all” antDjeta
pl'th . To sOnjeto diaforiki s ma antistoigeD sth diafor” metaxO etik n kai arnhtik,n
isorrophménwn shm™wn .

Prokeiménou na gbnei sOgkrish metaxO kukl,matoc monoO akrodékth kai diaforikoO
up“rgoun metr seic apidoshc tou sust matoc pou ofePloun na throOntai gia na sge-

diasteb éna kali sunoliki sOsthma . An’loga me thn efarmog kai thn argitektonik ,
oi prodiagraféc apidoshc a diaféroun . Wstiso , se genikéc grammec up“rgoun koinec
ektim seic pou epikratoOn sta sust mata epikoinwnbac , ipwc paramirfwsh , iruboc

k.a. Argik® , anagr-fontai analutik™ ta pleonekt mata twn diaforik,n kuklwm™twn

" Ta diaforik™ kukl, mata ebnai ligitero euabsjhta ston irubo kai tic paremboléc
Sugkekriména, parousi"zontai oi duo peript,seic sta akilou a sghmatik® . To
pr.to di"gramma antiproswpeQOei énan enisqut me s ma eisidou monoO akrodékth
To mple s ma apeikonbzei k™ e eDdouc parembol pou eisérgetai sto sOsthma ligw
koin ¢ leitourgPac (common mode interference). Auti to s ma parembol ¢ enisqOe-
tai sthn éxodo exDsou me to epijumhti sma . EPnai dOskolo na diagwristeD to
epijumhti s ma api to s ma parembol c

Sq ma 3.2: Enisqut ¢ monoO akrodékth [14]

Antb eta , sto deOtero di"gramma parousi“zetai énac diaforikic enisqut ¢ . To
epijumhti s ma apotelebtai api dOo s mata antbjethc polikithtac , to etiki
kai to arnhtiki . Tugin paremboléc pou eis"gontai stic eisidouc a éqoun thn
Pdia polikithta kai sta dOo epPpeda anafor'c , ipwc apeikonbzetai me pr’sino
gr.ma. An kai ta s mata parembol ¢ enisqOontai se k™ e éxodo , itan koit"zoume
to sOnjeto s ma , dhlad th diafor" metaxO twn dOo diaforik,n shm™twn , to epi-
umhti s ma diplasi“zetai kai h parembol éqei afairejeb . En, h ulopobhsh enic
enisqut monoO akrodékth ePnai euabsjhth se irubo koin c leitourgbac , irubo
trofodosbac EMI, enic diaforikic enisqut ¢ égei anosba se autec tic paremboléec
ligw thc akOrws ¢ touc

35



Sq ma 3.3: Diaforikic enisqut ¢ [14]

Api thn “lIh pleOra , h sgedbash diaforik,n kuklwmtwn epiférei kindOnouc .To
megalOtero meionékthma twn diaforik,n shmtwn ePnai h pijanithta hlektromagnhtik n
parembol.n . E'n to diaforiki s ma den ebnai swst™ isorrophméno filtrarisméno
up’rgei k"poio s ma koin c leitourgbac , to diaforiki s ma pou efarmizetai mporeb na
prokalései probl mata hlektromagnhtik,n parembol .n . 'Ena “llo shmantiki meionék-
thma apoteleb to gegonic iti h met"dosh diaforik,n shm™twn apaiteP dipl°siec grammec
s matoc se sOgkrish me th met'dosh s matoc se kOklwma monoO akrodékth , sunep,c
aux’nontai oi parmet poi kai oi kaninec sgediasmoO pou prépei na IhfioOn up  ‘"lyin
ligw thc poluplokithtac tou sgediasmoO

'Epeita api aut thn ekten sOgkrish , epilégetai h sgedbash diaforikoO enisqut
ligw thc emfanoOc uperoq ¢ twn pleonekthm™twn tou

Prokeiménou na sunegisteD omal” h an’lush thc sgedbashc akoloujeb to kef’laio
pou perigr-fei thn ulopobhsh tou metasghmatist *Balun, o opoboc apotélese kajoris-
tiki kommti sta metépeita b mata sgedbashc pou anaférontai sto kef'laio 5.
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Kef'laio 4 : Balun

4 Balun

Auti to Kef'laio analOei th ewrba sqetik” me touc metasghmatistéc ebalun, oi opoboi
ePnai anapispasto komm’ti tou telikoO kukl matoc tou sugkekriménou enisqut pou
ulopoiebtai se aut th diplwmatik . Epbshc parousi“zei ta garakthristik™ pou ka-
orbzoun thn apidosh enic  balun, kaj,c kai thn analutik diadikasba pou akolouj jhke
gia th sgedbas tou .

Epipleon perigrifei orisménec odhgbec kai prokl seic kat™ ton sgediasmi onechip
metasghmatist,n  baluns kat’llhlwn gia RF (mikrokumatik®™ ) kuklmata PAs (Power
Ampli ers). O peiramatismic kai h sqedbash pollapl,n summetrik,n balun me kentriki
“ggigma pragmatopoi hkan sto perib’llon hlektromagnhtik ¢ prosomobwshc Sonnet
EM. Ta apotelésmata prosomoPwshc epalh eOontai mésw thc gr shc tou antDstoigou
montélou metasghmatist balun se kat'llhlh di“taxh sto prigramma Cadence SpectreRF.

4.1 Skopic

H sgedbash enic balun krb hke aparabthth sta plabsia aut c thc diplwmatik ¢
ergasbac efison epiléq hke na sqediasteb énac diaforikic enisqut ¢ . Oi ligoi pou
epileq hke diaforikic enisqut ¢ énanti enisqut monoO akrodékth parousi’zontai sto
kefllaio 5 kai sugkekriména sto upokeflaio (5.1.1). Me gn,mona iti h sgedbash twn
kuklwm™twn eisidou kai exidou (input and output matching circuits) enic diaforikoQ
enisqut basbzetai stic sOn etec antist’seic  , pou blépoun en télei ta diaforik™ “kra
tou balun, krb hke swsti na taxinomh eb to keflaio auti prin thn meé odo an’lushc
tou kukl,matoc , to opobo parousi‘zetai sta Kef'laia 5 kai 7, ,ste na katakth eb h
aparabthth gn sh api ton anagn,sth

4.2 Orismic

H léxh balun ePnai énac iroc sOntmhshc pou prokOptei api tic argikéc sullabéc

twn agglik,n lexewn Balanceds isorrophméno kai Unbalanceds Mh isorrophmeno , to
opobo isorrophméno upodhl nei mia diaforik diamirfwsh , en, to mh isorrophmeno
antiproswpeQei th diamirfwsh me éna “kro .To s ma mésw enic balun metababnei metax0Q
miac isorrophménhc (onom’zetai epbshc diaforik ) gramm c met"doshc (transmission
line), ipou antb eta reOmata taxideQoun proc tic gramméc met“doshc tou diaforikoO ,
kai miac mh isorrophménhc ( monoO akrodékth) gramm ¢ met'doshc, ipou to reOma
epistrof ¢ (return current) odhgebtai sto édafoc [15. Sugkentrwtik®™ , o iroc Balun
sqgetbzetai me ta ex ¢ garakthristik™

" 'Ena balun ebnai énac diaqwrist ¢ isqOoc tri,n ur.n
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" To balun ebnai mia amoibaba suskeu pou mporeD na grhsimopoihjeD amfBdroma
Metaférei to s ma api kat"stash monoO akrodékth se diaforiki , all” kai an-
tbstrofa

~ 0i dOo éxodoj idanik™ , eDnai Dsec kai antD etec;

Sthn periog sugnot twn auti shmabnei iti oi éxodoi éqoun metatipish f"'shc
180 ° metaxO touc

Sto pedbo grinou, shmabnei iti h t"sh thc miac exisorrophménhc exidou ebnai
h arnhtik tim thc “llhc isorrophménhc exidou

Se gamhléc sugnithtec, oi iroi balun kai metasghmatist c suggeontan , epeid ta
baluns gamhl ¢ sugnithtac ulopoioOntai sgedin p™nta grhsimopoi,ntac suzeugménouc
metasghmatistéc roc . Gia ton ligo auti légetai sugn” iti to balun ePnai énac tOpoc
metasghmatist , all” ePnai pio akribéc na poOme iti @nac metasghmatist ¢ mporeD merikéc
forec na grhsimopoih eb gia thn efarmog enic balun.[16]

4.3 Prodiagraféec apidoshc enic Balun

O stigoc miac mejidou sgediasmoO gia onechip baluns ePnai na ulopoihjeD me tic gamh-
literec pijanéc ap,leiec sto epijumhti eOroc z,nhc kai me iso to dunatin kalOterh
sOzeuxh metaxO twn periog pou katalamb™nei sto  chip. Gi auti krDnetai aparabthth
h gn,sh twn krbsimwn paramétrwn pou qarakthrbzoun éna balun. Me thn bo jeia tou
sq matoc (4.1), sto opoPo parousizetai o tripoc me ton opobPo sundé hkan oi Orec
(ports) sta difora “kra tou balun, orbzontai epark,c oi prodiagraféc apidoshc pou
ebnai kajoristikéc gia thn epilog tou kat’llhlou balun.

SOzeuxh: Me ton iro sOzeuxh dhl netai to piso tairiastéc ePnai h prwteOousac me
th deutereOousa perielixh tou  balun. Anaparist™tai wc par"gontac k. 'Oso pio kont”
sth mon"da eBnai o par"gontac autic , epitugq netai kalOterh sOzeuxh kai to megalOtero
eOroc z,nhc sugnot twn . DPnetai api ton tOpo :

k= p—— (4.1)

ipou

" M ebPnai h amoibaba epagwg metaxO thc prwtogenoOc kai thc deutereOousac per-
ielixhc .

" kai Lp, Ls oi timéc autepagwg,n twn memonwmenwn perielDxewn

Ja gPnei sqetik an’lush tou tOpou thc suzeuxhc sto upokeflaio (4.5), ipou a analu-
eb kai o tripoc pou upologbsthke to balun pou sgedi“sthke .
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Anisorropba pl'touc  (DA): H isorropba pl'touc kajorbzetai api thn kataskeu
kai thn antistoBgish gramm ¢ . H diafor” sthn exasjénhsh metaxO twn 2 shm™twn exi-
dou, genik™, ekfr'zetai wc megisth diakOmansh . An kai onom’zetai anisorropPa pl'touc
sun wc kajorbzetai se  dB kai dPnei th mh antistoigba sto mégejoc thc isqOoc se k™ e
éxodo. H sgésh pou prokOptei api S parameétrouc kai grhsimopoi jhke gia ton upolo-
gismi aut ¢ thc anisorropPac sOmfwna me thn antbstoigh topojéthsh twn ur,n , ipwc
parousi“zetai sto sqma  (4.1) ebnai:

A=20 Ioglog—ji (4.2)

Anisorropba f'shc (D ): H isorropba f'shc ebnai to métro tou piso kont™ h anes-
trammeénh éxodoc ebnai sticl80 ° ektic f'shc me th mh anestrammenh exodo . Wstiso , kat”
th sgedbash balun h epijumht diafor” moir,n aut apokibnei . H apiklish diafor
f'shcmetaxO ur,n api tic 1807, genik™ ekfrzetai wc meégisth diakOmansh se sgésh me
180 Z kai metriétai se mobrec. ApoteleD krbsimh par"metro gia polléc efarmogéc balun.
'Oson afor™ thn exDswsh upologismoO me touc parameétrouc S (i Orec arijmoOntai ipwc
sto Sgma (4.1) ):

= 180 \831 \841 (43)

EOroc sugnithtac : 'Opwc sumbabnei me ila ta kukl,mata RF / mikrokumtwn, k™ e
meétrhsh apidoshc isqOei mino se orisméno eOroc z,nhc . H aOxhsh tou eOrouc z,nhc api
okt’ba , se dek’da klp . qwrbc na usi“zetai h apidosh ebnai shmantik priklhsh

Sq ma 4.1: Sghmatiki Di"gramma tupik ¢ morf c balun
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Sugnithta AutosuntonismoO  (SRF) (SelfsResonant Frequency) :Sthn pr'xh ta  balun
egoun mikr gwrhtikithta metaxO twn prwteuintwn kai twn deutereuintwn perielBxewn ,
kaj,c kai metaxO twn memonwmeénwn brigwn se opoiad pote memonwmeénh periglixh, sgh-
matbzontac parasitik qwrhtikithta . 'Otan h hlektrik antbdrash thc autepagwg c kai
thc auto egwrhtikithtac sto balun ebnai Bsh kai antbjeth antbstoiga, emfanbzetai sun-
tonismic. 'Ena balun opoioud pote tOpou sgedPashc leitourgeD “sghma se sugnithtec

kont” p'nw api aut tou suntonismoO tou . Oi sgediastikéc ektim seic gia baluns
éqoun wc skopi na knoun th sugnithta suntonismoO iso to dunatin megalOterh api
th sugnithta leitourgbac . Kaj,c aux’nontai oi sugnithtec , h sOnjeth antbstash thc

parasitik ¢ gqwrhtikithtac mei netai éwc th sugnithta ipou to mégejic thc ebnai Bso me
auti thc idanik c epagwg ¢, h opoba ebnai gnwst wc Self Resonant Frequency (SRF).[17]

Ap.leia eisagwg ¢ (Insertion Loss): H exas enhsh tou pl*touc tou s matoc . EPnai
to metro pou debgnei pish energeia g"nei to s ma pou diergetai api to stoigebo . Wc ek
toOtou orbzetai we h analogba metaxO thc exergimenhc isqOoc kai thc sunolik ¢ isqOoc
eisidou .

Pout Vout
IL=——=20 log,,—
Pin S0 Vin

ipou Vout, Vin h t"sh exidou kai eisidou antbstoiqa

(4.4)

Ap.leia epistrof ¢ ( Return Loss): H ap.leia thc enérgeiac pou anakltai pbsw
ligw thc mh téleiac antist'jmishc antbstashc se k™ e Ora . Debgnei pish enérgeia q"ne-
tai api to s ma eisidou pou antanakltai . H ap,leia epistrof ¢ ePnai o ligoc metaxO
thc anakl,menhc isqOoc kai thc isqOoc eisidou . QarakthrDzetai api tic ~ Separamétrouc
S11, S2Zai S33 sumfwna me to sq ma (4.1).

Pret Zs+ 27
=20 logyg>——=

P A

ipou Zs empedhsh phg c kai ZL empédhsh fortbou .

RL=

(4.5)
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4.4 Sqediasmic Layout tou Balun

Afitou ta  baluns katélaban mia ésh metaxO thc keraPac kai thc eisidou tou dékth
thc exidou tou pompoO , oi ap leiéc touc eDgan "mesh epirro sthn emf'nish orObou

(NF) kai sthn apodotikithta isqOoc . Epoménw¢ h epilog kai h sgedPash tou balun
apoteleb mia shmantik diadikasba .

Up“rqoun poll” diaforetik™ ebdh balun, diiti to sqgédii touc poikbllei an“loga ton
ari mi strof n , analogba strof.n , pl'toc trogi“c kai exwterik di"metroc . Me skopi
thn apofug peiramatismoO me ilouc autoOc touc pollaploOc tOpouc balun kai wc ek
toOtou dap’nhc grinou , anatrégoume stic apait seic tou kukl matoc enisqut isqOoc ,
pou eqoun te eD exarq ¢ wc stiqoi thc diplwmatik ¢ ergasPac . H sugnithta leitourgbac

(145GHz), dhlad oi mikrokumatikéc RF sugnithtec , ka ,c kai o stigoc epbteuxhc iso to
dunatin uyhliterou kérdouc mésw tou enisqut epaixan ka oristiki rilo sto se poiec
prodiagraféc apidoshc tou balun prépei na do eb idiabterh barOthta . Tic parameétrouc
autéc apoteloOn o suntelest c zeOxhc  k, to eOroc sugnot twn kai ilec oi ap leiec

Sth sunégeia analOetai h mé odoc sqediasmoO pou akolou hke b ma proc b ma

Argik™ , epileg hke h analogba twn strof.n na ebnai 1:1, dhlad éna phnbo sto
prwteOon méroc tou balun kai éna sto deutereQon , to opoPo perilamb™nei mesaba | yh . Oi
polléc stroféc se aut n th diamirfwsh apaitoOn qr sh diaforetik,n metallik.n str-
wm’twn, pou den ebPnai kat'llhla , kaj,c ta perissitera ufist'mena montela paréqoun
mino éna dOo paqgi® meétalla (p"goc > 3 um). Epipléon , h sgedPash se autéc tic

sugnithtec apaiteb lepti geirismi twn diast"sewn , diiti sta 145GHz ila ta stoigeba
(components ) ebnai arket™ mikr~ se mégejoc kai mikrec diamorf seic all"zoun tic epidi-
seic. Sunep,c , sgedi’sthke iso to dunatin pio apli se morf balun.

