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Per—lhyh

H paroÔsa ergas—a exet�zei ton sqediasmì enìc enisqut  qamhloÔ jorÔbou, o opo—oc apo-

tele— basikì stoiqe—o tou RF front-end se dŁktec uyhl‚n suqnot twn. Parousi�zontai oi

basikŁc arqŁc leitourg—ac twn RF dekt‚n kai o rìloc tou LNA sthn en—sqush asjen‚n

shm�twn me thn el�qisth dunat  prosj kh jorÔbou. Par�llhla, analÔontai jemeli‚deic

Łnnoiec mikrokumatik‚n kuklwm�twn, ìpwc ta d—ktua dÔo jur‚n, oi par�metroi skŁdashc,

h eust�jeia, to kŁrdoc, h prosarmog  empŁdhshc kai o suntelest c jorÔbou.

Sth sunŁqeia parousi�zetai h diadikas—a sqed—ashc enìc tŁtoiou enisqut , h opo—a perilam-

b�nei ton kajorismì twn apait sewn tou kukl‚matoc, thn epilog  kat�llhlhc topolog—ac

kai energoÔ stoiqe—ou, kaj‚c kai thn pìlwsh kai diastasiolìghsh tou tranz—stor. A-

kolouje— o sqediasmìc twn diktÔwn prosarmog c eisìdou kai exìdou, h ulopo—hsh tou

kukl‚matoc me pragmatik� stoiqe—a, en‚ exet�zetai kai h ep—drash tou packaging sth su-

nolik  apìdosh tou kukl‚matoc. TŁloc, parousi�zontai apotelŁsmata prosomoi‚sewn

prin kai met� to packaging, ‚ste na axiologhje— h ep—dras  tou sta basik� qarakthristik�

tou enisqut .

LŁxeic Kleidi�: Enisqut c QamhloÔ JorÔbou, DŁktec Radiosuqnot twn, Mikroku-

matik� Kukl‚mata, D—ktua DÔo Jur‚n, Par�metroi SkŁdashc, Prosarmog  EmpŁdhshc,

Eikìna JorÔbou, Eust�jeia, KŁrdoc, Pìlwsh Tranz—stor, D—ktua Prosarmog c, Su-

skeuas—a Kuklwm�twn, Prosomoi‚seic Kuklwm�twn.
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Abstract

This thesis examines the design of a Low Noise Amplifier (LNA), which is a fundamental
component of the RF front-end in high-frequency receivers. The basic operating princi-
ples of RF receivers are presented, along with the role of the LNA in amplifying weak
signals while introducing the minimum possible amount of noise. In addition, fundame-
ntal concepts of microwave circuits are analyzed, such as two-port networks, scattering
parameters, stability, gain, impedance matching, and noise figure.

Subsequently, the design process of such an amplifier is presented. This process includes
defining the circuit specifications, selecting an appropriate topology and active device,
as well as biasing and dimensioning the transistor. The design of the input and output
matching networks follows, together with the implementation of the circuit using realistic
components. The effect of packaging on the overall circuit performance is also examined.
Finally, simulation results before and after packaging are presented in order to evaluate
its impact on the key characteristics of the amplifier.

Keywords: Low Noise Amplifier, RF Receivers, Microwave Circuits, Two-Port Networks,
Scattering Parameters, Impedance Matching, Noise Figure, Stability, Gain, Transistor
Biasing, Matching Networks, Circuit Packaging, Circuit Simulations.

9





Euqarist—ec

Ja  jela arqik� na ekfr�sw tic jermŁc mou euqarist—ec ston epiblŁponta kajhght  mou,

Iw�nnh Papan�no, gia to endiafŁron jŁma pou mou empisteÔthke, kaj‚c kai gia th diar-

k  kajod ghsh kai sumbol  tou kaj� ìlh th di�rkeia ekpìnhshc thc paroÔsac ergas—ac.

H suneq c diajesimìtht� tou kai h projum—a tou na apant� se k�je apor—a apotŁlesan

kajoristikì par�gonta gia thn olokl rwsh thc melŁthc aut c.

Euqarist‚ polÔ ep—shc ton upoy fio did�ktora Bas—lh Manour�, o opo—oc me bo jhse

na antimetwp—sw k�je teqnik  duskol—a pou proŁkuye kat� th di�rkeia thc ergas—ac. H

bo jei� tou, to ulikì melŁthc pou mou pare—qe ìpote to qreiazìmoun, kaj‚c kai h sumbol 

tou sthn an�ptuxh miac ousiastik c dia—sjhshc gÔrw apì ta kukl‚mata RF sunŁbalan

ousiastik� sth bajÔterh katanìhsh tou antikeimŁnou.

Ja  jela akìmh na euqarist sw thn oikogŁnei� mou gia thn diark  upost rix  touc se

ìlh th di�rkeia twn spoud‚n mou kai thc ekpìnhshc thc paroÔsac ergas—ac. Idia—terh

eugnwmosÔnh ofe—lw sth mhtŁra mou gia thn amŁristh sumpar�stas  thc kai thn p—sth thc

se emŁna se k�je st�dio thc prosp�jei�c mou. Euqarist‚ akìmh ta adŁlfia mou gia thn

upomon  kai thn enj�rruns  touc, kaj‚c kai th giagi� mou gia thn ag�ph kai th suneq 

thc front—da.

TŁloc, idia—terh anafor� ax—zei sth Gewrg—a A. gia thn katanìhsh, thn enj�rrunsh kai thn

suneq  parous—a thc kaj� ìlh th di�rkeia ekpìnhshc thc paroÔsac ergas—ac.
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Kefˆlaio 1

Eisagwg 

1.1 SÔgqronec arqitektonikèc dekt¸n kai h shma-
sÐa tou RF front-end

H l yh shmˆtwn se z¸nec uyhl¸n suqnot twn eÐnai genikˆ mia apaithtik  diadikasÐa, ku-
rÐwc epeid , sto shmeÐo eisìdou tou dèkth, to s ma eÐnai suqnˆ idiaÐtera asjenèc. H
exasjènhsh katˆ th diˆdosh ston eleÔjero q¸ro auxˆnetai me thn apìstash kai, gia de-
domènec sunj kec zeÔxhc, epibarÔnetai peraitèrw ìso anebaÐnei h suqnìthta. Pèran thc
basik c exasjènhshc diˆdoshc, prìsjetec ap¸leiec prokÔptoun apì atmosfairik  apor-
rìfhsh, skèdash kai empìdia, kaj¸c kai apì ap¸leiec ulopoÐhshc sto emprìsjio tm ma thc
l yhc (p. q. grammèc metaforˆc, sundèseic). Sunep¸c, to s ma pou odhgeÐtai sta pr¸ta
stˆdia thc alusÐdac RF mporeÐ na eÐnai sugkrÐsimo me to epÐpedo jorÔbou tou sust matoc,
gegonìc pou kajistˆ krÐsimh thn arqik  enÐsqush me elˆqisth prìsjeth upobˆjmish.

Sto plaÐsio autì, èqei idiaÐterh axÐa na exetastoÔn endeiktikèc arqitektonikèc dekt¸n pou
qrhsimopoioÔntai eurèwc sth mikrokumatik  l yh, diìti epitrèpoun ton saf  prosdiorismì
tou stadÐou tou dèkth sto opoÐo kajorÐzetai h ikanìthta anÐqneushc polÔ asjen¸n sh-
mˆtwn, kaj¸c kai tou trìpou me ton opoÐo o jìruboc twn arqik¸n bajmÐdwn ephreˆzei
thn telik  apìdosh thc l yhc. Sthn klasik  arqitektonik  upereterìdunou dèkth (bl.
Sq ma 1.1.), to s ma apì thn keraÐa dièrqetai arqikˆ apì èna band-select fÐltro kai sth
sunèqeia enisqÔetai apì ton enisqut  qamhloÔ jorÔbou, prin akolouj soun ta epìmena
stˆdia. H sugkekrimènh alusÐda kajistˆ emfanèc ìti h pr¸th energ  bajmÐda prin apì
th suqnometatrop  eÐnai o enisqut c qamhloÔ jorÔbou kai ìti ta metagenèstera stˆdia
exuphretoÔn kurÐwc epilektikìthta kai metatrop  suqnìthtac, ¸ste to s ma na katasteÐ
katˆllhlo gia apodiamìrfwsh.

AntÐstoiqa, stic sÔgqronec arqitektonikèc dekt¸n I/Q, ìpwc oi Hartley kai Weaver (bl.
Sq ma 1.2.), to s ma metˆ thn proepilog  odhgeÐtai epÐshc se enisqut  qamhloÔ jorÔbou
kai sth sunèqeia se dÔo klˆdouc mÐxhc (I kai Q). Parìti oi arqitektonikèc autèc eisˆgoun
prohgmènh epexergasÐa I/Q kai prìsjetouc mhqanismoÔc apìrriyhc anepijÔmhtwn sunistw-
s¸n, h krÐsimh parat rhsh paramènei Ðdia: o enisqut c qamhloÔ jorÔbou topojeteÐtai sthn
arq  thc alusÐdac kai leitourgeÐ wc to pr¸to energì stˆdio pou ephreˆzei kajoristikˆ
thn poiìthta tou lambanìmenou s matoc.