Epimenh apifash pou éprepe na parjeD tan an ta phnba tou prwteOontoc kai
deutereOontoc a ePnai sto Bdio epbpeddmétallo (cosplanar) stoibagména to éna p nw
api to “llo (stacked). Wstiso , se eénan PA, o metasghmatist ¢ prepei na ebnai sqedi-
asménoc étsi, ,ste na parégei metasghmatismi sOnjethc antBstashc , leitourgPa balun,
apominwsh DC kai sugn™ DC pilwsh . H pilwsh (biasing) paregetai mésw kentrarbsma-
toc (centertapping ), pou knei th gr sh summetrik c mesabac | yhc upoqrewtik . Lam-
b nontac up 'iyin to gegonic iti sto deutereOon skéloc a up’rgei mesaPa | yh , h epi-
log sunepbpedwn perielbxewn peripléketai kai gi ' auti apokl jhke . To 1:1 stacked balun
me mesaba | yh parousi“zetai sthn eikina (4.2). H prwteOousa periélixh emfanbzetai
me maOrec grammeéc kai oi mple grammeéc deBgnoun th deutereOousa periélixh

Sgma 4.2: 1: 1 Stacked balunme mesaba | yh ( 1: 1 Stacked centrestapped balun)
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Gia praktikoOc skopoOc , to balun prépei na ePnai mikri kai sumbati me to mége oc
“llwn epagwgewn onechip. Ston metasghmatist oi domec ebnai wc epb to plebston mh
summetrikéc, gegonic pou epidein, nei ta diaforik™ s mata . Epoménw¢ h summetrba ebnai
aparabthth se metasghmatist balun, étsi ,ste oi enisqutéc na doun thn Bdia sOn eth
antbstash stic dOo diaforikec Orec

To shmebo ekkbnhshc gia ton sgediasmi metasghmatist balun tan o peiramatismic
se geirokbnhto epPpedolayout sto Cadence Virtuoso. Sgedi"sthke énac ikanopoihtikic
arijmic api summetrik®  balun me mesaba | yh(centerstap) k"nontac gr sh thc hlektro-
magnhtik c EM prosomobwsh sto prigramma Sonnet.

H tegnologba B11HFCthc In neon Technologies AG, sthn opoba ergast kame , peril-
amb’nei ( péran tou alouminbou , galkoO k .Ip .) meétalla taxinomhmeéna se ierarqgba api to
1éwc to 6 me to métallo 1na ePnai pio kont™ sto upistrwma . H gr sh twn gamhliterwn
metallik,n strwm"twn aux"nei th sOzeuxh me to upistrwma , kaj,c epbshc mporeb na di-
atar"xei th summetrba tou balun. Epomeénwg ta kat,tera metalla 1 éwc 3 apofeOq hkan
na grhsimopoihjoOn sta plabsia tou  balun. Antijetwc , to métallo 6 epiléq hke gia th
sgedPash thc kOriac periélixhc .

Dedomeénou iti o enisqutc a égei polO Ibga mA reOmatoc sthn pleur” eisidou
(ipwc parousi“zetai paraktw sto Kef’laio 5), apaitebtai uyhl autepagwg . Oi
dOo perielbxeic, pou brbskontai se diaforetik™ epPpeda met’llwn , topojetoOntai h mia
akrib,c p"nw sthn “llh me skopi th beltbwsh thc sOzeuxhc (megalOteroc par"gontac k).
H gr sh pagéwn met’llwn mei,nei epark,c tic RF ap.leiec , ,ste na ulopoihjeb o sqgedi-
asmic balun sto tsip . Sunep,c , sthn deutereOousa periélixh grhsimopoioOme ta métalla
4 kai 5 mazb enwmeéna miea4 se ilh thn ektash thc periélixhc gia na epiteugjeb akima
paqOtero meétallo , kaj,c kai megalOterh omoiithta metaxO kOriac kai deutereOousac
periélixhc wc proc to p“goc

Sto Sq ma 4.3 parousi“zetai oloklhrwvméno to Layout tou Balun. Me maOrh gramm

apeikonbzetai h kOria periélixh kai me kbtrinh ta meétall® 4 kai 5 thc deutereQousac . H
prsinh gramm gOrw api to  balun apoteleD éna daktOlio prostasPac  (guard ring ) kai
brbsketai kont™ ston puména (meétallo 1) tou monwt uyhlc t"shc , proc apotrop

sugkeéntrwshc hlektrikoO pedPou kont™ ston agwgi gramm ¢

Sgma 4.3: H telik Layout morf tou Balun
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4.5 Apotelésmata twn prosomoi,sewn

'Ena sumpagéc montélo gia éna metasghmatist mesaPac | yhc me dOo anex’rthtec
Orec, pou parousi“zontai sto Sq ma 4.4a, grhsimopoiebtai sto perib’llon tou Cadence
gia ton upologismi twn métrwn apidoshc tou Balun. Axbzei na shmeiw eb iti to sq ma
pou parousi“zetai ebnai ena stoigebo thc biblio khc me 5 pirtec pou antiproswpeQei
to balun pou prosomoi, hke sto  Sonnet EM. Sugkekriména :

" oi pirtec  p2 kai p5 ePnai ta “kra tou prwteQontoc tulbgmatoc , ek twn opoPwn to
éna prépei na geiw eb.

" oi pirtec plkai p4 ePnai ta "kra tou deutereQOontoc meérouc .

" h pirta p3 antiproswpeOei thn mesaba | yh

Mia tupik sOn eth antBstash 50W monoQO akrodékth kai mia diaforik antDstash
exidou 100W epileg hkan gia thn prosomobwsh sto sqma 4.4a. Topo et hke diaforik
Ora, ,ste sta “kra thc dexi"c meri"c tou balun na up’rqei diafor” f'shc 180
Epipléon , me100W sth deOterh Ora , oi dOo pleuréc tou diaforikoO ekatérw en thc
mesabac | yhc blépoun akrib,c thn Bdia empedhsh  50W ligw summetrbac Gia ton Bdio
ligo sto sqma 4.4b ilec oi Orec pou grhsimopoi hkan ebgan empédhsh  50W.

(a) Balun me2 Orec (b) Balun me3 Orec

Sq ma 4.4: Diat"xeic balun gia pragmatopobhsh metr sewn

Sth sugkekriménh di‘taxh 4.4a ligw tou iti grhsimopoi jhkan dOo Orec énanti twn

triin  4.4b pou anaferame kat™ thn an’lush twn parametrwn tou balun sto upoke-
flaio 4.3, h exDswsh upologismoO tou suntelest zeOxhc metaxO thc kOriac kai thc
deuteréousac perielixhc diamorf netai kat’lihla . Arqik” , upologbzetai h tim thc
autepagwg c k™ e periélixhc me gr sh twn Zeparametrwn
L= ! Im(Z;9) (4.6)
1 2 f 1 .
L, = ! Im(Z22) 4.7)
2= 57 22 .
ipou Z;1 kai Z,, antiproswpeOoun tic sOnjetec emped seic twn ur,n lkai 2 antbs-
toiga .
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H amoibaPa epagwg metaxO thc prwtogenoOc kai thc deutereOousac periélixhc ePnai :

1
M = ﬂ|m(zlz) (4.8)

ipou Z,; ePnai h antbstash metafor’c sth Ora 1 me anoigt th Ora 2. Onom"zetai
epBshc sOn eth empédhsh metafor'c anoiktoO kukl matoc

Antika ist.ntac tic parap™nw sgeseic sthn exbswsh 4.1, o tOpoc tou suntelest
zeOxhc diamorf netai wec ex ¢

M Im(Zw)

X "L ImZy)Im(Zn) (*9)
Efison oristoOn oi pénte parap™nw exis,seic sto ADE L, to opobo apoteleb to
perib’llon AnalogikoO SgediasmoO tou  Cadence, epilégetai h an”lush prosomoBwshc
Sp (Separameters)me th sugnithta wc metablht s“rwshc . To di"gramma tou suntelest
zeOxhc parousi“zetai sthn eikina  4.5.
Parathrebtai iti h tim tou par“gonta k ePnai pol® kont™ sth mon’da me k > 0.8

gia eOroc sugnottwn apo 110GHzéwc 160GHz, sunep,c epiteOq hke iso to dunatin
kalOterh sOzeuxh .

at 145GHz

Mia epipléon shmantik plhroforDa pou prokOptei api aut th grafik par’s-
tash ePnai h tim thc sugnithtac autosuntonismoO  (SRF), ipou oi timéc thc epagwgik ¢
kai thc qwrhtik ¢ sOnjethc antbstashc tautbzontai .Ka ,c oi sugnithtec aux"nontai , h
antbstash thc parasitik ¢ qwrhtikithtac mei netai ewc itou to megejoc gbnei Bso me
auti thc idanik c epagwgc . Sto SRF h sOnjeth antBstash gbnetai polQ uyhl Kkai
0 epagwgeac mporeD na grhsimopoihjeD wc pnigmic gia exasjénish shm™twn kont™ sthn
SRFGI auti , apaitebtai h SRF na diathrebtai makri™ api th sugnithta leitourgbac . Sthn
prokeimenh perbPptwsh apéegei perbpou 18GHz.

SRF= 163GHz

Sq ma 4.5: Di'gramma suntelest sOzeuxhc (k factor)
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O stigoc epbteuxhc iso to dunatin uyhliterou kérdouc mesw tou enisqut katégei
kurBarqo rilo sth diadikasPa sgediasmoO . Gia to ligo auti , idiabterh prosoq dPnetai
sthn ap,leia eisagwg c tou balun, diiti iso megalOterh ePnai h tim thc ap,leiac aut ¢
tiso perissitero periorbzetai h megisth tim kerdouc pou mporeb na ft"sei o enisqut ¢
mac

Oi par'metroi S21kai S12 ¢i opoboi ePnai Bsoi se ena pajhtiki dbktuo) sugn” sug-
geontai me thn ap,leia eisagwg ¢ . Oi iroi autob tautbzontai me thn ap. leia eisagwgc
e™n to fortbo , h genn tria kai to dbktuo dOo ur n tairi"zoun me to Bdio Z0, to opobo
imwc den sumbabnei pote sthn pragmatik zw . E'n to dbktuo ebnai energi (ipwc énac
enisqut ¢ ), a prépei na antistrafeb o arijmht ¢ me ton paronomast gia na ekfrasteb
to kerdoc eisagwg ¢ . Wstiso , gia thn métrhsh tou metasghmatist  balun h S21 ewrebtai
eparkéc métro endeixhc thc ap,leiac eisagwg ¢ .[18]

Sqg ma 4.6: Metrhsh thc ap,leiac eisagwg ¢ mésw thc paramétrou So1

Gia ton upologismi twn anisorropi.n pl’touc kai f'shc grhsimopoi jnke to kOKI-
wma tri,n ur,n pou parousi“zetai sto sq ma 4.4b. Oi exis,seic 4.2 kai 4.3 tropopoi h
kan kat'llhla kai topojet jhkan sto perib’lion ADE L. H anisorropba pl'touc
metriétai se dB kai kajorbzetai epbBshc api thn kataskeu kai thn antistobgish gramm ¢
Tupik diakum™nsh twn tim_ n anisorropbac pl'touc ebnai perbpou + 1 dB. Sth sgedias
mac h tim aut ebnai :

A=0:34dB

Tupikec timec apiklishc thc isorropba f'shc gia balun plhsi"zoun £ 5 °. Sthn
prokeiménh perbptwsh ebnai :
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Sq ma 4.7: Anisorropba PI'touc tou Balun (dB)

Sqg ma 4.8: AnisorropPa F'shc tou  Balun (dB)

Ta apotelésmata thc prosomobwshc anagrfontai ston PPnaka 4.1.

Pbnakac 4.1: Sugkentrwtikic pbnakac apidoshc tou balun
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Kef'laio 5 . Sgedbash enisqut

5 B mata sqedbashc tou diaforikoO enisqut

Auti to Kef'laio a parousi'sei b ma proc b ma th sqedbash tou enisqut me ta
stoigePa pou pareqgontai api th biblio kh thc tegnologbac B11HFCkai grhsimopoi, ntac
sthn ePsodo kai thn éxodi tou to  Balun pou analO hke sto prongoOmeno keflaio

5.1 Epilog montélou kai megé ouc tranzbstor
5.1.1 Epilog ebdouc transistor gia thn ulopobhsh tou enisqut

H diplwmatik aut , ipwc egei dh anaferjei , dietelésthke sthn In neon Technologies
AG me gr sh thc tegnologbac B11HFC, h opoba periegei mba poikilba api npn SiGe Hete
erojunction Bipolar Transistors. Sto upokeflaio auti gbnetai mba sOntomh parousPash
twn diajesimwn api thn tegnologba tranzbstor , kaj,c kai twn ligwn pou od ghsan sthn
epilog tou sugkekriménou tranzBstor pou grhsimopoi jhke telik” . Ta difora ebdh
transistors mazb me tic idiithtec touc pou anaferontai sto egqeirbdio thc tegnologbac
parousi“zontai perilhptik™ sth sunegeia

High Voltage npn : SOmfwna me tic plhroforBec pou parégei to eggeirbdio thc tegnolo
gbacB11HFC,h megisth sugnithta metafor'c  ft se auti to montélo anérgetai sta 55 GHz,
egeiBVceo > 2.5V kai airisth , meqgri stigm c, tim sthn sugnithta  fmax. Epoménwg ta bjt
transistors autoO tou montélou ePnai gr sima gia efarmogéc se gamhl sugnithta . Autic
ebnai kai o basikic ligoc apirriyhc tou montélou ,diiti h sgedbash a gbnei se 145GHz,
kai ipwc ebnai fusiki , ePnai apagoreutik h sugkekriménh tim tou ft gia tic sugnithtec
pou a ergastoOme .

Medium Speed npn : Sto sugkekriméno montélo h mégisth sugnithta metafor™c ft
ft'nei ewc ta 80GHz. 'Omwc h sugnithta fmax, kat™ thn opoba to meégisto diajésimo
kerdoc gbnetai monadiaboden ebnai akima kajorisménh. Ebnai emfanéc ipwc kai pro-
hgouménwg iti exaitbac thc gamhl ¢ meégisthc timc  ft den a epilegieb oOte to sug-
kekriméno montélo, giatb ePnai ektic tou eOrouc twn sugnot twn endiaférontoc

High Speed npn : To High Speed npn montelo, ipwc kai ta proanafer énta montéla ,
perilamb™nei bjt tranzistorc , twn opoPwn to pl'toc thc m"skac tou ekpompoO poikbllei
api 0,22 mm meéqri kai 0,34 mm, en, to mkoc thc m'skac ekpompoO kumaPnetai api
0,7 mm éwc 10 mm. EPnai shmantiki na anafer eb iti se auti to montélo parégei th
dunatithta kataskeu ¢ tranzDstorc me pollapléc b’seic kai ekpompoOc . Akima, h
tegnologba mac parégei th dunatithta sghmatismoO par’llnlwn mplok twn parap™nw
montelwn dipolik,n tranzbstor

Sunep,c, epiléq hkan transistors api to montelo High Speed npn. Wstiso h di-
adikasba epilog ¢ sugkekriménhc gewmetrbac tranzbstor a analujeb sth sunéqgeia
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5.1.2 Epilog gewmetrbac tranzistor

Sthn prohgoOmenh par“grafo epiléxame to montélo High Speed npn tranzbstor , pou
tairi"zei kalOtera sthn efarmog mac . Ta tranzBbstorc aut” mporoOn na apoteloOntai
api pollaploOc sullektec , b’seic kai ekpompoOc. Sugkekriména, up’rgei h epilog
twn akilou wn montelwn : BEC (mon ¢ b"shc npn tranzbstor ), BEBC (dipl c b"shc  npn
tranzbstor ), CBEC, CBEBC, CEBEC, CBEBEBC kai BEBCBEB. Autéc oi diaforetikec
diamorf,seic di"taxhc ephre”zoun thn apikrish uyhl ¢ sugnithtac kai thn apidosh
tou orObou kai prépei na epilegoOn prosektik®

Oi parasitikéc antist™seic tou HBT( ekpompoQ b’shc , sullékth kai upostr.matoc )
pabzoun zwtiki rilo ston sgediasmi kuklwm™twn uyhl.n sugnot twn . Autéc oi para-
sitikéc antist’seic se sunduasmi me parasitikéc qwrhtikithtec prokaloOn kajuster -
seic grinou RC kai sunep,c mei noun th mégisth taqOthta kai sugnithta leitourgbac

H epilog thc swst c gewmetrbac tranzbstor égei meg’lh shmasba prokeiménou na
elagistopoih eb h epbdrash parasitik,n gwrhtikot twn kai antist"sewn . Oi epafec
b*shc, ekpompoO kai sullekth mporoOn na dieu eth oOn me di*forouc tripouc . Sta
dipolik™ tranzBstor oi epaféc ePnai sun wc diatetagmenec wc par’llhlec metallikéc
r"bdoi , ligw twn sqetik® meg’lwn reum’twn kai epeid aut h diamirfwsh parousi“zei
kali sumbibasmi (tradeso) metaxO ilwn twn paramétrwn tou tranzBstor . To tranzDstor
diplc b’shc  (BEBC) deBbgnei meiwménh antbstash b“shc se sOgkrish me to tranzbstor
mon ¢ b’shc (BEC), epeid h bsh érgetai se epaf kai api tic dOo pleuréc . Genikitera
o megalOteroc ari mic lwrbdwn b“sewn boh ~ sth mePwsh tou B kai sunep,c éqei etik
epbdrash sthn apidosh fmax kai orObou . Epoménw¢ oi suskeuéc me mba b shipwc
BEC kai CBEC apofeOgontai se uyhléc sugnithtec [3] [19].