Me ton ìro RF front-end noeÐtai to emprìsjio tm ma tou dèkth apì thn keraÐa èwc to shme-
Ðo ìpou xekinˆ h metˆbash se stˆdia pou exuphretoÔn kurÐwc epilektikìthta kai anˆkthsh
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Sq ma 1.1: Tupik  arqitektonik  upereterìdunou dèkth. To s ma apì thn keraÐa dièrqetai
apì fÐltro proepilog c kai enisqÔetai apì ton enisqut  qamhloÔ jorÔbou prin apì th mÐxh
me ton topikì talantwt  kai th metaforˆ se endiˆmesh suqnìthta.

plhroforÐac. Sto RF front-end an koun ta pajhtikˆ stoiqeÐa eisìdou (p. q. fÐltro pro-
epilog c kai dÐktua prosarmog c) kai, wc pr¸to energì stoiqeÐo, o enisqut c qamhloÔ
jorÔbou. H jèsh aut  den eÐnai tuqaÐa: se sunj kec polÔ qamhl¸n epipèdwn isqÔoc, h
prìsjeth upobˆjmish sta pr¸ta stˆdia èqei dusanˆlogh epÐdrash sth sunolik  apìdosh.

Eidikìtera, o shmatojorubikìc lìgoc pou upobajmÐzetai sta arqikˆ stˆdia tou dèkth den
mporeÐ na beltiwjeÐ apì ta epìmena stˆdia epexergasÐac. Metagenèsterh enÐsqush mporeÐ
na aux sei to apìluto epÐpedo tou s matoc, allˆ enisqÔei tautìqrona kai ton jìrubo
pou èqei  dh prostejeÐ sta arqikˆ stˆdia, en¸ h plhroforÐa pou èqei jafteÐ kˆtw apì
ton jìrubo den mporeÐ na apokatastajeÐ apì thn metèpeita alusÐda fÐltrwn   apì thn
apodiamìrfwsh. Gia ton lìgo autì, ta epìmena stˆdia eÐnai krÐsima gia zht mata ìpwc h
epilektikìthta, h apìrriyh parembol¸n kai eid¸lwn, to dunamikì eÔroc kai h ulopoÐhsh
thc apodiamìrfwshc, allˆ den mporoÔn na antistajmÐsoun anepark  arqik  enÐsqush  
uperbolik  eisagwg  jorÔbou sto RF front-end.

Me bˆsh ta parapˆnw, prokÔptei ìti h sqedÐash tou enisqut  qamhloÔ jorÔbou sth z¸nh
twn 10 GHz apoteleÐ kajoristikì parˆgonta gia thn epÐteuxh uyhl c apìdoshc kai axi-
ìpisthc leitourgÐac tou dèkth kai, epomènwc, apoteleÐ kentrikì antikeÐmeno thc paroÔsac
ergasÐac.

1.2 Rìloc kai shmasÐa tou enisqut  qamhloÔ jo-
rÔbou se dèktec uyhl¸n suqnot twn

O enisqut c qamhloÔ jorÔbou (Low Noise Ampli�er - LNA) apoteleÐ to pr¸to energì
stˆdio enìc dèkth sth z¸nh RF kai, wc ek toÔtou, diadramatÐzei kajoristikì rìlo sthn
telik  axiopistÐa thc l yhc. H basik  tou apostol  eÐnai na enisqÔsei èna idiaÐtera asjenèc
lambanìmeno s ma prin autì odhghjeÐ se stˆdia suqnometatrop c, epilektikìthtac kai
anˆkthshc plhroforÐac, eisˆgontac parˆllhla thn elˆqisth dunat  prìsjeth upobˆjmish.
Sthn prˆxh, h apìdosh tou LNA kajorÐzei se megˆlo bajmì thn poiìthta tou s matoc pou
paradÐdetai sta epìmena stˆdia, ta opoÐa, parìti krÐsima gia th leitourgikìthta tou dèkth,
den mporoÔn na apokatast soun upobˆjmish pou èqei  dh epèljei sthn eÐsodo.
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Sq ma 1.2: Arqitektonik  dèkth tÔpou Weaver me dipl  mÐxh I/Q. Metˆ thn proenÐsqush
apì ton enisqut  qamhloÔ jorÔbou, to s ma diaqwrÐzetai se klˆdouc I kai Q kai odhgeÐtai
apì topikì talantwt  se tetragwnik  fˆsh, en¸ mèsw thc dipl c mÐxhc kai tou katˆllhlou
sunduasmoÔ twn kanali¸n epitugqˆnetai apìrriyh tou eid¸lou kai metaforˆ tou s matoc
sto baseband.

Se suqnìthtec thc tˆxhc twn 10 GHz, o rìloc tou LNA kajÐstatai akìmh pio krÐsimoc, ka-
j¸c oi ap¸leiec prin kai gÔrw apì thn pr¸th energ  bajmÐda (p.q. se fÐltra proepilog c,
grammèc metaforˆc kai diasundèseic) teÐnoun na auxˆnontai, en¸ ta parasitikˆ fainìmena
twn stoiqeÐwn kai thc ulopoÐhshc ephreˆzoun shmantikˆ thn epÐteuxh tautìqrona uyhloÔ
kèrdouc kai qamhloÔ prìsjetou jorÔbou. Epiplèon, h leitourgÐa se mikrokumatikèc su-
qnìthtec sunepˆgetai auxhmènec apait seic wc proc thn eustˆjeia tou kukl¸matoc kai thn
orj  prosarmog  sthn eÐsodo kai thn èxodo, ¸ste na epitugqˆnetai apodotik  metaforˆ
isqÔoc kai na apofeÔgontai anepijÔmhtec talant¸seic   upobˆjmish thc apìkrishc sto
epijumhtì eÔroc.

Oi basikèc sqediastikèc apait seic enìc LNA sunoyÐzontai sta ex c:

ˆ Qamhlìc prìsjetoc jìruboc: O LNA ofeÐlei na eisˆgei ìso to dunatìn
mikrìterh jorubik  suneisforˆ, ¸ste na diathreÐtai h poiìthta tou s matoc  dh apì
to pr¸to energì stˆdio. Se efarmogèc qamhl¸n epipèdwn s matoc, h apaÐthsh aut 
kajÐstatai prwteÔousa.

ˆ Eparkèc kèrdoc: O enisqut c qamhloÔ jorÔbou prèpei na parèqei eparkèc kèr-
doc, ¸ste o jìruboc pou eisˆgetai apì ta metagenèstera stˆdia tou dèkth na ka-
jÐstatai amelhtèoc se sqèsh me ton jìrubo pou kajorÐzetai sthn eÐsodo, diasfalÐzo-
ntac ìti h sunolik  upobˆjmish tou lìgou s matoc proc jìrubo kuriarqeÐtai apì to
arqikì stˆdio thc alusÐdac l yhc.

ˆ Prosarmog  eisìdou kai exìdou: H orj  prosarmog  sthn eÐsodo sumbˆllei
sthn apodotik  sÔzeuxh me thn keraÐa  /kai to fÐltro proepilog c, en¸ h prosarmog 
sthn èxodo dieukolÔnei th sunergasÐa me ta epìmena stˆdia.

ˆ Eustˆjeia leitourgÐac: O enisqut c qamhloÔ jorÔbou ofeÐlei na parousiˆzei
ˆneu ìrwn eustˆjeia se ìlo to eÔroc suqnot twn endiafèrontoc, ¸ste na apotrèpetai
h emfˆnish autotalant¸sewn   anepijÔmhthc enÐsqushc ektìc z¸nhc. Tuqìn astˆjeia
sta arqikˆ stˆdia tou dèkth mporeÐ na odhg sei se sobar  upobˆjmish thc leitourgÐac
tou sust matoc, kaj¸c parˆgei eswterikˆ s mata sugkrÐsima   kai megalÔtera apì
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to epijumhtì s ma eisìdou.

ˆ Grammikìthta: O enisqut c qamhloÔ jorÔbou prèpei na diathreÐ grammik  sumpe-
riforˆ gia èna eparkèc eÔroc epipèdwn eisìdou, ¸ste na apofeÔgetai h dhmiourgÐa
mh grammik¸n paramorf¸sewn kai endodiamìrfwshc parousÐa isqur¸n shmˆtwn   pa-
rembol¸n. H mh grammik  leitourgÐa sta arqikˆ stˆdia thc l yhc odhgeÐ sth gènesh
anepijÔmhtwn fasmatik¸n sunistws¸n, oi opoÐec epikalÔptontai me to wfèlimo s ma
kai den mporoÔn na apomakrunjoÔn apì ta metagenèstera stˆdia epexergasÐac.