Wstiso , h qwrhtikithta b"shc  esullekth thc diamirfwshc BEBC ebnai uyhliterh
epeid uprgei megalOterh epik’luyh metaxO thc epaf ¢ sullékth e b"shc . H qwrhtiki
thta sullékth  supostr,matoc aux'netai epbshc , ligw thc megalOterhc éktashc pou
katalamb™nei to upistrwma (buried layer). Sunep,c , kai h dbataxh BEBC den ewrebtai
kat'llhlh gia th sqedias mac

'‘Oson afor” thn di“taxh CBEBC aporrbf hke , diiti h layout morf thc tan arket

meg’lh, gegonic pou a ka istoOse dOskolh th diageDbris thc sta 145GHz, ipou ila ta
sustatik”™ ebnai pol® mikr®

H antbstash b"shc ebnai mia api tic pio shmantikéc par"metrouc enic HBT. H gr sh
dipl,n perissiterwn lwrbdwn b"shc epiferei pleonekt mata . Argik™ , to m koc di-

adrom c thc ro ¢ reOmatoc b"shc ePnai misi , kaj.c to reOma mporeD na eiséljei kai api

tic dOo pleuréc tou ekpompoO . EpPshc dedoménou iti oi epaféc bshc ePnai parlihla
topojethménec , h eswterik antbstash b”shc mei,netai kat™ to misu . Epoménwg epileg h
ke h diamirfwsh BEBCBEB me koini sullékth , ipwc fabnetai sto sqma 5.1, énanti thc
CBEBEBC, ligw thc uperog c thc se arijmi b"sewn

Sqg ma 5.1: Aplopoihménh ditaxh  SiGe HBT tou BEBCBEB [19].
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5.1.3 Upologismic embadoO tranzBstor

Gia na oloklhr,soume to eurOtero kef'laio thc epilog ¢ thc ener-
goOc suskeu ¢ tou enisqut isqOoc thc paroOsac ergasbac , a prépei na
epiléxoume to kat'llhlo mégejoc gia ta tranzbstor pou apoteloOn thn
kaskodik topologba thc energoOc suskeu ¢

'‘Opwc proanaférjhke , to montélo High Speed npn periégei bjt tranzbs-
tor , twn opoPwn ta qarakthristik® , ta opoPa mporoOme na ephre*soume
sto Cadence, ebnai ta ex c:

" to pl'toc thc m™skac ekpompoO  Wg ! api 0,22 nm éwc 0,34 nm

" to m koc thc m"skac ekpompoO® Lg ! api 0,7 nm meéqri kai 10 nm.

O sgediast ¢ kuklwm’twn égei thn euelixba na morfopoieb kat’llhla
to Lg kai merikéc forec akimh kaito  WEg. Wstiso , h pio apodotik tim tou pl“touc tou
ekpompoO ebnai h elgisth dunat , sOmfwna me touc kaninec sgediasmoQ prokeiménou
na diasfalisteb h gambhliterh dunat antbstash b“shc . Sunep,c epb tou parintoc , sth
sugkekriménh tegnologba B11HFC epilégetai pl'toc ekpompoO 220 nm.

Prokeiménou na epitOgoume to skopi mac, pou ePnai h eOresh tou kat'llhlou embadoO
twn tranzbstor , tréxame ft prosomoi,seic topo et,ntac diaforetik™ m kh Lg gia touc
ekpompoOc twn tranzBstorc , krat,ntac ta pl'th twn epaf,n twn ekpomp,n p“nta
staer” sta 220 nm.

Gia mia oloklhrwménh katanihsh thc mejidou pou akolouj jhke , 0 anagn,sthc
parapeémpetai sto upokef’laio 5.3, ,ste na dei analutik™ thn di“taxh tou kukl, matoc
upologismoO thc sugnithtac  ft, ipwc parousi“zetai sthn eikina 5.4, kai na mporesei na
antilhfieD ta sumper“smata pou parousi“zontai sth sunégeia autoQ tou upokefalabou

H me odologba, pou akolou hke , basPsthke sto gegonic iti to béltisto reOma
sullekth ka orbzetai api thn apotelesmatik periog ekpompoO kai thn puknithta
reOmatoc sullékth sth mégisth sugnithta apokop ¢ . To m koc tou ekpompoO prokOptei
api to epi umhti reOma sullékth

Trégontac par’lihla tic dOo metablhtéc , Ickai Lg, me parametrik an’lush proékuye
ena meg-lo debgma apotelesm™twn, to di"gramma twn opobwn apeikonbzetai sto sq ma 5.2.

Sq ma 5.2: Di"gramma sugnithtac ft wc proc thn éntash reOmatoc me parametrikéc timéc
tou p"qouc tou ekpompoO tou tranzDstor
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Sugkekriména, me th gr sh thc an’lushc enallassimenou reOmatoc (AC) upologbsthke
h tim thc sugnithtac apokop ¢ ft sunart sei tou reumatoc sullekth , tou opobou oi
timéc p’rhkan parametrik™ api 1ImA éwc 20mA. Metab’lame epbshc to m koc tou
ekpompoO Lg, kai sta duo tranzBstor pou apartbzoun thn kaskodik sundesmologba ,
meésw thc parametrik ¢ an”lushc , me tic timéc tou na kumabnontai api 1 nm éwc 10 mm,
,ste na parathrh eB h sumperifor” tou kukl matoc gia tic di*forec timéc tou m kouc
tou ekpompoO mésa sta epitrept” iria

Sto aristeri meroc tou sq matoc 5.2 parousi“zetai h antistoigba gr,matoc kai tim c
m kouc. Parathrebtai iti gia ila ta m kh ekpompoO h megisth tim sugnithtac apokop ¢
ePnai BdiaWstiso , stic pio mikréc timéc m kouc (1u, 2u)to eOroc reOmatoc sullékth ePnai
periorismeno . Api thn “lih pleur” , 0i meg’lec timéc m kouc ekpompoO (7u, 8u, 9u, 10u)
epitugg noun mégisto ft me uyhléc timéc Ic, pou sunep’getai megalOterh katanlwsh
Sthn eikina 5.3 fabnontai pio ka ar” oi grafikéc parast™seic tou ft sunart sei tou
reOmatoc gia timéc m kouc ekpompoO4u, 5u kai 6u. En télei epiléqhke h tim 5u wc
m koc tou ekpompoO.

Telik™ to embadin gia ta tranzbstor ePbnai

220nm 5um

Sq ma 5.3: Di"gramma sugnithtac ft wc proc thn éntash reOmatoc me 4u, 5u kai 6u wc
proc to p°qoc tou ekpompoO tou tranzBstor

5.2 T sh trofodosbac VDD

Me skopi ton orismi thc kat'llhlhc t'shc trofodosPac gia ton enisqut ana-
tréeqoume stouc stigouc epbdoshc thc sgedbas ¢ mac kai sugkekrimena sthn tim thc
megisthc isqOog dhlad sto shmebo koresmoO.

Psat lw Bm

. V2
H isqOc pou apodbdetai sto fortbo : Psat = —20= (5.1)

R
ipou :
" Vrms : rms tim t"shc sta “kra tou fortBou exidou

" R_ : fortbo exidou
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Efarmizoume dc an’lush enic aploQ enisqut t'xhc A . To shmebo hrembac prepei
na brbsketai sth mésh metaxO meégisthc kai el’gisthc t"shc sullékth «ekpompoO gia na
upologisteD h megisth tim t"sh exidou Vpp :

Vecgmax  Vcemin _ Vob *+ VeEmin
2 - 2
afo® VceEmax = Vpp. 'Oson afor” sto reOma hremPac (DC) pou pern“ei api thn
antbstash fortbou RL, isqOeti

Vo = VcEmaxt (5.2)

Voo Vo Vop + Vegming 1 _ Voo VeEmin
lo= —=(V . — = - 5.3
Q R (Vbp > )RL R (5.3)
kai h katanal,simh  DC isqOc:
Voo Veemin _ Vo VeEmin
Pre = Vpplo = Vi d = 1 ’ 54
oc = Voblg = Vop R 2RL( Voo ) (5.4)
To megisto “kro (peak) thc enallassimenhc AC t"shc exidou ebnai :
V VceEmi
V= Ybb__ YCEmin (5.5)
2
9
Vr2ms

'OMWCPRF;out =

RE
. 2 B
kai Vims = =3
2
V3 sqeshss V, Vep 23
:) PrEout = b >qesh >. RFout = ( DD CE;mln) %
;ou 2RL ou B8R, ; 9
Psat 10dBm= 10mW
V V cemin )2
:) ( DD CE,mln) 10mW

8R_

RL:50

2 (Voo Vcemn)® RL0:08W ) Vpp 0:85vV 2V

=) Vbb 2:85V

Dedoménou iti h el’qisth  VcEepreakdowr4.7V me geiwmeénh b“sh antilambanimaste iti
an sgediasteb éna kOklwma pilwshc gia to tranzBstor koin ¢ b“shc (p"nw tranzbstor
thc kaskodik ¢ sundesmologbac ), to opobo éqgei mia empedhsh exidoud Ohm, h tegnologba
epitrépei gia ligouc axiopistbac na égei mégisth t"sh 4.7 V metaxO sullékth kai ekpom-
poO. Sun wc an up'rgei empédhsh akima Kkai 100 Ohm, ewrebtai epbshc kont™ se
braqukOklwma, opite exakoloujeD na isqOei o Pdioc kaninac , parilo pou h t'sh di’s-
pashc a ebnai el"gista pio gamhl

O enisqutc se DC smata (qwrDc na efarmostoOn kailou RF smata ) éqei t'sh
sullékth ekpompoO perbpou Bsh me 2.8V, ipwc upologbsthke . Sun wc me to dbktuo
suntonismoO (resonant network) sthn éxodo, qwrbc na efarmosteD tBpota exwterik™ (ipwc
harmonic trapping, switching classes of operation, k.I[p .) mporeb na diplasiasteb h t"sh
thc trofodosbac sto sullékth , to opoPo shmabPnei iti an epilegeP t"sh megalOterh twn
3.4V, o enisqut ¢ mporeb na ft'sei éwc kai 6.8V t'sh sullékth ekpompoO |, tim h opoba
xepern” thn egguhménh megisth tim t"shc api to eggeirbdio thc tegnologbac

Epoménwc dialegoume mia tupik tim trofodosbac
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5.3 Upologismic sugnithtac apokop c ft

Gia ton upologismi thc sugnithtac apokop ¢ oi kataskeuastéc aplopoioOn arket
to montélo tou tranzBstor k“'nont’c thn étsi anaxiipisth gia thn orio ethsh meégisthc
sugnithtac leitourgbac tou tranzbstor . Mia kontiniterh sugnithta se aut thc mégisthc
sugnithtac leitourgbac tou tranzbstor ePnai h  fmax, h opoPa upodeiknOei th sugnithta
sthn opobPa to kérdoc isqOoc gbnetai Bso me th mon“da

r
fmax = ﬁ (5.6)
Kat™ th diadikasPa upologismoO thc  fmax lamb™nontai up 'lyin perissitera para-
sitik™ stoigePa tou tranzbstor , odhg,ntac etsi se éna pio realistiki apotelesma api
auti thc sugnithtac met"bashc (ft). Epeid imwc sta eggeirbdia anaféretai spnia
h fmax wc qarakthristik meétrhsh enic tranzbstor , énac empeirikic kaninac ebnai na
epilégetai tranzbstor gia sugnithta leitourgbac mikriterh api ft/6, prokeiménou to
tranzBstor na leitourgeD me arket™ meg’lo kerdoc kai gamhli irubo
Sthn eikina 5.4 parousizetai h di"taxh prosdiorismoO thc sugnithtac ft tou enisqut
cascode. Sugkekriména, topojeteDtai phg reOmatoc |11 me thn par'metro Idc, prokeimé-
nou na kajoristeD to reOma tou sullekth . H phg Vsense grhsimopoieBtai mino gia th
meétrhsh tou reOmatoc ekpompoO. De suneisférei alli,c sto kOklwma . H phg Ffeedback
ebnai phg reOmatoc exarthménh api to reOma thc ekpompoO thc phg ¢ Vsense me kérdoc
1. Sunep,c , h leitourgba tou feedback exhgebtai arket™ apl” kai prokOptei

Om

fr= ———
T72(@C +C)

(5.7)

Sg ma 5.4: Sghmatiki gia ton prosdiorismi thc sugnithtac ft sunart sei tou reOmatoc
sullekth  Ic thc kaskodik ¢ topologbac
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Qrhsimopoiebtai apl  ac prosomobwsh mesweep sth sugnithta . H fT upologbzetai
wc h sugnithta sthn opoPa to reOma sullékth kai b”shc gbnontai Bsa . Sugkekriména,
metriétai to kérdoc reOmatoc se dB20 tou reOmatoc sullékth dia to reOma b’shc , en,
grhsimopoiebtai h sun’rthsh  cross() gia na bre eb h sugnithta sthn opoba to kerdoc
diababPnei ta 0dB. Sth sunégeia, gbnetai parametriki sweep gia to reOma pilwshc

Ston “xona x to Jcollector ePnai h puknithta reOmatoc sto sullékth

le

Jeollector = Ao (5.8)
'Opou kai ePnai to reOma sullékth kai h energic epif'neia sullékth antbstoiga
Gia par"deigma , h suskeu pou grhsimopoi hke gia autec tic prosomoi,seic egei pin
layout tOpou BEBCBEB (diplo®O ekpompoQ), en, grhsimopoioOntai 6 tétoiec suskeuéc
parilhla , me diast’seic m'skac ekpompoO® 6.6um00.22um h k™ e mia . To sflma thc
m’skac ePnai sOmfwna me todatasheet 0.09um, opite prokOptei oti
Ae =2x(5 0:09)x(0:22 0:09)unf = 1:2766unt (5.9)

Gia tic prosomoi seic sto  Cadence orbsthke h parak™tw exis,sh sthn ari momhgan
(calculator) tou ADE L, h opoba upologbzetai katllhla se k™ e metabol thc tim ¢ tou
reOmatoc (api  1¢21mA) :

fr = crosgdB20(IF ("=T 1=C") = F ("=T 0=B1"))) (5.10)
Gia thn ektbmhsh tou grhsimopoiebtai h par'metroc me thn opoba gbnetai to sweep,

Ic = 1205mA

Epoménwg h zhtoOmenh puknithta reOmatoc a ePnai :

3 _ 1205mA _ 9:44 mA (5.11)
collector 12766Un? . Un? .
Sq ma 5.5: Di"gramma thc sugnithtac  ft sunart sei tou reOmatoc sullékth Ic.
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5.4 Gramm metafor’c metaxO twn tranzBstor tou cascode

To epimeno b ma met” thn eOresh tou réumatoc , sto opoPo epitugq netai meégisth tim
fr, Ic = 12.05mA, ePnai h meléth thc sumperifor’c tou diamorfwménou meégri stigm ¢ aploO
kaskodikoO enisqut me tic epilogéc pou égoun gbnei. Api thn ewrba ebPnai gnwsti iti
to sunoliki kérdoc t"shc anoigtoO kukl matoc enic aploO kaskodikoO enisqut isoOtai
me:

G= (1+9gmeroz) (5.12)

Exet"zontac to Bdio kOklwma (se anoigtokOklwma ) mazPb me thn gramm metaforc(ZtL),
ipwc fabnetai sto sqma 5.6 [20], prokOptoun

9
H t"sh éwc to shmebo 1 : Vg = Vi, B 5
epomeénwc sto shmebo MV y = Vg + ICZTL,s E
9
) Vu = Vin + |cZTL§
A A Vo1 Vo= Vi =
Gia to reOma isqOei: I¢ = gmi Vin + —% =—= Ic = Vin(gm —)§ )
o1 Fo1™’
=) VM= Vin+(@m —)ZnVin 9
o1
\/
D L= tem —)Zn (5.13)
Vin rOl
Epbshc dbnetai to kerdoc tou stadbou koin ¢ b’shc  Q»:
\Y
=1+ gmaroe (5.14)
M

Epomeénwg to sunoliki kérdoc me thn gramm metafor’c endi'mesa sta dOo tranzbs-
torc tou kaskodikoO diamorf netai wc ex ¢

_ Vout _ V out VM Sqgésh 5.13 V out Sgesh 5.14

Grew = = Grew = + —)Z
new Vin Vo Vin new Vi [ (gml I’01) TL] )

=) Grew =[ +(9m r_)ZTL](l + Om2r02)
01

Sqg ma 5.6: Cascodesundesmologba me gramm metaforac an"mesa sta transistors [20]
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H epagwgik sumperifor” aut c thc epipleon gramm ¢ metafor"c éqgei epirro sth
gwrhtikithta ~ Co; metaxO sullékth kai ekpompoO sto  Q1se uyhléc sugnithtec me apotéle
sma thn aOxhsh tou kérdouc sth sugnithta apikrishc . Gia mikr tim epagwg c , to kér-
doc parousi"zei mia mikr pt,sh kérdouc sto mesodi"sthma . Aux"nontac thn epagwg
thc gramm ¢ metafor’c aux"netai argik™ kai h megisth tim tou kérdouc

Dedoménou iti stogeOetai 0 enisqut ¢ na parag’gei iso to dunatin megalOtero kérdoc ,
diamorf.noume to kOklwma , ipwc fabnetai sto sqma 5.7. Sto sq ma 5.7 parousi“zetai
o kaskodikic enisqut ¢ me ta kat'llhla diamorfwmeéna tranzBstorc kai tic trofodosbec
pou anafér hkan sta prongoOmena upokef'laia . Efarmizoume an’lush S parametrwn
metab’llontac to m koc thc gramm ¢ metafor™c tu api Oum éwc 100um.

Api to sg ma 5.8 parathrebtai iti gia mégisto kerdoc , to m koc thc gramm ¢ metaforc
metaxO twn dOo tranzBbstorc thc kaskodik ¢ sundesmologbac prépei na ePnai

Sqg ma 5.7: Cascodesundesmologba me gramm metaforac an"mesa sta transistors

Sq ma 5.8: Di"gramma metabol ¢ tou kérdouc an“loga me to m koc thc gramm ¢ metafor™c
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5.5 Kukl,mata Pilwshc

Me b'sh ta apotelésmata kai thn an’lush twn prohgoOmenwn enot twn , aut h
enithta parousi“zei th me odologba pou akolouj jhke gia thn kat'llhlh epilog dik-
tOou pilwshc  (bias circuit). O skopic enic kal~ sgediasménou kukl matoc pilwshc dc
ebnai h swst epilog enic shmebou hrembac, to opobo a prépei na diathrh eb stajeri
kat™ tic metaboléc twn paramétrwn twn tranzBstor kai thc ermokrasbac . To epilegméno
DC kOklwma pilwshc prépei na ek étei mia stajer ermatik sumperifor®

Se mikrokumatikéc sugnithtec , oi par"metroi tou tranzbstor pou ephre”zontai peris-
sitero api th ermokrasba ebnai to lceo, hee kai Vee. To sumbatiki anastréfon reOma
Icpo diplasi“zetai se k™ e aOxhsh thc ermokrasbac kat® 10 C . IsqQei:

_ (To T1)
lceot2 = lcBoiT22 1 (5.15)

ipou lcpo:T2 kai lcpo:T1 ePnai timéc toulcgy se ermokrasbec T2 kai T 1, antbstoiga .
'Ena mikrokumatiki tranzBstor éqei pio perDplokh ro an"strofou reOmatoc , h opoba
apotelebtai apo dOo suntelestéc

" to sumbatiki lcgy
" kai to epifaneiaki reOma | s, to opoPo réei kata m koc tou plégmatoc puritbou

Auti to sunoliki anastréfon reOma aux'netai me polQ argitero rumi api iti to
sumbatiki reOma Icgo.

H t'sh bshc «ekpompoO éqei arnhtiki suntelest ermokrasbac , isoOtai sto perBpou
me:
DV Vv
BE 2 10 32 (5.16)
DT C

H dc tim tou kérdouc reOmatoc hgg orbzetai we o ligoc reOmatwn sullékth proc b™sh
se staer tim Vce. H dc tim  hgg fabnetai na aux'netai grammik™ me th ermokrasba

lc

hFE = — (517)
IB V ce=constant
Me skopi na bre eb h allag tou reOmatoc sto sullékth we sun’rthsh thc ermokra .
sbac sedc kukl,mata pilwshc , krbnetai anagkaba h anafor™ sthn egkurh ekfrash tou

reOmatoc tou sullékth se k™ e ermokrasba [21]. Parathr ,ntac iti oi par"metroi pou
ebnai euabs htec sth ermokrasba ebnai oi Icgy, hre kai Vgg, éqoume
Dlc = S|Dlcgo + Shee Dhegg + Svge DVBE (5.18)
me tic paramétrouc eust” eiac na orbzontai wc ex ¢

Dic

S| = (519)
DlcBo Dvge;Dhee=0
Di¢c
S, = (5.20)
e Dh FE DI CBO DV BE =0
DI
Sy, = —C (5.21)

DV BE Dicgo;Dhee=0
Se diadikasPa sgediasmoQ h megisth metabol tou Ic se éna eOroc ermokrasin
mporeD na epilegeb kai me gr sh thc 5.18na bre oOn oi par"gontec eust” eiac . Epoménwg
oi par"gontec eust” eiac mazb me th ésh tou shmebou Q a diamorf,soun tic timec twn
antist'sewn sto kOklwma pilwshc
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Axbzei na shmeiwjeb iti se mikrokumatikéc sugnithtec ,ipwc autéc pou mac endiaféroun
énac puknwt ¢ se parallhlba me thn antBstash ekpompoO mporeb na epiféroun talan-

t.seic dhmiourg,ntac astaj Ora eisidou se k’poiec sugnithtec . Epipros étwc , mia
antbstash ekpompoO upobibzei thn parousPa orObou se énan enisqut . Sunep,c , sth
pleionithta twn mikrokumatik,n enisqut,n , eidik” sto eOroc twn gigahertz sugnot twn

0 ekpompic tou tranzbstor ebnai geiwmenoc.

Prwtargik skéyh gia thn pilwsh thc kaskodik ¢ sundesmologbac tou enisqut
mac tan h dhmiourgba kukl matoc kaskodikoO kajrépth reOmatoc  , ipwc parousi“zetai
sthn eikina 5.9. To tranzbstor TO energeD wc tm ma koin ¢ b"shc thc kaskodik ¢ sun-
desmologPac kai metaférei to reOma sullékth tou  T1sthn éxodo emfanDzontac tautigrona
uyhl antbstash exidou . To diodik™ sundedeméno tranzbstor T3 prokaleb mia metatipish
tou epipeédou t"shc kai pol,nei th b"sh tou TO, etsi ,ste to  T1na leitourgeb sthn en-
ergi perioq orjc leitourgbac me Vcer  Vces = VBE3(on)-

Sqedin ilo to reOma mikroO s matoc pou eisérgetai sto sullékth tou TO, exérgetai
api th bsh tou , epeid h antbstash mikroO s matoc tou ekpompoO tou TO ePnai pol®
megalOterh api ekeBnh pou sundéetai sth b’sh tou . Ston upologismi auti den lam-

b netai upiyh h epbdrash tou aploO kajrépth reOmatoc pou sghmatbzoun ta T2 kai
T1.

Sto pragmatiki tranzbstor twn oloklhrwvmenwn kuklwm™twn mino éna mikri pososti
tou reOmatoc b"shc proérgetai api epanasOndesh sth b“sh . An auxh eb h antbstash
metaxO thc b’shc tou T1kai thc gePwshc kai ilec oi “llec par"metroi mePnoun sta eréc ,
h topik an“drash ligw thc rml a epidr'sei shmantik™ sthn t"sh b“shc «ekpompoO tou
T1 kai a mei,sei thn antbstash exidou . Sthn oriak perbptwsh , ipou h antbstash
tou T 1 metaxO thc b’shc kai thc gePwshc gbnei “peirh, to T1 sumperiféretai sa na tan
diodik™ sundedeména

Sq ma 5.9: Kaskodikic ka répthc reOmatoc

Melet,ntac th sumperifor” tou kaskodikoO kajrépth reOmatoc diapist,netai iti h
el"gisth t"sh exidou tou ePnai uyhliterh api thn antBstoigh t"sh tou aploO kajrépth
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kat™ thn pt,sh t"shc mbac diidou . Aut h aOxhsh étei énan shmantiki periorismi wc
proc thn el"gisth tsh trofodosPac sthn perbptwsh pou o kajrépthc reOmatoc grhsi-
mopoiebtai wc energi fortbo se énan enisqut . 'Enac epipléon basikic periorismic tou
kaskodikoO kajrépth reOmatoc ePnai to megalOtero susthmatiki sfima kérdouc ligw
peperasménou ¢ pou emfanbzei se sgésh me ton apli kajrépth reOmatoc . Teleutaba
ma polO shmantik parat rhsh sgetik® me aut th sundesmologPa ePnai iti pijanin na
up’rxei anatrofodithsh (feedback) mésw tou kaskodikoO kajrépth api to st’dio koin ¢
b>shc stou koino® ekpompoO .

Epileg hke , epoménwg h sqedPash dOo diaforetik,n kuklwmtwn pilwshc

" éna gia thn pilwsh sth b’sh tou tranzBstor koinoO ekpompoO , h opoba prépei na
trofodoteBtai me t"sh megalOterh twn ~ 0.73V ligw thc  VBEmin

~ kai eéna gia thn pilwsh sth b“sh tou tranzbstor koin ¢ bshc . Ht'sh éloume na
ebnai2V, ipwc anafé hke se prongoOmena upokef’laia

Sunep.c , ulopoi hkan dOo ka réptec reOmatoc  , énac gia trofodosPa stic b"seic
tou common emitter kai énac gia trofodosba stic b"seic tou common base. Dustuq,c
me ton tripo auti aux'netai h tim thc katan’lwshc isqOoc , miac kai grhsimopoioOntai

dipl'sioi ki"doi gia trofodosba se k™ e st"dio

Ta dOodc kukl,mata pilwshc me geiwmeénouc ekpompoOc pou grhsimopoi hkan sthn
kaskodik sundesmologba tou enisqut gia mikrokumatikéc sugnithtec parousi“zontai
sthn eikina 5.10.

Sq ma 5.10: Shmeba leitourgbacDC tou kukl matoc pilwshc
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Argik” , diamorf noume ton karépth reOmatoc tou koinoO ekpompoO ru mbzontac
kat'llhla thn tim thc antbstashc kai tou megé ouc tou tranzbstor gia thn epbteuxh tou
reOmatoc Ic = 1205mA ipwc upologBsthke sto kef'laio 5.3, gia thn epbteuxh mégistou
fr. SOmfwna me ta apotelésmata thc dc an’lushc pou emfanBzontai sto sqma  5.10,
ebnai emfanec iti mésw aut c thc di“taxhc ikanopoi hkan kai oi treic prodiagraféc

5.6 Sgedbash kukl matoc exidou

H sgedbash tou enisqut xekin™ afairetik” . Sugkekriména diasp”me nohtik™ ton ew-
rhtiki meqri stigm c tristadiaki enisqut sta epimérouc st"di” tou argbzontac api to
st"dio exidou

Api thn an’lush twn prohgoOmenwn kef'laiwn éqoun apokthjeD ilec oi aparabthtec
plhroforDec gia thn sgqedPash enic diaforikoO cascode enisqut . 'Eqoume dh prosdiorb-
sei sto upokef’laio 5.2 th mégisth epitrepimenh tal’'ntwsh t"shc gia th dedomenh
tegnologba, kaj.c kai ta kukl mata pilwshc pou a grhsimopoihjoOn gia na epi-
teugjoOn oi epijumhtéc timéc pilwshc twn bsewn thc cascode sundesmologbac kai to
reOma pou diarréei to sullékth lc = 1205mA Epoménwc th dedoménh stigm qrei“zetai
na kajoristeD h morfologba twn kuklwm~twn matching (antistobgishc ) eisidou kai exidou
me tic antDstoigec Orec touc .

Me b’sh th ewrba gia thn epbteuxh meégistou kérdouc 2.5 upologbzetai h tim thc sOn-
ethc antbstashc exidou Z;, pou "koit"ei " proc ton sullekth thc cascodesundesmologbac
monoO akrodékth me antbstash 50W stic Orec . Gia na gbnei pio katanohti , sto sghmatiki

pou parousi“zetai sthn eikina 5.7, efarmisthkan oi exis,seic tou kefalabou 2.5 kai
sugkrbjhkan me tic timéc ZM1 kai ZM2, pou upologbzontai autimata api thn proso-
mobwsh twnS parameétrwn . Epilégontac ton arnhtiki suntelest an’klashc L bre hke

h tim Z = 10,45+ 57.1j. H tim aut prosarmisthke kat’llhla gia na grhsimopoihjeB

wc empédhsh sth néa Ora, ipwc faPnetai sto sqma 5.11. Sugkekriména, p’rjhke h
suzug ¢ tim thc , diiti plein apoteleD meéroc thc Orac  , kai epiplein diplasi“sthke gia

th diaforik sundesmologba . Ara :

ZLNEW =20 114j

Sq ma 5.11:KOklwma exidou mazb mbalun exidou

59



Sg ma 5.12: Oi S par'metroi pou proékuyan api to sghmatiki 5.11

'‘Opwc fabnetai sthn eikina , kat™ th sgedbash tou matching kukl, matoc exidou grhsi-
mopoi jhkan decoupling puknwtéc stic sundéseic kont™ sthn trofodosba . EPnai zwtik ¢
shmasPac gia to kOklwma kai den ephre”zoun polO to matching. H tim touc éprepe
na ebnai arket , ;ste to SRF shmebo touc na ebnai ktw api 100 GHz. Shmasba gia ton
decoupling puknwt éqei h empédhsh proc thn gePwsh na ePnai pol® gamhl , kai igi na
douleQei aparabthta o puknwt ¢ kKtw api thn SRF.

Api tic grafikec twn S parameétrwn kai sugkekriména api thn S22 diapist,netai iti
epiteOq hke swst” to  matching exidou sta 145GHz.

Parak’tw parousi“zetai h eikina tou telikoO trbtou stadDou me to balun exidou,
sthn opoba axbzei na parathrh eb iti topojet jhkan mikréc grammeéc metafor'c me epag-
wgiki garakt ra metaxO ekpomp.n kai ghc gia na beltiwjeD h eust’jeia . Se diaforetik

perbptwsh , h antbstash eisidou mporeb na gbnei arnhtik gia éna st"dio epagwgik c
fitwshc  CS / CE. Belti,netai epbshc h grammikithta

Sq ma 5.13: To teliki kOklwma tou  3° stadBou me tobalun exidou
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Met™ thn olokl rwsh tou diktOou antistobgishc exidou , sgedi"zoume éna kukl,ma
eisidou se morf L, ipwc fabnetai sthn eikina  5.13,san na eDgame monostadiaki enisqut .
Argik™ oi timéc tou Lematching kukl matoc proékuyan me antbstoigh diadikasba me aut
tou kukl,matoc exidou , dhlad Conjugate Matching (kef'laio  2.5). Wstiso exaitbac tou
iti h eDPsodoc tou trbtou stadDou apoteleD meéroc twn endDameswn kuklwm'twn metaxO
twn stadbwn kai den sundéetai me to balun eisidou , oi timéc pou upologbsthkan “llaxan
arket” , ipwc analOetai sthn epimenh par"grafo , kai katelhxan se autec thc eikinac
5.13.

5.7 Sgedbash endi"'meswn kuklwm’twn

Oi tupikéc prodiagraféc tou enisqut apaitoOn mia kal antistoBgish eisidou kai
exidou kai eéna sunoliki kérdoc enisqut , pou na ebnai stajeri p'nw api th z,nh
diéleushc . Autéc oi prodiagraféec prosdiorbzoun thn antbstash kai ta garakthris-
tik® thc apikrishc sugnithtac twn diktOwn antistoDgishc tou enisqut . Oi energec
suskeuéc ewroOntai monomerebc sthn arq kai oi sOnjetec antist’seic aut,n twn en-
erg.n suskeu,n diamorf nontai se morf lumped stoigePbwn étsi ,ste na ePnai dunat
h anex’rthth sqedPash twn diktOwn antistobgishc . 'Etsi , k™ e dbktuo antistobgishc lei-
tourgeD metaxO kat'llhiwn sOnjetwn antist’sewn kai prépei na emfanBzei mia epPpedh
apikrish sugnithtac

Ta dbktua antistobgishc metaxO twn endi'meswn stadbwn sgedi"zontai gia megistopobhsh
thc metafor'c isqOoc . H Bdia diadikasPa me prin epanalamb™netai gia k™ e prohgoOmeno
st"dio me to Vswing na kajorbzetai api to  Vinput gia to epimeno st'dio , étsi ,ste na
apofeuqgjeb h sumpbesh kérdouc. Epoménwc sgedisthkan duo oliidia endi"'mesa st'dia
ipwc fabnetai sthn eikina  5.14: éna pou perilamb™nei thn éxodo tou lou stadbou kai thn
ebsodo tou 2ou, kai éna pou perilamb~nei thn éxodo tou  2ou stadbou kai thn eDsodo tou
3ou.

Sq ma 5.14: Endbameso kOklwma tou enisqut
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5.8 Sqgedbash kukl matoc eisidou

Akolou ntac akrib,c thn Bdia diadikasPa me to kOklwma exidou , dhladh grhsi-
mopoi, ntac tic exis,seic thc ewrbac gia thn epbteuxh meégistou kerdouc 2.5 upologbze-
tai h tim thc sOnjethc antbstashc exidou Zs, pou "koit"ei " proc ton sullekth thc
cascode sundesmologbac monoO akrodékth me antbstash50W stic Orec . Autéc oi exis,-
seic efarmisthkan sto sqghmatiki 5.7, afitou eDge epilegeb to kOklwma matching eisidou
na ePnaiL+tOpou gia na upologistoOn oi kat'llhlec timéc . Epilégontac ton arnhtiki
suntelest an“klashc s bré hke h tim Zs = 6:73+ j2:9. H tim aut prosarmisthke
kat'llhla gia na grhsimopoihjeD wc empédhsh sth néa Ora , ipwc fabnetai sto sq ma
5.15. Sugkekriména p’rihke h suzug c tim thc , diiti plein apoteleD meéroc thc Orac
kai epiplein diplasi“sthke gia thn diaforik sundesmologba . Ara :

Zsyew = 15 5:5j

Sq ma 5.15: KOklwma eisidou mazb méalun eisidou

Sg ma 5.16: Oi S par'metroi pou proekuyan api to sghmatiki 5.15
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Api to parap™nw di"gramma twn S paramétrwn , kai sugkekriména api thn Sllebnai

emfanéc iti pragmatopoi hke epitug,c to matching eisidou sta 145GHz.
Paréqontai epbshc eukrin,c ta kukl, mata 1° kai 2°“ stadbou stic eikinec 5.17kai
5.18 antbstoiga. Parathrebtai iti kai se aut”™ ta kukl,mata grhsimopoi jhkan decoue

pling puknwtéc , kaj,c kai oi mikréc mikréc grammec metafor'c me epagwgiki garakt ra
metaxO ekpomp.n kai ghc gia na beltiwjeP h eust’jeia

Sqma 5.17:To teliki kOklwma tou  1°Y stadbou me to balun eisidou

Sq ma 5.18: To teliki kOklwma tou 2% stadPou
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Téloc parousi“zetai h eikina tou oloklhrwménou enisqut me ta balun tou. B’sei
aut ¢ thc di“taxhc proekuyan oi metr seic pou parousi“zontai ekten,c sto epimeno
keflaio

Sq ma 5.19: Sghmatiki OlikoO Kukl matoc
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Kef'laio 6 . Apotelesmata
Prosomoi, sewn

6 Apotelesmata Prosomoi,sewn

Se auti to Kef'laio a parousi'stoun analutik™ oi mé odoi kai ta apotelesmata
twn prosomoi sewn pou pragmatopoi hkan sto kOklwma tou tristadiakoO diaforikoO
enisqut , sth f'sh pou eqgei oloklhrw eb h sqedbas tou me ta kat'llhla stoigePa thc
biblio khc  B11HFCkai me balun eisidou kai exidou sgediasmeéna se morf  layout mésw
tou progrrmmatoc hlektromagnhtik ¢ prosomobwshc Sonnet EM.