ˆ Katanˆlwsh isqÔoc: O enisqut c qamhloÔ jorÔbou prèpei na parousiˆzei ìso
to dunatìn qamhlìterh katanˆlwsh isqÔoc, idiaÐtera se forhtèc   energeiakˆ pe-
riorismènec efarmogèc. Wstìso, h meÐwsh thc isqÔoc pìlwshc ephreˆzei ˆmesa thn
apìdosh ston jìrubo, kaj¸c sun jwc odhgeÐ se aÔxhsh tou deÐkth jorÔbou kai u-
pobˆjmish thc sunolik c euaisjhsÐac tou dèkth. Epomènwc, o sqediasmìc tou LNA
apaiteÐ prosektikì sumbibasmì metaxÔ energeiak c apodotikìthtac kai jorubik c e-
pÐdoshc.

Ta parapˆnw megèjh den eÐnai anexˆrthta; antÐjeta, h sqedÐash enìc LNA apoteleÐ klasikì
parˆdeigma sumbibasm¸n metaxÔ jorÔbou, kèrdouc, prosarmog c, eustˆjeiac, grammikìth-
tac kai katanˆlwshc isqÔoc.

Sunep¸c, h melèth kai h sqedÐash enìc LNA den periorÐzetai sthn epÐteuxh enìc memonw-
mènou deÐkth apìdoshc, allˆ apaiteÐ olistik  prosèggish pou lambˆnei upìyh th jèsh tou
kukl¸matoc sthn alusÐda l yhc kai tic apait seic tou sunolikoÔ dèkth.

1.3 Stìqoi kai dom  thc paroÔsac diplwmatik c
ergasÐac

Skopìc thc paroÔsac diplwmatik c ergasÐac eÐnai h melèth kai h sqedÐash enìc enisqut 
qamhloÔ jorÔbou me kèntro leitourgÐac sta 10 GHz, me èmfash sthn epÐteuxh isorropÐac
metaxÔ jorÔbou, kèrdouc, prosarmog c, eustˆjeiac kai grammikìthtac, sÔmfwna me tic
apait seic pou tÐjentai apì th jèsh tou LNA sto RF front-end.

Eidikìtera, h ergasÐa epikentr¸netai sth diereÔnhsh twn apait sewn l yhc sth z¸nh twn
10 GHz, kaj¸c kai twn basik¸n sqediastik¸n periorism¸n pou ephreˆzoun thn ulopoÐhsh
enìc LNA. Sto plaÐsio autì, exetˆzetai h epilog  katˆllhlhc topologÐac kai strathgi-
k c prosarmog c, lambˆnontac upìyh touc epijumhtoÔc deÐktec apìdoshc, se sunduasmì me
touc praktikoÔc periorismoÔc ulopoÐhshc. AkoloujeÐ h ulopoÐhsh tou kukl¸matoc se peri-
bˆllon prosomoi¸sewn, me stìqo thn epal jeush thc epÐdos c tou sto eÔroc suqnot twn
endiafèrontoc kai upì realistikèc sunj kec fìrtishc kai leitourgÐac. Tèloc, pragmato-
poieÐtai axiolìghsh twn apotelesmˆtwn kai suz thsh twn sqediastik¸n sumbibasm¸n pou
od ghsan sthn telik  ulopoÐhsh.

H dom  thc ergasÐac èqei wc ex c:

ˆ Kefˆlaio 1: Parousiˆzetai to plaÐsio tou probl matoc, oi endeiktikèc arqite-
ktonikèc dekt¸n pou anadeiknÔoun th shmasÐa tou RF front-end kai tekmhri¸netai o
kentrikìc rìloc tou LNA sth sunolik  apìdosh enìc thlepikoinwnakoÔ dèkth.

ˆ Kefˆlaio 2: AnaptÔssetai to aparaÐthto jewrhtikì upìbajro gia LNA kai pa-
rousiˆzontai ta basikˆ megèjh axiolìghshc thc sqedÐashc.
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ˆ Kefˆlaio 3: Perigrˆfetai h mejodologÐa sqedÐashc pou akolouj jhke kai pa-
rousiˆzontai ta endiˆmesa kai telikˆ sqhmatikˆ.

ˆ Kefˆlaio 4: Parousiˆzontai ta telikˆ apotelèsmata twn prosomoi¸sewn, me sqo-
liasmì twn epidìsewn kai twn sqediastik¸n sumbibasm¸n.

ˆ Kefˆlaio 5: SunoyÐzontai ta sumperˆsmata kai proteÐnontai kateujÔnseic gia
mellontik  ergasÐa.
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Kefˆlaio 2

Jewrhtikì Upìbajro

2.1 Mikrokumatik  perigraf  kuklwmˆtwn kai pa-
rˆmetroi skèdashc

2.1.1 DÐktua dÔo jur¸n kai kumatik  anaparˆstash

Sth mikrokumatik  perioq  suqnot twn, h klasik  perigraf  kuklwmˆtwn me ìrouc tˆse-
wn kai reumˆtwn se kìmbouc, ìpwc efarmìzetai sth jewrÐa sugkentrwmènwn stoiqeÐwn,
kajÐstatai periorismènhc praktik c axÐac. H aitÐa ègkeitai sto gegonìc ìti ta fusikˆ m kh
twn diasundèsewn kai twn stoiqeÐwn den eÐnai plèon amelhtèa se sqèsh me to m koc kÔma-
toc, me apotèlesma h hlektromagnhtik  diˆdosh katˆ m koc twn gramm¸n metaforˆc kai oi
anaklˆseic stic asunèqeiec empèdhshc na kuriarqoÔn sth sumperiforˆ tou kukl¸matoc.

Upì autèc tic sunj kec, h upìjesh stigmiaÐac katanom c tˆshc kai reÔmatoc -jemeli¸dhc
sth montelopoÐhsh sugkentrwmènwn stoiqeÐwn- den isqÔei. Antijètwc, ta kukl¸mata
prèpei na antimetwpÐzontai wc sust mata katanemhmènwn paramètrwn, sta opoÐa oi hle-
ktrikèc posìthtec metabˆllontai qwrikˆ kai qronikˆ, upakoÔontac se kumatikˆ fainìmena.
Wc ek toÔtou, h anˆlush basÐzetai sth jewrÐa gramm¸n metaforˆc kai sthn perigraf  thc
diˆdoshc mèsw kumˆtwn.

Gia ton lìgo autì, èna kÔklwma RF proseggÐzetai tupikˆ wc grammikì (mikroÔ s matoc)
dÐktuo dÔo jur¸n, sto opoÐo oi metablhtèc katˆstashc den eÐnai oi tˆseic kai ta reÔmata
se kìmbouc, allˆ ta prospÐptonta kai anakl¸mena kÔmata stic jÔrec. H perigraf  aut  e-
pitrèpei th sunep  enswmˆtwsh twn fainomènwn diˆdoshc, prosarmog c kai anˆklashc, kai
parèqei èna katˆllhlo jewrhtikì plaÐsio gia thn anˆlush kai ton sqediasmì mikrokumati-
k¸n kuklwmˆtwn, ìpou h diˆkrish metaxÔ sugkentrwmènwn kai katanemhmènwn stoiqeÐwn
eÐnai kajoristik .

Orismìc jur¸n kai metablht¸n. JewreÐtai dÐktuo dÔo jur¸n me jÔrec i 2 f1; 2g
kai qarakthristik  antÐstash anaforˆc Z 0 (sun jwc 50 
). Gia kˆje jÔra orÐzontai o
fasijèthc tˆshc V i kai o fasijèthc reÔmatoc Ii (me forˆ tou I i proc to dÐktuo). Oi
kanonikopoihmènec kumatikèc metablhtèc ai (prospÐpton kÔma) kai bi (anakl¸meno kÔma)
orÐzontai wc

ai ,
Vi + Z 0I i

2
p

Z0
; bi ,

Vi � Z 0I i

2
p

Z0
: (2.1)
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kai apeikonÐzontai sqhmatikˆ sto Sq. 2.1.

Sq ma 2.1: 'Ena tupikì dÐjuro.