6.1 Upologismic S paramétrwn

Sth diamirfwsh miac ka ar c eikinac gia th leitourgba tou enisqut , Shmantikitato
rilo diadramatbzei h meleth twn  SeParamétrwn . Gia th métrhsh aut,n twn paramétrwn
epilegetai h an’lush  Sp, sto SpectreRFtou Cadence.

Sto Sq ma 6.1 parousi‘zetai h  S;; par'metroc h opoPa antiproswpeQei pish isqOc
antanakl"tai api ton enisqut kai wc ek toOtou ePnai gnwst wc suntelest ¢ an“klashc
(merikéc foréc epigrifetai wc ap.leia epistrof c ). H shmantikiterh plhroforba
pou prosféerei h  S;; ePnai to kata piso tairi"zei h antbstash pou "blépei " h ebsodoc
tou enisqut sta 145GHz me thn antbstash thc phg c eisidou , pou éqei oristeb sta 50
'Oso megalOterh ePnai aut h par'metroc kat™ apiluth tim , tiso pio epitughméno ebnai
to taDriasma , gegonic pou ikanopoiebtai ston enisqut mac sta  145GHz, afoO

Si1= 35:3dB

Sq ma 6.1: H paramétroc  Si4(dB) sunart sei thc sugnithtac
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Kat ' antbstoiqo tripo orbzetai kai h par'metroc S,,, h opoPa antiproswpeQei ton
suntelest an’klashc thc Orac exidou kai to kat™ piso tairi°zei h exidoc tou kuk-
|,matoc me thn antBstash Orac exidouc 50

822 = 26:06dB

Sq ma 6.2: H parametroc  S,,(dB) sunart sei thc sugnithtac

Oi par'metroi S perigrfoun th sgésh eisidou  sexidou metaxO ur.n ( termatik.n )
se éna hlektriki sOsthma . 'Eqontac topo et sei 2 Orec ston enisqut  (Port 1 sthn
ebsodo kaiPort 2 sthn éxodo), to S1, antiproswpeQei to suntelest ¢ met"doshc s matoc
apith Ora 2 sth Ora 1,onom’zetai kai apominwsh (isolation). E poménwc epi umebtai
h kalOterh dunat apominwsh metaxO thc eisidou kai thc exidou  , “ra meg’lh tim Sy,
,ste na mhn anakltai pPpsw meg-lo pososti tou s matoc

S, = 103:99dB\

Sq ma 6.3: H parameétroc  S;5(dB) sunart sei thc sugnithtac
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K e par'metroc S ebnai énac ligoc, opite ebnai basik™ mh diastatikic iroc (Qwrbc
mon“da). Wstiso , kat™ thn perigraf tou megeé ouc thc paramétrou S, h mon“da "dB"
grhsimopoiebtai sun wc me énan koini log'rijmo . Analutik perigraf twn S par"metrwn
gbnetai sto keflaio thc ewrbac 2.2.

H parmetroc  Sy; deBgnei thn isqO pou metaféretai api th Ora  1sth Ora 2 (
ap,leia eisagwg ¢ IL). Eidik® se kOklwma enisqut , h S,; antiproswpeQei to kérdoc tou
Epomenwg apoteleb th shmantikiterh par"metro gia touc stigouc pou ésame exarq c
na petOgei o enisqutc . ParathroOme sto Sqma 6.4 iti mégisto kérdoc epitugq netai
sta 141.5GHzkai isoOtai me 29.5dB, en, sth sugnithta endiaférontoc fo = 145GHz to
kérdoc isoOtai me :

821 = 28:8dB

tim arket™ ikanopoihtik , b’sei twn problhm™wn sgediasmoO se mikrokumatikéc
sugnithtec , kai arket™ kont™ stouc stigouc pou té hkan

Sq ma 6.4: To kérdoc S,:(dB) me epishmasmenh thn kentrik sugnithta f, = 145GHz
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6.2 EOroc Sugnottwn  3dB

‘Enac idanikic leitourgikic enisqut ¢ éqei aprosdiiristh apikrish sugnithtac kai
mporeD na enisqOsei opoiod pote s ma sugnithtac api DC ewc tic uyhliterec sugnithtec
AC, epoménwc ewrebtai iti éqgei “peiro eOroc z.nhc . Me ton pragmatiki enisqut , to
eOroc z,nhc periorbzetai api ton par"gonta Gain Bandwidth (GB), o opoboc ebnai Bsoc
me th sugnithta , ipou to kérdoc tou enisqut gbnetai éna

Wc sugnithta apokop ¢ orbzetai sugn™ wc h sugnithta shmebo anaforc gia thn
opoPa h apolab tou kérdouc S21isoOtai me to 0.707 thc meégisthc tim ¢ thc me <3 dB.
O enisqut ¢ eloume na epitréepei th dieleush sugnot twn mésa se mba sugkekriménh pe-
rioq , h opoPa kajorbzetai api dOo sugnithtec apokop ¢ , mPba gamhl  K'tw sugnithta

apokop ¢ fiow kai mba uyhl p“nw sugnithta apokop ¢ fhigh kai na aporrbptei ilec
tic sugnithtec pou ePnai ektic autoO tou diast matoc . Epomeénwc h periogq metaxO twn
dOo sugnot twn apokop ¢ apoteleb th z_nh diéleushc . To eOroc z,nhc BW (Bandwidth)

ePnai h diafor” metaxO thc an terhc kai kat,terhc sugnithtac apokop ¢

BW 338 = fhigh  fiow

Gia na upologbsoume to eOroc z ,nhc 3dB tou enisqut mac , grhsimopoi same an’lush
S paramétrwn . Argik™ , brbskoume mesw thcS21 parameétrou thn meégisth tim kerdouc
pou sth prokeiménh perbptwsh ebnai 29.5dB, kai sth sunégeia afair,ntac api aut
thn tim 3dB, katagr*foume tic sugnithtec stic opobPec antistoiqoOn autéc oi duo timéc
kérdouc (ek dexi,n fhigh kai exaristerin  figy tou meégistou kérdouc ). ParathroOme sto
Sqma 6.5 iti to eOroc z,nhc  3dB gia ton enisqut ePnai 18.5 GHz me to kérdoc na
kumabnetai api 26.5dB éwc 29.5dB stic sugnithtec  130.6¢149.1 GHz.

BW 348 = fhigh flow :) BW 38 = 149:1GHz 130 :6GHz

]va3dB= 185GHz

Sq ma 6.5: Di"gramma S,1(dB) me epishmasména shmeba gia eOroc sugnot twisdB
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6.3 'Elegqgoc eust” eiac

Oi par'metroi me tic opobec exet’zoume thn eust” eiac enic kukl matoc enisqut
parousi“sthkan analutik™ sto kef’laio 2.3. Oi duo basikec metrikec thc eust” eiac
pou dbnontai api thn an’lush  Separamétrwn , ePnai 0 suntelest ¢ eust” eiac  (kefactor)
kai boh htikic iroc eust” eiac B 1f, ipou se sunduasmi me thn par'metro D dBnoun th
dunatithta exagwg ¢ sumper’smatoc perD eust” eiac sOmfwna me th sun kh Rollet.
EPnai katanohti sunep,c api tic exis,seic 2.28 kai 2.30 pwc gia ton upologismi touc
grhsimopoi hke kai ed, h an’lush Separamétrwn sthn ektélesh thc prosomobwshc
Mésw thc sp prosomobwsh tou Virtuoso proékuyan ta diagrrmmata sta Sq mata 6.6 kai
6.7 efarmizontac to  hicum montélo twn tranzbstorc se f'sma sugnot twn 100 200 GHz
gia ermokrasba 65 C. 'Opwc faPnetai sta diagrmmata , isqOoun prigmati oi sun kec
ki > 1 kai By > 0 se ilec tic sugnithtec . Epbshc h parmetroc |D| upologbsthke sto
calculator tou Virtuoso kai proékuye mikriterh thc mondac . AxBPzei na parathrheb ,
wstiso iti h tim thc paramétrou ks ebnai ter'stia

H tim aut intwc dhl nei eust” eia , imwc ebnai shmantiki na shmeiw eb iti, gia na
upologistoOn autob oi suntelestéc , lamb™nontai up "lyin oi Separ"metroi pou koit"zoun
sthn ePsodo kai thn éxodo tou tristadiakoO enisqut , gqwrbc na dbnetai plhroforba gia
to ti sumbabnei metaxO twn stadPwn EPnai piani na up'rgei ast” eia eswterik® se
k"poio st"dio kai na mhn ebnai faner me aut th mé odo . Me skopi na exaleifeb k™ e
upinoia ast” eiac , melet hke o diaforikic kai o koinic tripoc leitourgbac se k™ e
st'dio tou enisqut , ipwc analOetai stic epimenec duo upoenithtec

Sg ma 6.6: Di"gramma tou suntelest eust” eiac k tou 3estadiakoO eniqut

Sq ma 6.7: Di"gramma tou suntelest eust” eiac B 1f tou 3estadiakoO eniqut
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6.3.1 Diaforikic tripoc leitourgbac

'Opwc anaférjhke kai sthn prongoOmenh par“grafo , gia thn plhrithta tou elegqou
thc eustjeiac tou sqediasmeénou enisqut isqOoc , a tan frinimo na eleggjeP h ikanopob  +
hsh thc sunjkhc Rollet ke stadbou xeqwrist™ se diaforiki kai koini tripo lei-
tourgbac.

'‘Oson afor™ ston diaforiki tripo leitourgbac , h apifash gia thn kat’llhlh sun-
desmologba tan arket™ apl . Paraté hke k™ e st"dio xeqwrist , ipwc akrib,c ebnai
ston tristadiaki enisqut me tic trofodosPec tou kai topojet jhkan dOo Orec sOnjethc
empédhshc 100W h k“jemba(h tim thc empédhshc den pabzei rilo ston upologismi twn
paramétrwn eustijeiac ) sthn ebsodo kai thn éxodo k™ e stadbou gia thn ulopobhsh thc
an’lushc S paramétrwn , ipwc parousi“zetai sto Sq ma 6.8.

Sg ma 6.8: KOklwma enic stadbou se diaforiki tripo leitourgbac

Sth sunégeia, elégxame tic paramétrouc k kai Bif gia éna eOroc ermokrasi,n api 0
C ewc 125 C pou epilég hkan deigmatolhptik™ gia to hicum kai to nominal montelo.

Parathr hke iti oi diaforéc twn dOo montélwn tan elgistec . Diapist,jhke
epbshc pwc oi timéck kai B1f tan paremferebc se k™ e st"dio me to suntelest ¢ k na
ebnai megalOteroc thc mon“dac kai to B 1f megalOtero tou mhdenic gia ilec tic sugnithtec
kai se ilec tic ermokrasieéc pou epiléq hkan . Sto sqg ma 6.9 parousi“zetai , endeiktik” ,
mino h tim Kk pr,tou stadbou se ermokrasba 65 C se prosomobwsh mehicum mon-
telo . Gia thn pl rh dieujethsh thc eust’jeiac , akoloujeb h meléth tou koinoO tripou
leitourgbac .

Sqg ma 6.9: Di"gramma par"gonta k gia to 1o st"dio tou enisqut
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6.3.2 Koinic tripoc leitourgbac

Sto sghmatiki koinoO tripou leitourgbac (common mode) 6.10 apofasbsthke na
afairejeb to antDstoiqo kOklwma exidou k™ e stdiou kai na sundejeD to idaniki montélo
metasghmatist thc biblioj khc kateujeban ston sullékth tou enisqut

Me auti to tripo  , sun wc parathroOntai akima kai ta bias probl mata (an up-
“rqoun ). Gia par“deigma , sthn eDsodo pabrnoume thn par’llhih sOnjeth antbstash (pare
allel impedance) api to kOklwma kaito  bias shmebo an ePnai arnhtiki to fantastiki méroc
thc antbstashc aut ¢ ligw thc epbdrashc tou enisqut , a faneb mesw thc parameétrou
eust’jeiac k.

Sq ma 6.10: KOklwma koinoO tripou leitourgbac enic stadbou

Omobwc me thn perBptwsh tou diaforikoO tripou leitourgbac  , melet hkan oi parameé -«
troi k kai B1f se ermokrasPec api 0 C éwc 125 C, ka ,c epPshc kai sta dOo montéla
prosomobwshc NOM kai HICUM.

Ka emi” api tic prosomoi,seic bré hke entic twn epitrept,n orbwn . Sthn prokeiménh
perbptwsh , epilexame na parousi"soume , endeiktik” mino ton suntelest k tou pr,tou
stadbou se ermokrasPa 125 C, ipwc fabnetai sto Sqma 6.11, ste na mhn paratajoOn
ila aut” ta diagrrmmata . WSstiso , ilec oi ekdogéc exet"sthkan kai oi par"metroi eust’-
eiac bré hkan se k™ e perbptwsh entic twn orbwn (k>1kai B 1f>0) se eOroc sugnot twn
704200 GHz. Epoménwg odhgoOmaste sto sumpérasma iti o sgediasménoc enisqut ¢ ebnai
eustaj ¢ "neu irwn

Sg ma 6.11:Di"gramma par‘gonta k gia to 1o st"dio tou enisqut
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6.4 Upologismic IsqOoc Exidou

Sth sgedPash enic enisqut , h meléth thc sumperifor’c tou , ison afor” sthn isqO
exidou apoteleD , anagkaPa prodpijesh . 'Enac enisqut ¢ isqgOoc RF se gamhl isqO eisi-
dou égei arqik” grammik leitourgba , dhlad enisqOei to s ma eisidou me to kajorisméno
kérdoc. H isqOc exidou tou, wstiso , den mporeP na aux'netai ep 'airiston . UpTrgei
éna shmeBomet™ api to opobPo h aOxhsh thc isqOoc eisidou den pargei mia ais ht
aOxhsh thc isqOoc exidou. Se auti to shmebo, o enisqut ¢ ewrePtai koresménoc , kai ex
orismoQ, h éxodoc den ePnai an’logh me to s ma eisidou, me th kiDsh metaxO touc en télei
na mhdenbzetai To epPpedo isqOoc sto opobPo sumbabnei auti ePnai gnwsti wc koresménh
isqO exidou Psa. H koresmeénh isqOc exidou ePnai h meégisth isqOc exidou pou mporeb na
paragjeb api énan enisqut

Gia upologismoOc pou sgetbzontai me th metabol thc isqgOoc eisidou kai igi ston
“xona thc sugnithtac , grhsimopoioOme th harmonic balance prosomoPwsh, sthn opoba
orBsame th sumbol 11armonik n kai wc sugnithta suntonismoO thn  f, = 145GHZz H pro-
somobwsh pragmatopoi jhke se ermokrasba 65%o, pou ePnai proseggistik sth ermokrasba
pou a ft'nei to chip, me to hicum montélo, to opobo ewrebtai pio realistiki kai ax-
iipisto api to nominal montélo.

Metatrépontac thn isqO eisidou api *60dBm eéwc 20dBm, katagr'fhkan ilec oi
antbstoigec timéc isqOoc exidou pou par'gei o enisqutc , ipwc fabnetai sto Sqma
6.12. H isqOc koresmoO dhladh, thc meégisthc apodidimenhc isqOoc sto fortbo , to opoPo
prokOptei api isqO eisidou  +4dBm gia =65 C, isoOtai me:

Sq ma 6.12: Di"gramma IsqOoc exidou Pout(dBm) sunart sei thc isqOoc eisidou  Pin (dBm)

AxDzei na anafer eD kai h katan"lwsh isqOoc tou enisqut  , dhlad h DC isqOc sto
shmebo hrembac twn tranzbstar h opoba exaitbac twn poll.n gramm_,n pilwshc Kai
trofodosbac twn di“forwn stadbwn , ePbnai arket” uyhl . Efarmisthke DC an’lush se
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oliklnro to kOklwma kai to sunoliki reOma pou katanal, netai bré hke Ic = 1285mA
Epoménwg h katan“lwsh isqOoc upologbsthke mésw thc gnwst ¢ sgéshc :

Ppc = Vpplc = 3:3V 128 5mA

Pbc = 425:05mW

6.5 Shmebo sumpbeshddB « P1dB

'Opwe anafér hke kai sthn prohgoOmenh par“grafo , se éna di"gramma sto opobo
anaparisttai h isqOc exidou sunart sei thc isqOoc eisidou enic enisqut , prokOptei ,
argik® , mia eu ePa (grammik sgésh), h kiDsh thc opoPac ebnai to kérdoc. IsqQOei gia
sugkekriménec sugnithtec :

IsqOc exidou = IsqOc eisidou + Keérdoc

Ka ,c h isqOc eisidou sunegbzei na aux'netai , érgetai éna shmebg ipou to kérdoc
argbzei na mei,netai, epoménwe h isqOc exidou tou enisqut stamat’ei na aux netai
grammik™ kai argbzei na odhgebtai se koresmi.