Oi sqèseic (2.1) mporoÔn na antistrafoÔn ¸ste na ekfrastoÔn Vi kai I i wc sunˆrthsh twn
ai kai bi :

Vi =
p

Z0 (ai + bi ); I i =
1

p
Z0

(ai � b i ): (2.2)

Termatismìc kai suntelest c anˆklashc. 'Estw ìti mia jÔra termatÐzetai me
sÔnjeth antÐstash ZT . O suntelest c anˆklashc wc proc thn anaforˆ Z 0 orÐzetai wc

� T ,
ZT � Z 0

ZT + Z 0
: (2.3)

Gia th jÔra pou termatÐzetai me ZT isqÔei sqèsh anˆklashc metaxÔ twn kumˆtwn:

b = � T a: (2.4)

H perÐptwsh prosarmosmènou termatismoÔ antistoiqeÐ se ZT = Z 0 kai sunep¸c � T =
0, dhlad  mhdenik  anˆklash (b = 0). H ènnoia tou prosarmosmènou termatismoÔ eÐnai
kentrik  sth jewrÐa twn paramètrwn skèdashc, kaj¸c oi teleutaÐoi orÐzontai upì sunj kec
mhdenik c anˆklashc stic mh diegeirìmenec jÔrec. Katˆ sÔmbash, stic eisìdouc kai exìdouc
tou dijÔrou oi sundedemènoi termatismoÐ lambˆnontai Ðsoi me th qarakthristik  antÐstash
anaforˆc, dhlad  Z T = Z 0, ektìc an anafèretai rhtˆ diaforetikˆ.

Dianusmatik  morf  kai proetoimasÐa gia pÐnaka skèdashc. OrÐzontac ta
dianÔsmata prospÐptontwn kai anakl¸menwn kumˆtwn

a ,
�

a1

a2

�
; b ,

�
b1

b2

�
; (2.5)

h grammik  sumperiforˆ tou diktÔou dÔnatai na ekfrasteÐ me mia grammik  apeikìnish apì
a se b. Sthn epìmenh enìthta eisˆgetai o pÐnakac skèdashc S, o opoÐoc sundèei ta a kai
b kai apoteleÐ th basik  perigraf  gia thn anˆlush kai ton sqediasmì mikrokumatik¸n
enisqut¸n.

2.1.2 Parˆmetroi skèdashc: orismìc kai basikèc idiìthtec

H mikrokumatik  perigraf  enìc grammikoÔ diktÔou dÔo jur¸n oloklhr¸netai me thn ei-
sagwg  twn paramètrwn skèdashc (scattering parameters   S-parameters), oi opoÐec sun-
dèoun ta prospÐptonta kÔmata a me ta anakl¸mena kÔmata b. Oi parˆmetroi skèdashc
apoteloÔn th {fusik  gl¸ssa} tou sqediasmoÔ RF/mikrokumˆtwn, kaj¸c orÐzontai apeu-
jeÐac me ìrouc kumatik¸n megej¸n kai prosarmosmènwn termatism¸n.
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Grammik  apeikìnish kai pÐnakac skèdashc. Gia èna grammikì dÐktuo dÔo ju-
r¸n, h sqèsh metaxÔ twn dianusmˆtwn (2.5) grˆfetai wc

b = S a; (2.6)

ìpou S 2 C 2�2 eÐnai o pÐnakac skèdashc:

S ,
�

S11 S12

S21 S22

�
: (2.7)

AnaptÔssontac thn (2.6) prokÔptoun oi exis¸seic:

b1 = S 11a1 + S 12a2;

b2 = S 21a1 + S 22a2;
(2.8)

oi opoÐec perigrˆfoun th suneisforˆ kˆje prospÐptontoc kÔmatoc sto anakl¸meno kÔma
kˆje jÔrac.

Oi parˆmetroi skèdashc eÐnai genikˆ migadikèc sunart seic thc gwniak c suqnìthtac !:

Sij = S ij (!); i; j 2 f1; 2g; (2.9)

H suqnoexˆrthsh tìso tou mètrou ìso kai thc fˆshc eÐnai kajoristik , kaj¸c h sqedÐash
diktÔwn prosarmog c kai h axiolìghsh eustˆjeiac/kèrdouc pragmatopoioÔntai se stenì
allˆ krÐsimo eÔroc gÔrw apì th suqnìthta stìqo.

Analutikìc orismìc mèsw merik¸n diegèrsewn. Oi epimèrouc parˆmetroi skèda-
shc orÐzontai wc lìgoi kumatik¸n megej¸n upì sunj kec prosarmosmènou termatismoÔ
sthn mh diegeirìmenh jÔra. Eidikìtera:

S11 ,
b1

a1

�
�
�
�
a2=0

; S21 ,
b2

a1

�
�
�
�
a2=0

; (2.10)

S22 ,
b2

a2

�
�
�
�
a1=0

; S12 ,
b1

a2

�
�
�
�
a1=0

: (2.11)

H sunj kh a 2 = 0 sthn (2.10) isodunameÐ me prosarmosmèno termatismì sth jÔra 2 (dhl.
� L = 0 wc proc Z0), en¸ antÐstoiqa h sunj kh a1 = 0 sthn (2.11) isodunameÐ me prosar-
mosmèno termatismì sth jÔra 1 (dhl. �S = 0). 'Etsi, oi orismoÐ twn paramètrwn skèdashc
eÐnai eggen¸c sundedemènoi me th mètrhsh/prosomoÐwsh upì anaforˆ Z0.

SÔndesh me suntelest  anˆklashc kai prosarmog . 'Otan h jÔra 2 eÐnai
prosarmosmènh (a2 = 0), h S11 isoÔtai me ton suntelest  anˆklashc eisìdou tou diktÔou
wc proc Z0:

� in = S 11 (gia a2 = 0): (2.12)

AntÐstoiqa, ìtan h jÔra 1 eÐnai prosarmosmènh (a1 = 0), isqÔei:

� out = S 22 (gia a1 = 0): (2.13)

Oi sqèseic (2.12)�(2.13) epitrèpoun thn ˆmesh ermhneÐa twn S11 kai S22 wc megej¸n pro-
sarmog c.
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2.1.3 Poiotik  ermhneÐa twn paramètrwn skèdashc ston
sqediasmì LNA

Oi parˆmetroi skèdashc parèqoun mia pl rh grammik  perigraf  enìc LNA wc diktÔou
dÔo jur¸n. Sto plaÐsio thc sqedÐashc, oi parˆmetroi autèc den antimetwpÐzontai mìno wc
metr sima megèjh, allˆ wc krit ria pou apotup¸noun: (i) thn ikanìthta enÐsqushc, (ii)
thn poiìthta prosarmog c stic jÔrec kai (iii) th sÔzeuxh metaxÔ eisìdou�exìdou, h opoÐa
sundèetai ˆmesa me thn eustˆjeia kai thn apomìnwsh. H epijumht  sumperiforˆ enìc LNA
sth suqnìthta stìqo (ed¸ 10 GHz) perilambˆnei uyhlì jS 21j, qamhlì jS 12j kai qamhl̂
jS11j, jS22j, me thn epis mansh ìti ta parapˆnw megèjh allhlexart¸ntai kai epitugqˆnontai
mèsw sumbibasm¸n.

Krit rio enÐsqushc: uyhlì jS 21j. H parˆmetroc S21 ekfrˆzei th metˆdosh apì
thn eÐsodo proc thn èxodo upì prosarmosmèno termatismì sth jÔra 2 kai sundèetai ˆmesa
me to kèrdoc mikroÔ s matoc tou enisqut . Poiotikˆ, h apaÐthsh gia uyhlì jS21j sth
suqnìthta stìqo antanaklˆ thn anˆgkh to pr¸to energì stˆdio na anuy¸sei to epÐpedo
tou epijumhtoÔ s matoc ¸ste:

ˆ na meiwjeÐ h sqetik  epÐdrash tou jorÔbou twn epìmenwn stadÐwn1,

ˆ na exasfalisteÐ eparkèc perij¸rio s matoc gia ta epìmena stˆdia.

Wstìso, h aÔxhsh tou jS21j den eÐnai anexˆrthth apì ˆllouc stìqouc: uyhlì kèrdoc mpo-
reÐ na epibarÔnei thn eustˆjeia  /kai na apait sei isqurìterh pìlwsh me sunèpeiec sthn
katanˆlwsh isqÔoc kai sth grammikìthta. Sunep¸c, to jS21j tÐjetai wc stìqoc me bˆsh
tic apait seic tou sust matoc, ìqi wc monodiˆstath megistopoÐhsh.

Krit rio apomìnwshc kai eustˆjeiac: qamhlì jS 12j. H parˆmetroc S12 pe-
rigrˆfei thn anˆstrofh metˆdosh apì thn èxodo proc thn eÐsodo. Ideatˆ, se ènan mono-
kateujuntikì enisqut  ja Ðsque S 12 � 0. Sthn prˆxh, mh mhdenikì S12 prokÔptei lìgw
eswterik c qwrhtik c   epagwgik c sÔzeuxhc tou energoÔ stoiqeÐou (p.q. anˆdrash mèsw
Cgd se FET/MOS), kaj¸c kai mh idanik¸n termatism¸n sta ˆkra tou diktÔou.

Qamhlì jS12j eÐnai epijumhtì diìti:

1. Belti¸nei thn apomìnwsh eisìdou�exìdou, mei¸nontac thn pijanìthta
diarro c tou s matoc exìdou proc thn eÐsodo kai thn allhlepÐdrash me prohgoÔmena
stˆdia (p. q. fÐltro proepilog c).

2. Mei¸nei ton kÐnduno anepijÔmhtwn talant¸sewn. Akìmh kai mikr  a-
nˆstrofh sÔzeuxh, ìtan sunduasteÐ me anaklˆseic sta ˆkra (mh mhdenikˆ �S, � L ),
mporeÐ na dhmiourg sei sunj kec jetik c anˆdrashc se orismènec suqnìthtec. H
parat rhsh aut  eÐnai idiaÐtera krÐsimh se mikrokumatikèc suqnìthtec, ìpou mikrèc
parasitikèc zeÔxeic mporeÐ na eÐnai sugkrÐsimec me to epijumhtì s ma.

Krit ria prosarmog c: qamhlˆ jS 11j kai jS 22j. Oi parˆmetroi S11 kai S22 sun-
dèontai ˆmesa me touc suntelestèc anˆklashc eisìdou kai exìdou upì prosarmosmèno
termatismì sthn apènanti jÔra (bl. (2.12)�(2.13)). H apaÐthsh gia qamhlˆ jS11j kai jS22j

1H majhmatik  tekmhrÐwsh thc parat rhshc aut c dÐnetai sthn anˆlush sunolikoÔ jorÔbou (exÐswsh
Friis) se epìmenh enìthta.
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sth suqnìthta stìqo shmaÐnei ìti to kÔklwma proseggÐzei prosarmosmènh sumperiforˆ wc
proc Z0, dhlad :

jS11j � 1 ) mikr  anˆklash sthn eÐsodo; jS 22j � 1 ) mikr  anˆklash sthn èxodo:

Poiotikˆ, h kal  prosarmog  eÐnai epijumht  diìti:

ˆ ElaqistopoieÐ ap¸leiec diajèsimhc isqÔoc lìgw anaklˆsewn, ˆra belti-
¸nei thn apotelesmatik  sÔzeuxh me thn keraÐa/proepilog  sthn eÐsodo kai me to
epìmeno stˆdio sthn èxodo.

ˆ PeriorÐzei stˆsima kÔmata kai diakumˆnseic thc apìkrishc lìgw allhlepÐdra-
shc me ta exwterikˆ fortÐa/phgèc.

ˆ Suneisfèrei èmmesa sthn eustˆjeia, kaj¸c èntonec anaklˆseic mporeÐ na
enisqÔsoun brìqouc anˆdrashc (se sunduasmì me mh mhdenikì S12).

Suqnˆ wc praktikìc deÐkthc prosarmog c qrhsimopoieÐtai to return loss:

RL in = �20 log 10 jS11j; RLout = �20 log 10 jS22j: (2.14)

MegalÔterec timèc (2.14) antistoiqoÔn se kalÔterh prosarmog  (mikrìterh anˆklash).

SumbibasmoÐ kai stìqoi sqedÐashc. Parìti {idanikˆ} ja epijumoÔse kaneÐc u-
yhlì jS 21j kai tautìqrona polÔ qamhlˆ jS 11j, jS22j, jS12j, sthn prˆxh ta megèjh autˆ
allhlepidroÔn. Endeiktikˆ:

ˆ H beltÐwsh tou jS11j mèsw isqur c prosarmog c eisìdou mporeÐ na odhg sei se
aÔxhsh apwlei¸n sto dÐktuo prosarmog c  /kai se apìklish apì th bèltisth sunj kh
jorÔbou (analÔetai se epìmenh enìthta).

ˆ H epidÐwxh polÔ uyhloÔ jS21j mporeÐ na apait sei leitourgÐa se shmeÐo pìlwshc/to-
pologÐa pou epibarÔnei thn eustˆjeia, kajist¸ntac anagkaÐa mètra stajeropoÐhshc
pou endèqetai na mei¸soun to kèrdoc.

ˆ H meÐwsh tou jS12j mèsw teqnik¸n apomìnwshc/anˆdrashc mporeÐ na ephreˆsei to
sunolikì kèrdoc.

Sunep¸c, oi parˆmetroi skèdashc leitourgoÔn wc polukrithriak  perigraf  thc apìdoshc,
h opoÐa prèpei na axiologeÐtai se sunduasmì me touc deÐktec jorÔbou, eustˆjeiac kai
grammikìthtac. H poiotik  ermhneÐa pou parousiˆsthke ed¸ apoteleÐ to plaÐsio mèsa sto
opoÐo ja axiologhjoÔn oi sqediastikèc epilogèc kai ta apotelèsmata tou LNA sta epìmena
kefˆlaia.

2.2 Jìruboc se mikrokumatikˆ energˆ stoiqeÐa

2.2.1 Jemeli¸deic ènnoiec jorÔbou kai metrikèc apìdoshc

Sto parìn tm ma eisˆgontai oi basikèc ènnoiec jorÔbou pou qrhsimopoioÔntai sthn anˆlush
kai axiolìghsh kuklwmˆtwn RF, kaj¸c kai oi kÔriec metrikèc apìdoshc pou ja qrhsimo-
poihjoÔn sta epìmena tm mata. H anˆlush jewreÐ leitourgÐa mikroÔ s matoc gÔrw apì
èna shmeÐo pìlwshc kai jìrubo pou proseggÐzetai wc stˆsimoc (stationary) kai leukìc
(white), ìpou autì eÐnai ègkuro.
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Stoqastik  perigraf  kai fasmatik  puknìthta isqÔoc. 'Estw n(t) ènac
mhdenikoÔ mèsou ( Efn(t)g = 0 ) tuqaÐoc jorubikìc ìroc. H mèsh isqÔc tou jorÔbou se
eÔroc z¸nhc B gÔrw apì th suqnìthta endiafèrontoc perigrˆfetai mèsw thc (monìpleurhc)
fasmatik c puknìthtac isqÔoc (power spectral density, PSD) Sn (f ):

� 2
n (B) =

Z f 0+B

f 0

Sn (f ) df: (2.15)

Gia leukì jìrubo sto exetazìmeno eÔroc (Sn (f ) � S 0), h (2.15) aplopoieÐtai se

� 2
n (B) � S 0 B: (2.16)

H upìjesh leukoÔ jorÔbou eÐnai sun jwc katˆllhlh sth mikrokumatik  perioq  gia touc
kurÐarqouc mhqanismoÔc (jermikìc/bol c), en¸ o �icker jìruboc anafèretai sunoptikˆ
parakˆtw wc fainìmeno qamhl¸n suqnot twn.

Jermikìc jìruboc. Gia mÐa antÐstash R se jermodunamik  isorropÐa se jermokrasÐa
T , h monìpleurh PSD tˆshc jorÔbou eÐnai

Sv(f ) = 4kTR [V 2=Hz]; (2.17)

ìpou k eÐnai h stajerˆ Boltzmann. H antÐstoiqh PSD reÔmatoc jorÔbou eÐnai

Si (f ) =
4kT
R

[A2=Hz]: (2.18)

Se eÔroc z¸nhc B, h mèsh tetragwnik  tim  (mean-square) thc tˆshc jorÔbou prokÔptei
apì

v2
n = 4kTRB; (2.19)

kai antÐstoiqai 2
n = 4kT

R B.

Jìruboc bol c. Se stoiqeÐa ìpou h agwg  ofeÐletai se diakritˆ fortÐa (p.q. diìdouc
  reÔmata se energèc diatˆxeic), o jìruboc bol c proseggÐzetai wc leukìc, me monìpleurh
PSD reÔmatoc

Si (f ) = 2qI [A 2=Hz]; (2.20)

ìpou q eÐnai to stoiqei¸dec fortÐo kai I to mèso suneqèc reÔma. Se eÔroc B isqÔei
i 2
n = 2qIB.

Jìruboc 1=f (�icker). O �icker jìruboc emfanÐzei PSD pou metabˆlletai proseggi-
stikˆ wc

Sn (f ) /
1

f �
; � � 1; (2.21)

kai kuriarqeÐ se qamhlèc suqnìthtec. Se efarmogèc mikrokumˆtwn (p.q. 10 GHz) h ˆmesh
epÐdras  tou sth z¸nh RF eÐnai sun jwc periorismènh.
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Orismìc SNR kai Noise Factor. JewreÐtai sÔsthma pou dèqetai sthn eÐsodo s ma
isqÔoc Sin kai jìrubo N in (entìc tou Ðdiou eÔrouc z¸nhc). O lìgoc s matoc proc jìrubo
sthn eÐsodo orÐzetai wc

SNRin ,
Sin

N in
; (2.22)

en¸ sthn èxodo

SNRout ,
Sout

Nout
: (2.23)

O parˆgontac jorÔbou (noise factor - F ) orÐzetai wc o lìgoc upobˆjmishc tou SNR:

F ,
SNRin

SNRout
=

Sin=Nin

Sout =Nout
: (2.24)

Gia idanikì, ajìrubo stoiqeÐo isqÔei F = 1, en¸ sthn prˆxh isqÔei F > 1.