Wc shmebo sumpbPesHdB (P1dB OP1dB) orbzetai to epPpedo isqOoc exidou, sto
opobo to kérdoc mei netai kat® 1dB se sOgkrish me thn asumptwtik tim mikroO s -
matoc. H par"metroc aut (P1dB) grhsimopoiebtai gia thn axiolighsh thc grammik c
upob”jmishc enic kukl matoc ligw paramirfwshc . Milic énac enisqut ¢ ft"sei sto
shmebd1dB, odhgebtai se sumpbesh(compression) kai h apikris tou gbnetai mh gram-
mik , par"gontac paramirfwsh s matoc . Gia ton ligo auti , h leitourgba tou enisqut
prépei na pragmatopoiebtai K'tw api to shmebo sumpbeshc 1dB. [22]

To shmebdl«dB upologbzetai odhg, ntac ton enisqut me hmitonoeidéc kOma sthn epi-
umht sugnithta s matoc . Sthn eikina 6.13 parousi“zetai me pr'sinh gramm h lei-
tourgPa metafor’c kai me lept maOrh gramm h grammik kIBsh thc (ewrhtik gramm
api <krishc ). Kai oi dOo “xonec metroOntai se dBm.

| P1dB = 7:84dBm|

Sq ma 6.13: Di"gramma isqOoc gia eOresh shmebou sumpbeshdB
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6.6 Shmebo parembol ¢ trbthc t"xhc IP3

Sto shmebo auti, exet’sthke h grammikithta tou enisqut me gr sh thc an’lushc
harmonic balance eétontac wc stigo na dhmiourgh oOn treBc armonikéc . Sth Ora eisidou
orbsthkan dOo s mata isqOoc, éna sth emeli,dh sugnithta  f, = 145GHz kai mia sta
f, = 1451GHz

Api to di'gramma 6.14 kai sOmfwna me thn ewrba pou anaptOq hke sto kef'laio
2.7, parathroOme iti to shmebo parembol ¢ 3% t"xhc brbsketai ekeD pou témnontai oi duo
ewrhtikéc apokrbseic (maOrec gramméahc 1%(mple) kai thc 3 &(foOxia ) armonik c .

[1P3 = (IIP3;0IP3) = ( 1308dBn 192dBn) |

QrhsimopoioOme ton tOpo 2.55 me skopi ton upologismi thc endodiamirfwshc IMD
kai thn epal eush tou shmebou parembol ¢ trbthc t"™xhc IP3(IIP3,01P3). Oi akilou oi
upologismob éginan se isqO eisidou Bsh me31dBm. H isqOc exidou sthn 1h armonik ,
sOmfwna me to di"gramma ebnaiPout;undamentar = 0dBmM en, sthn  3h armonik  Pgyys =

35dBm Ara :

IM3 = F)ou'[fundamental POUth = 0dBm ( 35dBr@ = 35dBm

IM3 35dBm

OIP3 = Poutfundamentaﬂ' T = OdBm+ = 1?5dBm

Jewr, ntac grammik thn sumperifor” tou enisqut a isqOei
Pout= Pin + Gain =) 0IP3=1IP3+Gain =) 1IP3=0IP3 Gain=175 288= 113dBm

Prigmati , htim pou bré hke [IP3=(IIP3,01P3)=(+11.3dBm, 17.5dBm)mesw twn exis,sewn
ebnai polO kont™ me aut ap ‘ipou proékuye api to graf ma thc prosomoBPwshc

Sq ma 6.14: KampOlec eOreshc tou shmebou parembol ¢ 3% t'xhc
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6.7 Apikrish tou enisqut ston grino

Megri stigm c ilec oi analOseic kai oi prosomoi,seic pou parousi“sthkan aforoOsan
thn apikrish tou enisqut sto pedbo thc sugnithtac sunart sei thc isqOoc eisidou .
Idiabterh shmasPa éqei kai h apikrish tou enisqut isqOoc sto pedbo tou grinou , h opoba
parousi“zetai sthn par“grafo aut

Pragmatopobh hke transient analysis sto perib“llon tou Virtuoso gia groniki di"sthma
1ns, to opobo apotelebtai api 145 periidouc ewr,ntac wc sugnithta leitourgbac
fo = 145GHz Sto sq ma 6.15fabnetai h t"'sh exidou  (mplé gramm ) sta “kra tou fortbou
me tsh eisidou (kikkinh gramm ) pl'touc 350mV (700mV peak to peak). Skopic tou
enisqut isqOoc ePnai h apodotik enbsqush tou s matoc eisidou gwrDc thn pros kh

paramirfwshc . Parathrebtai iti h t"sh exidou ft'nei ta 1.15V (3.3V peak to peak)
apotel.ntac mia enisquménh ékdosh thc t"shc eisidou , en, epbshc parousi'zetai mia
mikr kajusterhsh sthn exom“lunsh thc t"shc exidou , to opobo tan anamenimeno ligw
thc tristadiak ¢ sgedbashc se auti to f"'sma sugnot twn . Epoménwg to di"gramma 6.15

apoteleb éndeixh orj ¢ enbBsqushc thc t"shc eisidou

Sqg ma 6.15: Apikrish tou enisqut ston grino

6.8 Efarmog me idou Load Pull

H an’lush Load pull apoteleB énan susthmatiki tripo metrhshc thc kat'llhlhc
sOnjethc antbstashc exidou (output matching) meg’lou s matoc . Aut h meé odoc eb-
nai shmantik gia mh grammikéc suskeuec meg-lou s matoc , ipou to shmebo leitourgbac
mporeD na all’xei an’loga to epPpedo isqOoc ton suntonismi . Load pull sun wc
den grhsimopoiebtai gia grammikéc suskeuég ipou h apidosh me opoiod pote fortbo
mporeb na problefijeb api mikri sma  Separamétrwn . H bajmonimhsh gia th métrhsh thc
isqOoc exidou apotelebtai api th métrhsh thc diajésimhc isqOoc eisidou sto epPbpedo
anafor’c thc phg c isqOoc . Milic gbnei gnwst h diajésimh isqOc eisidou , h isqOc exi-
dou pou paréqgetai sto fortbo mporeb na metrh eD me opoiond pote sunduasmi phg c
fortbou antbstash

Se mia diadikasbalLoad pull, oi suntelestéc an“klashc exidou sar,nontai . To pri-
gramma prosomoi,sewn tou Cadence, SpectreRF,metr” thn isqO exidou kai th sgedi zei
wc sun’rthsh tou sOnjetou fortBou . Metab’llontac th tim tou fortbou exidou tou
enisqut kai wc proc pl'toc kai wc proc gwnba , prokOptei pl oc apotelesm™twn
pou égoun na k’noun me thn isqO. H pio diadedoménh apotOpwsh twn apotelesm™twn
miac Load<Pull an’lushc gbnetai me th morf twn kuklik,n ( elleiptik,n ) grafhm™wn
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thc isqOoc, pou apodbdetai sto fortbo tou enisqut , p’nw sto q'rth Smith. K'e
shmebo aut,n twn grafhm’twn apoteleD kai mPa isqO gia éna sugkekriméno fortbo exidou
Dedomeénou iti to sOnjeto fortbo apaiteD dOo “xonec , ta apotelésmata apeikonBzon-
tai wc perigr'mmata stajer ¢ isqOoc se énan q’rth Smith. Ta perigrymmata debgnoun
p.c aux'netai h isqOc exidou , kaj,c h sOnjeth antDstash tou fortbou proseggbzei th
beltisth tim thc , Zopt.

Se mia oloklhrwméenh load pull métrhsh, h phg ebnai ru mismeénh se mia staer ésh
en, h isqOc metrigtai b"sei miac poikilDac tugaPa topo ethménwn shmebwn antbstashc
fortbou . To pleonekthma thc meidou tugabou perigrrmmatoc ebnai iti den up’rqei
gn,sh tou ti perigrrmmata ebnai epi umht™ prin api th métrhsh . Auti parégei polO
megalOterh euelixba api mia proséggish pou apaiteD perigr'mmata proc anaz thsh
H me odoc perigrrmmatoc den dbnei plhroforbec sgetik®™ me th grammikithta “llh
sumperifor” tou sust matoc

Me skopi na ektelesoume mba Load+<Pull anlush gia ton enisqut mac , diamorf noume
kat'llhla ta stoigePa thc Orac eisidou mésw thc opoPac a I'bei s ma isqOoc h eDsodoc
Prokeiménou na epiteug eD h an’lush aut epilégetai xan” harmonic balance an’lush
sto ADE L, all” aut th for" metab’lletai to fortbo exidou mésw tou pl“touc tou
(api 0 ewc 950m ligw tou qgrth Smith) kai thc gwnbac tou (api 0 éwc 359 ligw
tou grth  Smith) me empedhsh anafor'c Z; = 50 . Sto Sqma 6.16 parousi“zontai
ta kuklik® graf mata isqOoc thc LoadesPull an’lushc . Sugkekriména, ila ta kuklik®
diagrrmmata thc isqOoc éqoun koini kéntro se éna shmebo pou apoteleD thn zhtoOmenh
tim thc empédhshc Zy. Api tic plhroforbec sto aristeri tm ma thc eikinac 6.16, ebnai
faneri iti o telikic enisqut c pou sgedi"same egei th dunatithta parog ¢ megisthc
isgOoc sthn éxodo 10.2dBmgia empédhsh exidou :

ZL =27Zp(0:29 j2:58)=14:5 j129

Auti to apotélesma gia thn isqO exidou ePnai apiluta ikanopoihtiki , afoO plhrob
tic apait seic pou esame sta arqik™ kef'laia , ka ,c epbshc epibebai,netai kai sthn
enithta 6.4, ipou h mégisth isqOc koresmoO Psa upologbsthke 10:9dBm . AxBzei na
anafer eb pwc sto upokefilaio 5.8 h empédhsh exidou pou epiléq hke ebnai Bsh me
Z. =20 j114 ,tim polO kontin se aut pou bré hke mésw thc Load pull diadikasbac.

Sq ma 6.16: KOkloi isqOoc thc Load pull an’lushc
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'Opwc exhg jhke parap™nw , h méodo Load pull sunisttai gia thn eOresh thc
beltisthc sOnjethc antbstashc exidou Z,, h opoba parousi“zetai sto kentro poll,n
"kOklwn" isqOoc kai mésw aut ¢ epitugg netai megisth isqOc sto kOklwma . Ston an-
tbpoda, h kalOterh tim sOnjethc antBstashc Z, mesw thc diadikasbac twn exis,sewn ,
ipwc anaféretai sto upokefilaio 2.5, odhgeb sto mégisto dunati kérdoc (Gmax) tou
enisqut . Oi dOo autéc diaforetikéc timéc égoun mia mikr apiklish kai sun wc epilége-
tai telik™ mia tim gia thn Z. metaxO aut,n twn tim,n (tradeso). 'Opwc parousisthke
sto upokeflaio 5.8, gia th sgedbash tou enisqut aut c thc diplwmatik ¢ , di hke idi-
abterh shmasba sto kérdoc, epoménwc h diadikasbalLoad Pull grhsimopoi jhke kurbwc wc
par"gontac elégqou thc kat"stashc pou brbsketai o enisqut ¢ mac kai igi tiso wc ka-

teujunt rioc par"gontac sthn arq thc sgedbashc . Gia ton ligo auti , de gbnetai ekten ¢
parousPash thc an’lushc  Load pull sta plabsia aut c thc ergasbPac . Gia isouc anag-
n,stec endiaférontai na apokt soun bajOterh gn sh sgetik™ me thn LoadePull an’lush

kai tic tegnikéc pou grhsimopoioOntai gia th sgqedBash enisqut,n isqOoc , touc parapém-
poume sto biblbo [23] .

6.9 Monte Carlo

Sto kOklwma tou enisqut efarmisthke Monte Carlo an’lush se 300 debgmata Ta
istogr'mmata tou kérdouc S21kai thc isqOoc exidou upologbsthkan me parembol sta
145GHz kai parousi“zontai akoloO wc

Parathrebtai iti to istigramma thc isqOoc exidou emfanDzei sgedin téleia gkaousian
katanom me elafr” arnhtik kiBsh . Sunep,c , fabnetai iti égei staer sumperifor”
me meso iro11ldBmsta 145GHz.

H kampOlh tou kérdouc , wstiso , parousi'zei arnhtik klDsh me etik kOrtwsh
(sOmfwna me thn ewrbPa sto kef'laio  2.8). O meésoc iroc thc ePnai sta 28.7dB, ipwc ebge
upologisteb kai me thn an”lush twn S paramétrwn .

Sqg ma 6.17: Istigramma tou kérdouc gia 300 debgmata
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Sq ma 6.18: Istigramma thc isqOoc exidou gia 300 debgmata

6.10 Pbnakac apotelesm™twn

Ta apotelésmata thc prosomobwshc anagrfontai ston PBnaka 6.1.

Pbnakac 6.1: Sugkentrwtikic pPnakac apidoshc tou enisqut




Kef'laio 7 . Fusikic Sgediasmic
(Layout)

7 Fusikic Sgediasmic  (Layout)

To teleutabo meéroc autc thc diplwmatik ¢ ergasbac apotelese h oloklhrwtik
sgedbash tou enisqut se epPpedo Layout, pou aposkopoOse sthn ulopoPhsh tou telikoO
chip mesw thc diadikasbac tape out sto ergost™sio thc etairebac  In neon Technologies
AG.

Sto kef'laio auti parousizontai oi kaninec kai ta probl mata pou akolouj jhkan
kai el finsan up  “iyin gia thn omal metbash tou sqediastikoO kukl matoc api morf
me stoigeba thc biblioj khc B11HFC, pou perigr'fhke sto Kef’laio 5, se morf Laye
out. Gia to pérasma auti grhsimopoi jhkan kat'llhla progr'mmata hlektromagnhtik c
prosomobwshc : Sonnet kai Momentum Virtuoso. AnalOetai h ditaxh thc plakétac
kai ta epipléon meérh tou kukl matoc pou ePnai aparabthto na sumperilhfjoOn sth
sgedPash 'Olec autéc oi pros kec prok’lesan allagéc sto kOklwma , 0i opobec peri-
grifontai diexodik® . Sto teloc , parousi“zetai to teliki sqedio se epbpedo Layout, to
opobo paradi hke proc ulopobhsh

7.1 Ditaxh thc plaketac tupwmenou kukl, matoc PCB

Meg"lo meéroc thc tegnologPac pou grhsimopoioOme ka hmerin® den a tan dunati na
up’rxei qwrbc thn efeOresh thc plakétac tupwmeénwn kuklwm’twn (printed circuit board
(PCB)). Me ton tripo auti , katésth dunat h meBwsh tou megeé ouc tou hlektronikoO
exoplismoO, ka ,c epPshc égine pio oikonomik h kataskeu isqur,n kuklwmtwn

Oi plakétec tupwmeénwn kuklwmtwn grhsimopoioOntai gia th mhganik upost rixh
kai thn hlektrik sOndesh hlektronik,n exarthm“twn . Ta PCB perilamb™noun ag,gima
monop’tia , pads Bgnh s matoc garagména api fOlla galkoO pou ePnai elasmatopoih-
meéna se éna mh ag,gimo upistrwma, pou den “gei hlektrismi . Sth sunéqeia, prostbjentai
hlektronik™ exart mata sthn plakéta , h epifneia thc opobac gar"zetai kat'lihla ,
étsi ste na epitrépetai sto reOma na réei mésw tou galkoO api stoigePo se stoigeDo

O pio basikic tOpoc PCB ebnai h argik plakéta mon ¢ str,shc , h opoba perie
lamb™nei thn topojéthsh enic str,matoc galkoO se éna upistrwma . Oi metagenésterec
exelDxeic od ghsan se PCB pollapl,n strwm“twn galkoO , ta opoPa efarmizontai se dOo

perissitera epPpeda upostr,matoc . Auti katésthse dunat thn pros kh meg~lou
pl ouc stoigePwn sto  PCB kai thn gr sh touc gia th dhmiourgba pio isqur,n suskeu,n
Sta poluepPpeda PCB dbnetai h dunatithta kalOterhc apominwshc metaxO twn radio-
sugnot twn kai twn yhfiak,n shm’twn mésw enic endi'mesou metallikoO str matoc ,
pou na leitourgeDb wc tupik epif'neia tou ed*fouc . Sugkekriména, gia to kOklwma tou
enisqut mac grhsimopoi same PCB uyhl ¢ sugnithtac , tou opobou ta stoigePa pou em-
plekontai me RF s mata sullegontai se epbpeda p'nw api to epbpedo tou ed“fouc ,
en, isa emplékontai me yhfiak® dc se str,mata K'tw api to epbpedo tou ed*fouc
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Wstiso , h pragmatik apidosh ePnai sugn™ makri® api tic prosdokbec . H anamenimenh
kal apominwsh sp“nia gbnetai pragmatikithta

Gia th met"bash twn shm™twn api to ena str,ma sto “llo , grhsimopoioOntai ag,gima
via, pou ePnai to kOrio ergalePo sOndeshc twn di"forwn epipédwn . Bébaia, &na ag,gimo
via periégei parasitik autepagwg , gwrhtikithta kai antbstash  , parilo pou oliklhrh
h epif'nei” tou ebnai epimetallvménh . Epoménwc¢ kat™ ton sqediasmi enic kukl,matoc
se PCB, h parasitik epagwg kai h antbstash mporeb na geirotereOsoun thn apidosh
tou kukl,matoc , an den égoun sunupologisteb ta via stic metr seic [15] [26].