Eikìna jorÔbou. H eikìna jorÔbou (noise �gure - NF) eÐnai h logarijmik  (se dB)
èkfrash tou F :

NF , 10 log 10(F ) [dB]: (2.25)

IsodÔnamh jermokrasÐa jorÔbou. EÐnai suqnˆ qr simh h anaparˆstash enìc jo-
rubikoÔ stoiqeÐou wc isodÔnamhc jermokrasÐac jorÔbou Te, orizìmenhc wc h prìsjeth
jermokrasÐa sthn eÐsodo pou ja par gage thn Ðdia upobˆjmish SNR. Me jermokrasÐa
anaforˆc T 0 (tupikˆ T 0 = 290 K), isqÔei h jemeli¸dhc sqèsh

F = 1 +
Te

T0
() T e = (F � 1) T 0: (2.26)

2.2.2 Parˆmetroi jorÔbou kai bèltisth sunj kh termati-
smoÔ phg c

Sth mikrokumatik  anˆlush, h jorubik  sumperiforˆ enìc energoÔ dijÔrou (p.q. tranzÐstor
se sugkekrimènh pìlwsh) perigrˆfetai sunoptikˆ mèsw twn paramètrwn jorÔbou (noise
parameters). Gia dedomènh suqnìthta kai shmeÐo pìlwshc, oi parˆmetroi autèc epitrèpoun
thn èkfrash tou noise factor F wc sunˆrthsh tou termatismoÔ phg c sthn eÐsodo, qwrÐc
na apaiteÐtai pl rhc eswterik  stoqastik  montelopoÐhsh tou stoiqeÐou.

'Estw ìti h eÐsodoc tou energoÔ dijÔrou {blèpei} agwgimìthta phg c

YS = G S + jB S;

ìpou
GS = <fY Sg kai BS = =fY Sg:

Tìte o noise factor ekfrˆzetai wc

F = F min +
Rn

GS
jYS � Y opt j

2 (2.27)

ìpou Fmin eÐnai o elˆqistoc jìruboc pou mporeÐ na epiteuqjeÐ sth sugkekrimènh suqnìthta
kai pìlwsh,

Yopt = G opt + jB opt (2.28)
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eÐnai h bèltisth agwgimìthta phg c pou elaqistopoieÐ ton jìrubo, kai Rn h isodÔnamh
antÐstash jorÔbou (equivalent noise resistance), h opoÐa ekfrˆzei thn euaisjhsÐa tou F
se apoklÐseic tou YS apì to bèltisto shmeÐo.

Apì thn (2.27) prokÔptei ìti h bèltisth jorubik  epÐdosh epitugqˆnetai ìtan

YS = Yopt =) F = F min ; (2.29)

gegonìc pou apoteleÐ th jewrhtik  bˆsh tou noise matching. Shmei¸netai ìti, genikˆ, h
Yopt den antistoiqeÐ se prosarmog  50 
, epomènwc to shmeÐo elˆqistou jorÔbou diafèrei
apì to shmeÐo mègisthc metaforˆc isqÔoc.

Oi parˆmetroi jorÔbou èqoun saf  fusik  kai sqediastik  ermhneÐa: to Fmin kajorÐzei to
kat¸tero ìrio jorÔbou pou mporeÐ na epitÔqei to stoiqeÐo sto dedomèno shmeÐo leitourgÐac,
h Yopt orÐzei th bèltisth sunj kh termatismoÔ thc phg c kai sunep¸c ton stìqo tou noise
matching, en¸ to R n apoteleÐ mètro thc euaisjhsÐac tou jorÔbou se apoklÐseic apì to
bèltisto shmeÐo • me megalÔterec timèc na sunepˆgontai entonìterh aÔxhsh tou F kai
periorismènh eleujerÐa sqedÐashc.

Oi posìthtec F min , Yopt kai Rn exart¸ntai apì th suqnìthta kai to shmeÐo pìlwshc kai
prokÔptoun sthn prˆxh eÐte apì prosomoi¸seic eÐte apì montèla   dedomèna kataskeuast .
H exˆrthsh aut  eÐnai idiaÐtera krÐsimh ston sqediasmì LNA, kaj¸c h epilog  pìlwshc
metabˆllei tìso to F min ìso kai to bèltisto shmeÐo � opt , ephreˆzontac ˆmesa ton sqediasmì
tou diktÔou eisìdou.

2.2.3 Sunolikìc jìruboc dèkth: exÐswsh Friis kai rìloc
tou pr¸tou stadÐou

H posotik  axiolìghsh thc jorubik c epÐdoshc enìc dèkth pou apoteleÐtai apì diadoqikèc
bajmÐdec gÐnetai me thn exÐswsh Friis. H sqèsh aut  apotup¸nei me saf  trìpo ìti h
jorubik  suneisforˆ twn metagenèsterwn stadÐwn {apodunam¸netai} apì to kèrdoc twn
prohgoÔmenwn, gegonìc pou exhgeÐ giatÐ to pr¸to energì stˆdio (o LNA) kuriarqeÐ sth
sunolik  jorubik  epÐdosh.

JewreÐtai allhlouqÐa N bajmÐdwn, ìpwc faÐnetai sto Sq. 2.2. Gia thn i-ost  bajmÐda
orÐzontai:

ˆ F i : noise factor thc bajmÐdac (se grammik  klÐmaka),

ˆ G i : kèrdoc isqÔoc thc bajmÐdac (se grammik  klÐmaka).

O sunolikìc noise factor tou sust matoc orÐzetai, ìpwc kai gia mÐa bajmÐda, wc

Ftot ,
SNRin

SNRout
: (2.30)

Gia diadoqikèc bajmÐdec, o sunolikìc noise factor dÐnetai apì:

Ftot = F 1 +
F2 � 1

G1
+

F3 � 1
G1G2

+ � � � +
FN � 1

G1G2 � � � GN�1
: (2.31)

H (2.31) prokÔptei apì thn anagwg  twn jorubik¸n suneisfor¸n kˆje bajmÐdac sthn
eÐsodo (input-referred noise) kai th diadoqik  enÐsqush twn shmˆtwn/jorÔbwn katˆ m koc
thc alusÐdac.
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Sq ma 2.2: AllhlouqÐa N bajmÐdwn.

Eidik  perÐptwsh dÔo bajmÐdwn. Gia N = 2 h (2.31) aplopoieÐtai se

Ftot = F 1 +
F2 � 1

G1
: (2.32)

H perÐptwsh aut  prokÔptei an jewrhjoÔn ìla ta stˆdia pou akoloujoÔn to pr¸to wc èna
isodÔnamo deÔtero stˆdio, me sunolikì suntelest  jorÔbou F2 kai sunolikì kèrdoc Ðso
me to ginìmeno twn epimèrouc kerd¸n touc. H (2.32) deÐqnei ìti, efìson to pr¸to stˆdio
èqei ikanì kèrdoc (G1 � 1), o deÔteroc ìroc mei¸netai shmantikˆ kai o sunolikìc jìruboc
proseggÐzei ton jìrubo tou pr¸tou stadÐou:

G1 � 1 =) F tot � F 1: (2.33)

'Ara, o LNA (wc pr¸to energì stˆdio) kajorÐzei se megˆlo bajmì th sunolik  jorubik 
epÐdosh, en¸ ta metagenèstera stˆdia ephreˆzoun to Ftot kurÐwc mèsw tou dikoÔ touc Fi

kai tou kèrdouc pou prohgeÐtai aut¸n.

H (2.31) odhgeÐ se dÔo krÐsima sumperˆsmata gia th sqedÐash LNA:

1. PrwteÔousa shmasÐa qamhloÔ F 1 (  NF 1). H meÐwsh tou jorÔbou sto
pr¸to stˆdio belti¸nei ˆmesa to F tot , anexˆrthta apì thn poiìthta twn epìmenwn
stadÐwn, akrib¸c epeid  o ìroc F1 prostÐjetai qwrÐc apomeÐwsh.

2. Anˆgkh eparkoÔc G 1. To kèrdoc tou LNA prèpei na eÐnai arketì ¸ste na
katasteÐ amelhtèa (  apodektˆ mikr ) h suneisforˆ twn metagenèsterwn bajmÐdwn,
ìpwc ekfrˆzetai apì touc ìrouc F i �1Q i�1

k=1 Gk
.

Sunep¸c, h epÐteuxh qamhloÔ noise factor (�gure) den mporeÐ na exetˆzetai anexˆrthta apì
thn epÐteuxh eparkoÔc kèrdouc, kaj¸c kai ta dÔo megèjh summetèqoun kajoristikˆ sthn
telik  euaisjhsÐa tou dèkth.

Gia lìgouc plhrìthtac, h (2.31) mporeÐ na metaferjeÐ kai se NF (se dB) mèsw:

NF tot = 10 log10(F tot );

me thn proôpìjesh ìti oi prˆxeic thc (2.31) pragmatopoioÔntai se grammikèc monˆdec.