Péran ilwn aut,n twn metabol.n pou prokaloOn oi metallikéc epif'neiec pou
grhsimopoioOntai kat™ th sgedPash tou  Layout enic kukl,matoc , up’rqoun basikéc pro-
diagraféc pou krbnontai anagkabec , prokeiménou na epikoinwn sei o enisqutc me to
exwteriki perib’llon met™ thn kataskeu tou . Anaferimaste dhlad se ila ta méesa
pou grhsimopoioOntai gia na trofodothjeD o enisqutc me  dc t"sh , me gePwstkaj,c kai
meRF s mata , kai epipléon gia na parjoOn oi metr seic sta ergast ria thc In neon
Technologies met” thn kataskeu tou enisqut

Sthn eikina 7.1lparousi“zontai ta epimérouc kommia , ta opoba apartbzoun éna PCB
kai a analuoOn se xeqwristéc upoparagrfouc , diiti ka eéna api aut”™ ephre“zei
kat™ meg’lo pososti th sgedbash tou enisqut . Sugkekrimena:

" ta pads : eidikéc epif'neiec pou grhsimopoioOntai stic eisidouc kai exidouc tou
oloklhrwvménou kukl,matoc , all” kai sthn topo eths tou p"nw se mba plakéeta
PCB, gia thn pragmatopobhsh epikoinwnbac tou me to trofodotiki

~

ESD : eidik” diktu,mata , ta opoPa grhsimeQoun sthn apofirtish twn epifanei,n
twn pads api ta hlektrostatik® reOmata pou dhmiourgoOntai

" Bondwires : kal dia sOndeshc , ta opoPa parousi‘zontai endeiktik™ sto sq ma 7.1.

Sq ma 7.1: Aplopoihménh morfologba tou chip tou enisqut  [29]
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Sto Sq ma 7.1parousi“zetai mia pio aplopoihménh morf tou ulopoihmenou oloklhrw .
meénou enisqut p"nw se PCB, pou a grhsimopoihjeb gia thn meétrhsh tou enisqut met”
thn ulopobhs tou . Se oliklhrh th meg’lh gkri epif°neia oriojetebtai to testechip pou
perilamb™nei ton sqediasmeno enisqut pou en sunegeba epikoll'te p"nw sthn plakéta
PCB. Perimetrik® tou oloklhrwménou enisqut topojetoOntai polléc tetr’gwnec kai
parallhligrammec epif'neiec , ta pads, gia sOndesh me to exwteriki peribllon tou
Mia api tic grhsimithtec twn pads ePnai h dunatithta sOndeshc tou kukl. matoc me to
trofodotiki mésw kalwdbwn  bondwires kai akid,n probes.

AxDzei na shmeiw eb iti h ditaxh ilwn twn  pads, twn dOo baluns kai twn tri_n stadbwn
sthn eikina 7.1lebnai h antbstoigh thc oloklhrwmeénhc telik ¢ Layout morf ¢ tou enisqut
pou parousi‘zetai sthn eikina 7.13, sthn opoba ligw twn metallik,n epifanei,n den
ebnai tiso eudi'krita ta merh aut”

7.1.1 Pads kai GSG pads

Ta pads ePnai oi epif'neiec sOndeshc tou kukl matoc sto PCB me ton éxw api to
chip kismo, gia auti orbzontai kai wc Contact Pads. Mésw twn pads pragmatopoieb-
tai h eisagwg kai exagwg RF shm™wn, kaj.,c kai h  dc trofododba tou kukl ma-
toc. H sOndesh, sthn opoba anaféretai o iroc contact pads, den periorDzetai mino sta
kal dia twn org"nwn meétrhshc kai tou trofodotikoO , all” kai wc méso sOzeuxhc mésw
mikr,n kalwdBwn bondwires me éna epimeno prohgoOmeno oloklhrwméno kOklwma, sthn
perbptwsh pou to kOklwm™ mac apoteleD meéroc miac alusBdac enic meglou sust matoc
Epomenwg topojet.ntac  pads sthn ebPsodo kai thn éxodo enic kukl,matoc parégetai h
dunatithta trofodosbac , | yhc metr sewn , akimh kai paketarbsmatoc (packaging) tou
ulopoihménou oloklhrwmenou kukl, matoc

Sta plabsia aut ¢ thc diplwmatik ¢ ergasbac grhsimopoi jhkan apokleistik™ Pads
alouminbou  Sumperabnoume loipin, pwc ilec oi epaféc tou kukl matoc apoteloO .
ntai api mPa stobba braqukuklwménwn met’llwn , to uyhlitero api ta opoba ebnai to
aloumbniqg en, to kat tero diaférei genik , an’loga me th leitourgbPa kai th sOndesh
thc ek’stote epafc . Sthn prokeiménh perbptwsh , ta parametri® pads (@ut™ entic
tou chip) égoun wc kat tero epPpedo mia lept metallik epif'neia galkoO , pou sth
sugkekrimenh teqgnologba brbsketai éxi metallikec str,seic ktw api to aloumbnio , kai
sumbatik™ sto prigramma prosomobwshc qarakthrbzetai wc  "Metal 1".

Genikitera , h t'sh Vdd, ka ,c kai h pragmatik gh (Ground) twn trofodotik.n , de
sundeetai kateu eban sta pads entic tou chip, me exabresh taGSG pads. Argik™ , gh
kai s ma trofodosbac ft'noun mésw akbdwn  (probes) se pads pou brbskontai p"nw sthn
PCB kai fabnontai endeiktik” sto Sqma  7.1wc pagi” maOra or og,nia kai sth sunégeia
meésw kalwdbwnbondwires sundéontai stic pollaplec epaféc (pads entic tou chip), pou
grhsimopoioOntai api ton enisqut wc gh phgéc t"shc antbstoiga

Idanik™ , a tan epi umhti ta pads entic tou chip na ePnai iso to dunatin megalOtera
se epifneia . To sumpérasma auti prokOptei api to gegonic iti ta bondwires eis"goun
autepagwg , h opoba epibarOnei thn apikrish tou enisqut . Epoménwg iso megalOtero
ebnai to embadin miac epaf c, tiso perissitera bondwires mporoOn na sunde oOn se
parallhiPa , mei nontac étsi thn autepagwg pou prokaloOn . 'Opwc fabnetai sto Sq ma
7.1grhsimopoioOntai 3 pads gia dc trofodosPa me di'staseic  75x100un? kai 11 padsgia
gebwsh(ta leuk” tetr'gwna ) me di'staseic 75x75un¥ to kaéna . AxBzei na anafer eD
iti se aut” ta pads, ta metalla api ta opobPa pernei to s ma thc ghc , en,nontai
metaxO toug opite ePnai sa na apoteloOn megalOtera se mége oc pads, diiti prigmati
ta bondwires pou a proskolh oOn se aut™ a ePnai par’llhla
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GSG pads

H ebsodoc kai h éxodoc twn RF shm“twn pragmatopoioOntai mésw thc Oparxhc dOo
GSG padsgia kajemi” api autéc tic leitourgbec , ipou kai sundéetai apeujebac to kal,-
dio tou VNA (Vector Network Analyzer). To kal,dio auti apotelebtai api treic akbdec
(probes), ipou an"mesa touc up’rqei 50W antbstash. O etikic piloc tou s matoc
brbsketai sth kentrik akbda , h opoba sundéetai me to pad pou garakthrbzetai wc S
(SourcesPhg ), en, o arnhtikic piloc brbsketai stic pleurikec tou akbdec , tic opobec
sundéoume me taG (Ground) pads.

EPnai polO shmantiki prin thn epilog tou
megeé ouc twn GSG pads na anaferjoOn oi pro
blhmatismob kai oi periorismob pou up“rgoun . Sue
gkekrimena ta GSG pads, kai eidik™ to S pad,
dhmiourgoOn qwrhtikithta , h opoPa ephre“zei polO
th leitourgba kai th diamirfwsh tou kukl ma-
toc, kaj,c sundéontai apeujebac sthn ebsodo kai
thn exodo tou enisqut . Epijumebtai sunep,c h
Oparxh el"gisthc qwrhtik ¢ antbstashc ~ , h opoPa
epitugg netai me polO mikréc diast’seic tou S pad.
Wstiso , o periorismic égkeitai sto gegonic iti oi
akmeéc twn akid,n eéqgoun sugkekriméno megejoc kai
gia na proskol soun sta GSG padsprepei ta pads
na ePnai api éna megejoc kai p"nw .

Lamb™nontac up 'lyin ila ta proanaferjénta
dedomeéna epiléq hke h sgedbash dOo Bdiwn GSG
Pads alouminboy éna gia thn ebsodo kai éna gia
thn exodo, sta opoba to kentriki S pad éqgei iso to
dunatin mikritero epitrepti embadin 50um 50um

Sqma 7.2: GSG pads gia na epiteugjeb h el"gisth dunat qwrhtikithta
Oi diast’seic twn G pads ebnai kai autec 50um
50um, ipwc fabnetai sthn exaristerin eikina . Oi apost™seic metaxO twn kéntrwn  (pitch)
twn pad G kai S exart,ntai api tic antbstoigec apost™seic twn probes. Jewr jhke iti
75um ebnai ikanopoihtik apistash
H mikriterh dunat qwrhtikithta pou epitéug hke parousi“zetai sto di"gramma 7.3
kai sta 145GHz isoOtai me :

Cosg= 28.78fF

Sq ma 7.3: Di"gramma qwrhtik ¢ sumperifor’c twn GSG padssunart sei thc sugnithtac
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7.1.2 Kukl,mata prostasbac ESD

Kat™ th sgedbash enic kukl,matoc prépei na lhfjeb sobar™ up ‘lyin to fainimeno
thc hlektrostatik ¢ ekfirtishc , to opobo ebnai epikbnduno giatb igi mino emfanbze-
tai sugn” , all* epbshc ebnai dOskolo na entopisteD , prokal ntac stadiak™ f or” sto
kOklwma.

H hlektrostatik ekfirtish ESD sumbabneiitan up'rgei suss,reush etik ,n
arnhtik,n fortbwn se monwtéc mh sundedeménouc agwgoOc. To posi suss,reushc
fortbou exarttai api thn apo hkeuménh qwrhtikithta tou monwt  tou agwgoO se
sgesh me kontin™ antikeDmena pou égoun antb eto fortbo . To fortbo ebnai statiki , ka ,c
den ebnai se &sh na exisorroph eD na metafer eD me hlektrokinhtik dOnamh |, ektic e™n
up“rgei mePwsh thc tim ¢ the gwrhtikithtac metaxO twn antikeiménwn an up’rgei k™poia
diadrom gia thn ekfirtish tou . H parousba miac ag,gimhc diadrom c epitrépei sto
fortbo ebte na exaerw eb arg™ ebte na apofortisteD gr gora an“loga me thn antbstash
pou prosferei h diadrom . To fainimeno thc gr gorhc ekfirtishc ESD prokaleb zhmiéc,
tiso stic plaketec tupwmenwn kuklwm™twn (PCB), iso kai sta hlektronik™ exart mata

SOmfwna me touc nimouc thc fusik ¢ , h hlektrokinhtik dOnamh pou dhmiourgebtai
prokaleD mia terstia ro reOmatoc kat™ m koc thc diadrom ¢ pou prosférei th gamh-
literh antbstash . Sun wc , to reOma ekfirtishc kinePtai proc to édafoc mésw tou met-
allikoO plaisbou miac suskeu ¢ . Mia ekfirtish ESD mporeb na mhn ebnai arket gia na
katastreyei entel.c th suskeu , all” arket gia na thn exasjen sei . Dhlad endegetai
h suskeu na upobajmisteD kai na sunegbsei na leitourgeb . Wstiso , h suskeu kajbs-
tatai anaxiipisth , kaj,c mei,netai h di"rkeia zw c thc kai ephre”zetai h leitourgik
thc sumperifor™ me thn p“rodo tou grinou [25].

Me thn pros kh twn epaf,n alouminbou se poll” shmeba tou kukl, matoc , Ipwc
anaferjhke sthn prongoOmenh upopar’grafo , kajbstatai arket™ pijan h emf nish tou
fainoménou thc hlektrostatik ¢ ekfirtishc . Se mia tétoia perbptwsh , thn opoba prépei
saf,c na apofOgoume , anazhtoOme kukl mata na grhsimopoihjoOn gia thn prostasba
tou enisqut api ta uyhl” reOmata gamhl,n sugnot twn pou tugin mporeD na dhmiourgh .
oOn metaxO twn epaf,n alouminPou kai thc ewrhtik ¢ ghc tou oloklhrwmeénou

b) Layout
(a) Sghmatiki (b) Lay

Sq ma 7.4: PadtrofodosPac me kOklwma prostasPac ESD
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Krb hke epoménwc, anagkaba h topo éthsh kuklwm™twn prostasbac ESD se k' e

pad thc trofodosbac Vpp gia apofug hlektrostatik ¢ ekfirtishc . H leitourgba aut,n
twn kukl,matwn ePnai na dhmiourg soun éna dc monop'ti metaxO api thn epif'neia
epaf ¢ proc th ewrhtik gh , etsi ste ta polO uyhl” reOmata na geiw oOn qwrbc

na ephre“soun to enisqut

Stic eikinec 7.4 apeikonbzontai to sghmatiki kai to antbstoiqo  layout tou kukl matoc
prostasbac api ta fainimena ESD pou grhsimopoi hke stic epaféec twn trofodosi,n
Vpp. To sugkekriméno kOklwma apoteleD éna étoimo prosgediasméno kOklwma api thn

tegnologba B11HFC kai ebnai kat’llhlo gia trofodosbec "nw twn 1.5V. 'Opwc fabnetai
sto dexb eikonbdio tou sq matoc 7.4a, to kOklwma ESD perilamb™nei éna pmos, trPa nmos
kai mba antbstash api polysilicon, en, axbzei na anafer eb iti pros etetai kai enan cmos
puknwt ¢ gwrhtikithtac 12.3pF gia tic an"gkaiec tou kuklmatoc . Epomenw¢ ta ESD
kukl.mata prostasPac pou grhsimopoioOntai sta di*fora contact pads, pros etoun
mia empeédhsh sto monop™ti metaxO tou antDstoiqou pad kai thc gePwshc. H eisagwg
miac tétoiac, sqedin “peirhc upi kanonikec sun kec leitourgbac , empédhshc metaxO thc

t'shc Vpp kai thc ghc den ephre“zei sqgedin ka ilou thn apidosh tou enisqut kai touc
di"forouc suntonismoOc pou epi umoOme .
7.1.3 Bondwires

'Ena kal .dio , pou orbzetai wc bondwire, mporeD na grhsimopoihjeb gia th sOndesh
enic kukl.matoc me “lla hlektronik™ stoigePa pou ila mazb apoteloOn meéroc miac eu-

rOterhc alusBdac sust matoc gia sOndesh mbac plakéta tupwmeénou kukl matoc (PCB)
me “llh . H sOndesh kalwdPwn ewrebtai genik” h pio oikonomik kai euélikth teqnologba
diasOndeshc kai grhsimopoiebtai gia th katskeu thc pleionithtac twn hmiagwg,n . Ta

bondwires mporoOn na grhsimopoihjoOn se sugnithtec “nw twn 100 GHz, epoménwc ebnai
polO pijan h gr sh touc sto kOklwma tou enisqut
H ebsodoc enic enisqut antiproswpeQei sugn” th diepaf metaxO enic exwterikoO

s matoc kai tou eswterikoO mérouc tou enisqut , mia diadrom pou garzetai meésw
suskeuasbac (package)kai twn kalwdbwn sOndeshc (bondwires). Sun wc , to tsip sundée-
tai me to PCB meésw enic pakétou pou apoteleBtai api kal dia sOndeshc , ta opoba
par‘goun arket parasitik epagwg . Oi epagwgebc ligw twn kalwdbwn sOndeshc
apoteloOn uyhl ¢ poiithtac epagwgebc . To meionékthma wstiso , ePnai iti h akrib ¢
tim touc ePnai dOskolo na prosdioristeD . Gia ton ligo auti , €’n h parasitik epag-
wg ebnai polO mikriterh api ton ekfulismi (degeneration) pou up’rgei entic tou  chip,

mporePb na agnohjeb Diaforetik™ apaitebtai prosektikic sgediasmic gia na oristeD h
sugnithta suntonismoO kai to swsti kOklwma antistoBgishc

H énnoia thc merik ¢ epagwg ¢ ePnai idiabtera gr simh , kaj,c mporoOme na diaqwrb-
soume to dbktuo eisidou se arketéc diadromeéc pou apoteloOntai api ta kal dia sOn-
deshc bondwires. H merik epagwg api thn phg tou enisqut proc to arnhtiki
termatiki thc phg ¢ ePnai upeOjunh gia thn arnhtik anatrofodithsh . 'Olec autec
oi diadroméc ePnai amoibaba sundedeméne8thn pr'xh , h amoibaba autepagwg metaxO
twn kalwdBwn bondwires kai twn ign,n pakétou package tracesapoteloOn kurBarqo iro
[26]. Dedomenou iti ta kal dia sundésmou bond wires ePnai suzeugmena phnPapidi, ke-
tai h par’llhlh sOndes touc me skopi thn mePwsh thc meg’lhc tim ¢ epagwg ¢ pou
prokaloOn , ipwc dh éqgei anaferjeb se prohgoOmenh upopar“grafo
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7.2 Epifneia ed*fouc Vss

'Enac epipléon problhmatismic kat™ thn sgedbash kuklwm™twn se Layout morf
grhsimopoi, ntac poluepPpedh tegqnologba , prokOptei , kaj,c orDzoume éna ek twn epipédwn
wc gebwshVgs EPnai aparabthth h meléth tou , e°n oliklhro to metalliki str,ma
apoteleb isodOnamh epif'neia ed*fouc , diiti ephre*zei "mesa th sumperifor” tou kuk-
|,matoc .

Sugkekriména, e’n den ebnai isodOnamotite ta di“fora mérh tou kukl,matoc pou
sundéontai me auti to metalliki str, ma anaférontai se diaforetik™ epPpeda dunamikoO

ed*fouc kai h apidosh a ebnai polO diaforetik api aut pou anaménetai , €'n ta
meérh anaférontai se mia isodOnamh epif'neia tou ed“fouc . Api thn “lIh pleur” ,
e™n oliklhro to metalliki str,ma epalhjeuteD wc isodOnamh epif'neia ed fouc , tite

prépei na exetasteD epiprisjeta to e’n ePnai isodOnamh me to basiki shmebo anafor’c
thc ghc. Mia tétoia anisorropPa a mporoOse na dhmiourg sei reOmata epistrof ¢

To reOma epistrof ¢ a éree p'nw api oliklhro to metalliki str,ma me polO perD-

ploko tripo , k™nontac thn perbptwsh arket™ dOskolh gia exétash kai antimet, pish

tou probl matoc . Epipléon , e€'n to metalliki str,ma den ePnai isodOnamo me to kOrio
shmebo anafor’c ed*fouc , igi mino RF, all” kai yhfiak™ reOmata epistrof ¢ a réoun

se oliklhro to metalliki str,ma kai a anameignOontai me ta reOmata epistrof ¢ RF
[15].

EPnai plein faneri pwc kat™ th sqedbash tou enisqut se PCB tsip me poll” met-
allik™ strmata , mporoOn na prokOyoun poll” probl mata gia ton ligo auti prépei
na up’rgei enac kalic sgediasmic tou chip, ,ste na plhrob autéc tic prodpojéseic

" H epif'neia tou ed*fouc na ePnai isodOnamh me to shmebo gePwshc anafor’c kat®

m koc oliklhrou tou metallikoO str,matoc , dhlad ton arnhtiki pilo thc trofo-
dosbacDC.
" To s ma RF sthn uyhliterh sugnithta leitourgbac , to opobo réei mésa sto ag,gimo

via, na mhn égei shmantik exas énhsh .

H pris eth qwrhtikithta , epagwg kai antbstash ligw thc polumetallik ¢ dia .
mirfwshc na mhn ePnai shmantik kai oi pris etec paremboléc ligw thc polumeta .
llik ¢ diamirfwshc na ebnai amelhtéec
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7.3 Analutik Layout morf thc energoOc suskeOhc

Méqri stigm ¢ égei parousiasteb mia genik eikina twn stoigePwn pou peristoigbzoun
ton enisqut kai mia mikr anafor” gia ta pollapl” str,mata pou paréqontai api thn
tegnologba B11HFC. Sth sugkekriménh par“grafo paratbjentai , argik™ , merikec plhro-
forbec gia th 0.13mim BICMOS tegnologba thc In neon pou grhsimopoi jhke kai gia ta
progrmmata hlektromagnhtik c prosomobwshc  Sonnet EM kai Momentum Virtuoso, me
th bo jeia twn opoPwn pragmatopoi jhke to teliki meroc thc sgedbashc . Sth sunégeia,
analOetai h telik iyh thc energoOc suskeu ¢ , h opoba epileq hke stic paragr-fouc
5.1.1, 5.1.%ai 5.1.3,se epbpedoLayout.

'‘Opwc egei dh dieukrinisteb h tegnologba B11HFC prikeitai gia mba tegnologba SiGe
BiCMOS 0.13mm pou apotelebtai api poll” st,mata . Orisména basik™ garakthristik™
thc, gr sima gia thn kataskeu enic oloklhrwménou kukl matoc ebnai ta akilou a :

~

Upistrwma : op,n pe, eidik antbstash 1520 Wem.

Meétalla : éxi str mata galkoO , ek twn opoPwn ta téssera pio kont™ sto upistr-
wma ePnai pio lept” (métalla 1 « 4) kai ta dOo pio yhl” sthn ierargba ePnai paqi®
(métalla 5°6).

‘Ena str,ma alouminbou : gia epif°’neiec epaf c (pads) kai kalwdbwsh .
Di‘fora via : gia thn sOndesh metaxO twn diafirwn metallik,n strwm’twn

B"sh SiGe me di"metroc tou diskbou puritbou (wafer) : 200mm

Fusik™ , up“rqoun epipléon epbpeda (polupurbtio , MIMT op k.a.), ta opoba grhsi-
mopoioOntai sthn ulopoPhsh stoigePwn ipwc : antist’seic  TaN, puknwtéc MIM, pads k.a.,
all" den krbnetai aparabthto na anaferjoOn ila . Sumbatik™ ta meétalla  1fpr'sino ) kai
4(kbtrino) orbsthkan wc agwgob epistrof ¢, oi opoboi sundeontai sth ewrhtik gh VSS
meésw twn pads.

Sto Sqma 7.5 fabnetai to epilegmeno transistor se epPpedo Layout. To transistor
sqedi’sthke apolOtwe summetrik™ we proc @nan nohti orizintio “xona

Sg ma 7.5: Transistor BEBCBEB 220nm*5um se Layout epbpedo
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Oi parasitikéc antist’seic enic dipolikoQ tranzPstor se sunduasmi me parasitikéc
qwrhtikithtec prokaloOn kajuster seic grinou kai sunep,c mei noun th meégisth taqOthta
kai sugnithta leitourgbac . EPnai sun hc praktik na grhsimopoioOntai suneqeBc metal-
likec r"bdoi gia tic epaféc tou ekpompoO kai tou sullékth , ligw twn sqetik™ meg’lwn
reum’twn .

Kat™ th sgedbash tou tranzbstor sto Layout perib’llon , topo etoOme to kat'llhla
orismeéno tranzBstor mac, afoO pr,ta epiléxoume , mésw twn dunatot twn pou dbnontai
api to Cadence, o sullekthc , o ekpompic kai h b"sh tou na ft"soun meqri to metallo
3. Dedomeénou iti to sugkekriméno tranzbstor apotelebtai api tésseric lwrbdec b"shc
par’llhla topo ethmenec , h eswterik antbstash b"shc mei netai arket”

Efison grhsimopoi same thn automatopoihménh epilog gia thn epimet’llwsh twn
ekpomp,n tou tranzbstor meéqri to metallo 3 me kat'llhla  via, sunegbzoume sgedi“zontac
ta upilopoia métalla thr,ntac tic apost’seic kai touc austhroOc kaninec sgedbBashc
O ekpompic ebnai h pio euabs hth “krh tou tranzBstor kai b“zontac tou Ibga Ohm
mporeD na proklh eD ekfulismic . Epeid mia uyhl antDstash ekpompoO upoba mbzei
ta gm, fT, ka ,c kai to  fmax, epidi ketai h mePwsh thc antbstashc tou ekpompoO . Auti
mporeP en mérei na epiteuq eb ft'nontac thn “krh tou ekpompoO méqri to métallo 6, diiti
ePnai to uyhlitero api ta métalla thc teqnologbac me th mikriterh antBstash fOllou

Sth sunéqeia, prokeiménou na apomonwjeb h energic suskeu mac api ton irubo kai
ta reOmata pou mporeb na proérgontai api to upistrwma , ulopoi hke éna prosta-
teutiki daqtulbdi  (guard ring) apoteloOmeno api di‘qush tOpou p (psub) kai éftane
ewc to métallo 3 me thn gr sh poll,n epaf,n (via). Téloc, gia thn exagwg kai thn
meétrhsh ilwn twn parasitik,n stoigebwn , pou apoteloOn to tranzBstor , dhlad antist™-
seic, autepagwgec kai gwrhtikottec , grhsimopoi jhkan ta exagimena extracted montéla,
ta opoba dhmiourg hkan meésw thc dunatithtac tou RLCk Extraction pou parégei to
prigramma Cadence Virtuoso.

Axbzei na shmeiw eb pwc sto teliki sghmatiki me ta Layout komm'tia tou enisqut , ta
opoba tan prosomoiwmeéna sto Sonnet kai sto Momentum Virtuoso, topo et hkan
ila ta dipolik® tranzbstor tou kentrikoO kormoO tou kukl, ematoc, ka,c kai twn
kuklwm™twn pilwshc , wc RLCk Extracted transistors se xeqwrist™ arqgePa , prokeiménou na
sumperilhf oOn oi antist™seic , 0 epagwgeéc kai oi qwrhtikithtec , pou dhmiourgoOntai
metaxO twn metallik,n strwm"twn api ta opoPa apartbzontai . Auti diakrbnetai en merei
sthn eikina 7.11me mia prosektik mati”

LBgo prin th metatrop thc energoOc suskeu ¢ se extracted montelo kai prokeiménou
na ewrh eb epitug ¢ h diadikasba thc sqgedbashc se layout epbpedq efarmizontai p'nta
oi elegqoi DRC kai LVS. Sugkekriména:

DRC : Design Rule Check. IsqOoun eidikob kaninec gia tic diast’seic kai tic
apost’seic twn met’llwn kai twn via kat” th Layout sgedbash H trhs touc e -
xet"zetai mesw tou progrmmatoc DRC, pou ebnai exeidikeumeno gia ka e tegnologba
etsi entopbzontai tugin sfllmata

LVS : Layout Versus Schematic. Apoteleb éna logismiki epal jeushc tou hlek-
tronikoO sgediasmoO enic kukl,matoc . Me “lla ligia , mésw tou LVS eléggetai,
e’n to Layout enic sugkekriménou oloklhrwménou kukl, matoc antistoigeP akrib,c

sto arqiki sghmatiki tou sto Cadence.

Pern,ntac , loipin , to diamorfwmeéno transistor api LVS kai DRC bebaiwnimaste
iti ke sOndesh égine swst™ kai pwc iloi oi kaninec sgedPashc throOntai . 'Etsi
apodeiknOetai epipléon iti 0 ekpompic tou k'tw kaskodikoO tranzBstor apoteleb téleio
braqukOklwma me th ewrhtik gh , afoO pros étei mPa apeiroel"gisth autepagwg meqri
to VSS.
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7.4 Kukl,mata Pilwshc

Oi Layout morfec twn dOo diaforetik,n kukl,matwn pilwshc , pou grhsimopoi jhkan
parousi“zontai stic parak’tw eikinec . H epilog twn sugkekriméenwn kuklwm™twn
analOetai sto upokef’laio 5.5.

Sthn eikina 7.6a emfanDzetai o kajrépthc reOmatoc pou sundéetai me th bsh tou
Ktw transistor tou cascode,kaj,c kai me th mesaba I yh tou  balun eisidou , gia na tro-
fodot sei tic diaforikec b"seic tou transistor koinoO ekpompoO tou pr tou stadbou . To
transistor auti ePnai akrib_c Pdio se diast’seic me aut” tou kaskodikoO 7.5. Parathrebtai
iti grhsimopoi jhkan tésseric antist™seic ResTaNtwn 57,5W h kajemi”, gia thn epbteuxh
thc zhtoOmenhc t'shc sth b™sh tou koinoO ekpompoO , kaj.c epPshc kai mba antbstash
ResTaN 50W sto klI"do pou en,nei th b"sh me to sullékth . H antbstash aut den
ephre“zei kajilou thn epbdosh tou kajrepth

O kaskodikic kajrepthc , h b"sh tou opoPou sundeétai me thn antbstoigh b"sh tou
p'nw tranzBstor tou kentrikoO cascode, parousi‘zetai sthn eikina 7.6b. Idiabterh
prosoq dihke stic diasundéseic metaxO twn dOo dipolik,n tranzBstor , prokeiménou
na plhroOn tic prodpojéseic pltouc met’llwn gia thn antoq touc kat™ th diarro
touc api uyhl” reOmata kai tautigrona na prosjétoun iso to dunatin ligiterec pa .
rasitikec qwrhtikithtec kai autepagwgéec . Epbshc, grhsimopoi jhkan treic antist™seic
ResTaN twn 50W.

(b) Layout kajrepth gia thn b°sh tou p'nw

(2) Layout aploO ka repth tranzBstor tou kaskodikoO®

Sg ma 7.6: Layout twn kuklwm™twn pilwshc

88






	Περίληψη
	Abstract
	Ευχαριστίες
	Περιεχόμενα
	Κατάλογος Γραφημάτων
	Κατάλογος Πινάκων
	
	Εισαγωγή
	Κίνητρο για τη Συγγραφή της Διπλωματικής Εργασίας
	Συστήματα μικροκυματικών συχνοτήτων

	Βασική Θεωρία
	Y, Z και ABCD παράμετροι
	Παράμετροι S
	Κριτήρια Ευστάθειας
	Ορισμοί Κερδών Ισχύος
	Εξισώσεις επίτευξης μέγιστου Κέρδους
	Γραμμές Μεταφοράς
	Έλεγχος Γραμμικότητας
	Ανάλυση Monte Carlo

	Χαρακτηρισμός Ενισχυτή
	Επιλογή τάξης λειτουργίας του ενισχυτή
	Επιλογή της ενεργού συσκεύης για τη υλοποίηση του ενισχυτή 
	Επιλογή αριθμού σταδίων
	Κριτήρια επιλογής σχεδίασης ενισχυτή ισχύος διαφορικού έναντι μονού ακροδέκτη

	Balun
	Σκοπός
	Ορισμός
	Προδιαγραφές απόδοσης ενός Balun
	Σχεδιασμός Layout του Balun
	Αποτελέσματα των προσομοιώσεων

	Βήματα σχεδίασης του διαφορικού ενισχυτή 
	Επιλογή μοντέλου και μεγέθους τρανζίστορ 
	Επιλογή είδους transistor για την υλοποίηση του ενισχυτή
	Επιλογή γεωμετρίας τρανζιστορ
	Υπολογισμός εμβαδού τρανζίστορ

	Τάση τροφοδοσίας VDD
	Υπολογισμός συχνότητας αποκοπής ft
	Γραμμή μεταφοράς μεταξύ των τρανζίστορ του cascode
	Κυκλώματα Πόλωσης
	Σχεδίαση κυκλώματος εξόδου
	Σχεδίαση ενδιάμεσων κυκλωμάτων
	Σχεδίαση κυκλώματος εισόδου

	Αποτελέσματα Προσομοιώσεων
	Υπολογισμός S παραμέτρων 
	Εύρος Συχνοτήτων 3dB
	Έλεγχος ευστάθειας
	Διαφορικός τρόπος λειτουργίας
	Κοινός τρόπος λειτουργίας

	Υπολογισμός Ισχύος Εξόδου
	Σημείο συμπίεσης 1dB - P1dB 
	Σημείο παρεμβολής τρίτης τάξης IP3
	Απόκριση του ενισχυτή στον χρόνο
	Εφαρμογή μεθόδου Load Pull
	Monte Carlo
	Πίνακας αποτελεσμάτων

	Φυσικός Σχεδιασμός (Layout)
	Διάταξη της πλακέτας τυπωμένου κυκλώματος PCB
	Pads και GSG pads
	Κυκλώματα προστασίας ESD
	Bondwires

	Επιφάνεια εδάφους Vss
	Αναλυτική Layout μορφή της ενεργούς συσκεύης
	Κυκλώματα Πόλωσης
	Κατάλληλα διαμορφωμένα κομμάτια του ενισχυτή σε layout
	Bypass Πυκνωτές
	Cheesing και Filling

	Προσομοιώσεις Ενισχυτή σε Φυσικό Επίπεδο
	S parameters
	Εύρος Συχνοτήτων 3dB
	Έλεγχος ευστάθειας
	Ισχύς Εξόδου Pout
	Σημείο Συμπίεσης 1dB
	Σημείο παρεμβολής τρίτης τάξης IP3
	Απόκριση του ενισχυτή στο χρόνο
	Πίνακες αποτελεσμάτων

	Συμπεράσματα και μελλοντικές επεκτάσεις
	Ανακεφαλαίωση 
	Σχολιασμός Αποτελεσμάτων
	Μελλοντικές Επεκτάσεις


	Βιβλιογραφία