2.2.4 NF min wc sunˆrthsh puknìthtac reÔmatoc: Ôparxh
bèltisthc pìlwshc

H elˆqisth jorubik  epÐdosh enìc energoÔ stoiqeÐou sth mikrokumatik  perioq , ìpwc apo-
tup¸netai apì to NF min , den eÐnai genikˆ monotonik  wc proc to reÔma pìlwshc. AntÐjeta,
se pollèc teqnologÐec parathreÐtai ìti, gia dedomènh suqnìthta, to NFmin parousiˆzei
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el̂ qisto gia mÐa sugkekrimènh perioq  pìlwshc, h opoÐa mporeÐ na ekfrasteÐ isodÔnama wc
bèltisth puknìthta reÔmatoc. To eÔrhma autì eÐnai idiaÐtera qr simo praktikˆ, diìti ka-
jodhgeÐ thn epilog  tou shmeÐou pìlwshc prin akìmh sqediastoÔn ta dÐktua prosarmog c.

Gia suskeuèc me gewmetrik  klimˆkwsh, eÐnai suqnˆ protimìtero na qrhsimopoieÐtai pu-
knìthta reÔmatoc, ¸ste oi kampÔlec na sugkrÐnontai anexˆrthta apì to mègejoc thc su-
skeu c. Endeiktikˆ, mporeÐ na oristeÐ wc

J ,
I D

W
; (2.34)

ìpou I D eÐnai to reÔma pìlwshc kai W to plˆtoc tou tranzÐstor. H epilog  tou W exar-
tˆtai apì to eÐdoc tou tranzÐstor kai th sÔmbash pou uiojeteÐ o kataskeuast c/montèlo.

H tupik  sumperiforˆ tou NF min wc proc thn puknìthta reÔmatoc eÐnai kurt  : gia mikrèc
timèc J to NFmin eÐnai auxhmèno, mei¸netai kaj¸c h pìlwsh auxˆnei, kai telikˆ auxˆnei ek
nèou gia megalÔterec timèc J. H sumperiforˆ aut  apotup¸netai endeiktikˆ sto Sq. 2.3,
ìpou diakrÐnetai h bèltisth puknìthta reÔmatoc Jopt pou elaqistopoieÐ to NFmin . Sthn
prˆxh, to NF min (J) lambˆnetai apì dedomèna kataskeuast   /kai prosomoi¸seic (p.q.
noise analysis) kai to Jopt entopÐzetai eÐte arijmhtikˆ eÐte apeujeÐac apì thn kampÔlh.

Sq ma 2.3: Endeiktik  exˆrthsh tou NF min apì thn puknìthta reÔmatoc J sth suqnìthta
endiafèrontoc (diakekomènh kampÔlh). ParathreÐtai Ôparxh bèltisthc pìlwshc Jopt ìpou
to NF min elaqistopoieÐtai.

Dedomènou ìti stic sÔgqronec CMOS teqnologÐec isqÔei tupikˆ Jopt � 150 �A=�m, eÐnai
eÔlogo na exetasteÐ mia endeiktik  ektÐmhsh katanˆlwshc isqÔoc gia realistikèc diastˆseic
tranzÐstor, ¸ste na gÐnei safèc to energeiakì kìstoc leitourgÐac kontˆ sto Jopt .

'Estw elˆqisto plˆtoc anˆ dˆktulo W min = 0:3 �m, elˆqistoc arijmìc �ngers N f = 8
(ìpwc epibˆllontai apì thn teqnologÐa) kai multiplier m = 100.

To sunolikì plˆtoc tou tranzÐstor dÐnetai apì

W = m � N f � Wmin = 100 � 8 � 0:3 �m = 240 �m: (2.35)
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Gia pìlwsh sto J opt , to reÔma pìlwshc proseggÐzetai apì

I D � J opt � W = (150 �A=�m) � (240 �m) = 36 mA: (2.36)

An jewrhjeÐ kaskodikì stˆdio enÐsqushc, opìte kai qreiazìmaste sqetikˆ megˆlh tim 
trofodosÐac gia na polwjoÔn swstˆ ta tranzÐstor, kai tˆsh trofodosÐac VDD = 1:8 V,
tìte h sunolik  DC isqÔc ektimˆtai wc

PDC � V DD � I D = 1:8 V � 36 mA = 64:8 mW: (2.37)

H parapˆnw endeiktik  ektÐmhsh deÐqnei ìti akìmh kai gia apolÔtwc tupikèc epilogèc ge-
wmetrÐac tranzÐstor, h leitourgÐa kontˆ sto Jopt odhgeÐ se idiaÐtera uyhl  katanˆlwsh
isqÔoc. Sunep¸c, o sqediasmìc analogik¸n bajmÐdwn apaiteÐ prosektikì sumbibasmì me-
taxÔ leitourgÐac sto bèltisto shmeÐo puknìthtac reÔmatoc kai epitrept c energeiak c ka-
tanˆlwshc, eidikˆ ìtan to sunolikì plˆtoc auxˆnetai (p.q. lìgw active device matching,
bl. Kefˆlaio 3.1.2)

2.3 Prosarmog  empèdhshc se LNA: isqÔc ènanti
jorÔbou

2.3.1 Qˆrthc Smith kai metasqhmatismoÐ empèdhshc

O qˆrthc Smith (bl. Sq. 2.4) apoteleÐ to basikì ergaleÐo gewmetrik c apeikìnishc kai
sÔnjeshc diktÔwn prosarmog c sth mikrokumatik  perioq . Sthn prˆxh, epitrèpei thn
optik  kai tautìqrona posotik  parakoloÔjhsh tou p¸c mia empèdhsh (  agwgimìthta)
metasqhmatÐzetai mèsw stoiqeÐwn/gramm¸n metaforˆc, mèqri na epiteuqjeÐ o epijumhtìc
termatismìc sthn eÐsodo  /kai sthn èxodo enìc LNA. Sto parìn tm ma sunoyÐzontai oi
basikoÐ metasqhmatismoÐ pou qrhsimopoioÔntai sth sqedÐash.

Sq ma 2.4: Pl rhc qˆrthc Smith.
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KanonikopoÐhsh kai antistoÐqish se epÐpedo Smith. JewreÐtai pragmatik 
antÐstash anaforˆc Z0 (tupikˆ 50 
) kai orÐzetai h kanonikopoihmènh empèdhsh

z ,
Z
Z0

= r + jx; (2.38)

kaj¸c kai h kanonikopoihmènh agwgimìthta

y ,
Y
Y0

= g + jb; Y 0 ,
1

Z0
: (2.39)

H apeikìnish Smith basÐzetai sthn antistoÐqish z $ �:

� =
z � 1
z + 1

; z =
1 + �
1 � �

; (2.40)

h opoÐa metasqhmatÐzei to migadikì epÐpedo empèdhshc sto monadiaÐo dÐsko j�j � 1 (gia
pajhtikoÔc termatismoÔc). Me thn (2.40), oi kÔkloi stajer c antÐstashc r = <fzg kai
stajer c antÐdrashc x = =fzg apeikonÐzontai wc kÔkloi/tìxa entìc tou qˆrth Smith.

Apeikìnish agwgimìthtac kai antistrof . Dedomènou ìti y = 1=z, h metˆbash
apì empèdhsh se agwgimìthta antistoiqeÐ se

y =
1
z

; (2.41)

h opoÐa ston qˆrth Smith ermhneÔetai wc gewmetrik  antistrof . H dunatìthta aut 
eÐnai qr simh ìtan o sqediasmìc gÐnetai me parˆllhla stoiqeÐa (p.q. shunt stubc), ìpou h
agwgimìthta eÐnai pio {fusik } metablht .

Seiriak  kai parˆllhlh prosj kh amig¸c ˆergou stoiqeÐou. H sÔnjesh
diktÔwn prosarmog c se mikrokÔmata basÐzetai suqnˆ se amig¸c ˆerga stoiqeÐa/tm mata
gramm¸n metaforˆc (¸ste na apofeÔgontai ap¸leiec). H prosj kh ˆerghc antÐdrashc se
seirˆ me èna fortÐo isodunameÐ me:

z0 = z + jx s; (2.42)

ìpou x s h kanonikopoihmènh seiriak  antÐdrash. Ston qˆrth Smith, autì antistoiqeÐ se
kÐnhsh katˆ m koc kÔklou stajer c r (stajer  pragmatik  sunist¸sa).

AntÐstoiqa, h prosj kh ˆerghc agwgimìthtac se parˆllhlh sÔndesh antistoiqeÐ se:

y0 = y + jb p; (2.43)

ìpou bp h kanonikopoihmènh parˆllhlh epidektikìthta.

L-section prosarmog  me katanemhmèna stoiqeÐa. Sth z¸nh twn 10 GHz, h
prosarmog  empèdhshc mporeÐ na ulopoihjeÐ me L-section dom , h opoÐa apoteleÐtai apì
ènan seiriakì kai ènan parˆllhlo ˆergo klˆdo, ìpwc faÐnetai sto Sq. 2.5. H ulopoÐhsh
gÐnetai me katˆllhla tm mata gramm c microstrip   isodÔnama stubs. Ston qˆrth Smith, h
prosarmog  antistoiqeÐ se dÔo diadoqikèc metakin seic: mÐa lìgw tou seiriakoÔ stoiqeÐou
kai mÐa lìgw tou parˆllhlou stoiqeÐou, oi opoÐec odhgoÔn to shmeÐo leitourgÐac sto kèntro
tou diagrˆmmatoc.
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Sq ma 2.5: IsodÔnamo kÔklwma L-section.

2.3.2 Power matching (stìqoc S 11)

Sto plaÐsio enìc LNA, o ìroc power matching anafèretai sth sqedÐash thc eisìdou ètsi
¸ste, sth suqnìthta stìqo, h phg  (tupikˆ peribˆllon 50 
) na {blèpei} sthn eÐsodo
tou enisqut  èna isodÔnamo fortÐo ìso to dunatìn pio kontˆ sto Z0. O basikìc stìqoc
eÐnai h elaqistopoÐhsh thc anˆklashc isqÔoc sthn eÐsodo kai, sunep¸c, h megistopoÐhsh
thc isqÔoc pou suzeÔgnutai proc to pr¸to energì stˆdio. Sthn orologÐa paramètrwn
skèdashc, to krit rio autì apotup¸netai ˆmesa mèsw thc paramètrou S11.

Stìqoc prosarmog c se peribˆllon 50 
. Se èna tupikì RF sÔsthma ìpou h
phg  kai ta ìrgana/diepafèc eÐnai anaferìmena se Z0 = 50 
, epidi¸ketai h eÐsodoc tou
LNA na emfanÐzei suntelest  anˆklashc mikroÔ mètrou sth suqnìthta leitourgÐac. Upì
ton orismì twn paramètrwn skèdashc (prosarmosmènh h apènanti jÔra), isqÔei:

� in = S 11: (2.44)

Sunep¸c, power matching sthn eÐsodo isodunameÐ me stìqo

jS11(! 0)j ìso to dunatìn mikrìtero; (2.45)

ìpou ! 0 h gwniak  suqnìthta stìqou (p.q. 2� � 10 GHz).

Upì tic parapˆnw sunj kec, to power matching antistoiqeÐ se termatismì phg c me su-
ntelest  anˆklashc

� S = 0; (2.46)

dhlad  se phg  prosarmosmènh sto Z0 = 50 
. Sthn perÐptwsh aut , h elaqistopoÐhsh
tou jS11j exasfalÐzei mègisth sÔzeuxh isqÔoc apì thn phg  proc thn eÐsodo tou enisqut 
sth suqnìthta stìqo.

Sqèsh tou S 11 me thn empèdhsh eisìdou. H parˆmetroc S 11 sundèetai ˆmesa me
thn empèdhsh eisìdou tou LNA, Zin , mèsw thc sqèshc

S11 =
Z in � Z 0

Z in + Z 0
; (2.47)

h opoÐa isqÔei upì anaforˆ se Z0 kai me prosarmosmènh thn èxodo. Sunep¸c, h elaqisto-
poÐhsh tou jS11j isodunameÐ me apaÐthsh

Z in (! 0) � Z 0; (2.48)
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dhlad  h eÐsodoc tou enisqut  na emfanÐzei pragmatik  empèdhsh kontˆ sta 50 
 sth
suqnìthta stìqo.

Sthn prˆxh, h fusik  empèdhsh eisìdou tou energoÔ stoiqeÐou eÐnai genikˆ sÔnjeth kai
èntona exart¸menh apì th suqnìthta. H epÐteuxh power matching apaiteÐ th qr sh diktÔou
prosarmog c sthn eÐsodo, to opoÐo metasqhmatÐzei thn Zin tou tranzÐstor se isodÔnamh
empèdhsh kontˆ sto Z0 sth suqnìthta leitourgÐac. H prosarmog  aut  aforˆ apokleistikˆ
th sugkekrimènh suqnìthta kai, katˆ kanìna, odhgeÐ se sten c z¸nhc sumperiforˆ.

2.3.3 Noise matching (stìqoc � opt=Yopt)

Se ènan LNA, o prwteÔwn stìqoc sth sqedÐash tou diktÔou eisìdou den eÐnai kat� anˆgkh
h prosarmog  mègisthc metaforˆc isqÔoc se 50 W allˆ h elaqistopoÐhsh tou prìsjetou
jorÔbou.

'Opwc proèkuye apì th jewrÐa paramètrwn jorÔbou (bl. §2.2.2), gia dedomènh suqnìthta
kai shmeÐo pìlwshc o noise factor elaqistopoieÐtai ìtan o termatismìc phg c ikanopoieÐ:

YS = Yopt (isodÔnama: �S = � opt );

opìte F = F min .

H diadikasÐa sqediasmoÔ tou diktÔou eisìdou ¸ste h energìc bajmÐda na {blèpei} aut  th
bèltisth agwgimìthta (  suntelest  anˆklashc) onomˆzetai noise matching.

Shmei¸netai ìti, genikˆ, � opt 6= 0 kai Yopt 6= Y0, ˆra h sunj kh elˆqistou jorÔbou den
tautÐzetai me prosarmog  50 W.

To gegonìc autì eisˆgei jemeli¸dh sumbibasmì metaxÔ elˆqistou NF kai kal c prosar-
mog c eisìdou (S11), o opoÐoc analÔetai sthn epìmenh enìthta.

2.3.4 Sumbibasmìc NF �S 11

H sqedÐash thc eisìdou enìc LNA apoteleÐ klasikì parˆdeigma polukrithriakoÔ sumbi-
basmoÔ. Apì th mÐa pleurˆ, h elaqistopoÐhsh tou jorÔbou epibˆllei termatismì phg c
kontˆ sto Y opt  /kai � opt . Apì thn ˆllh pleurˆ, h kal  prosarmog  se peribˆllon 50 

apotup¸netai wc qamhlì jS11j kai eÐnai aparaÐthth gia leitourgik  sumbatìthta. Oi dÔo
stìqoi den tautÐzontai genikˆ, sunep¸c h telik  lÔsh prokÔptei apì elegqìmeno sumbiba-
smì metaxÔ NF kai S11.

Praktikìc trìpoc diatÔpwshc tou stìqou. Sthn prˆxh, o stìqoc tÐjetai wc:

ˆ elaqistopoÐhsh tou NF (ìso to dunatìn kontˆ sto NF min ) upì ènan periorismì
prosarmog c eisìdou, p.q. RLin � RL min (isodÔnama jS11j � S 11;max),  

ˆ elaqistopoÐhsh tou jS 11j upì ènan periorismì jorÔbou, p.q. NF � NF max ,

anˆloga me tic apait seic sust matoc. H pr¸th diatÔpwsh eÐnai suqnìterh se LNA, kaj¸c
o jìruboc apoteleÐ prwteÔon deÐkth apìdoshc, en¸ to S11 tÐjetai sun jwc wc leitourgikìc
periorismìc.

Me gn¸mona ton parapˆnw sumbibasmì, uiojetoÔntai sun jwc oi akìloujec praktikèc:
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ˆ Stìqoc jorÔbou wc prwteÔwn: to dÐktuo eisìdou sqediˆzetai ¸ste � S na
brÐsketai kontˆ sto � opt sth suqnìthta stìqo, me apodekt  (ìqi aparaÐthta mègisth)
tim  return loss.

ˆ Periorismìc sto S 11: tÐjetai elˆqisth apaÐthsh return loss (p.q. > 10 dB wc
tupik  tim -anaforˆ se pollˆ sust mata), prosarmosmènh stic apait seic tou e-
kˆstote dèkth.

ˆ Apofug  uperbolik c poluplokìthtac sto input network: sta 10 GHz,
epiplèon stoiqeÐa/stˆdia prosarmog c auxˆnoun parasitikˆ kai ap¸leiec, ˆra endèqe-
tai na epibarÔnoun thn eikìna jorÔbou.

ˆ SqedÐash gÔrw apì stenì eÔroc: h beltistopoÐhsh gÐnetai katexoq n sth
suqnìthta stìqo kai se stenì eÔroc gÔrw apì aut n, kaj¸c h suqnoexˆrthsh twn
paramètrwn jorÔbou kai twn katanemhmènwn diktÔwn eÐnai isqur .

2.4 Eustˆjeia mikrokumatik¸n enisqut¸n

2.4.1 'Ennoia eustˆjeiac se mikrokumatikoÔc enisqutèc

H eustˆjeia apoteleÐ jemeli¸dh proôpìjesh gia thn axiìpisth leitourgÐa enìc mikrokuma-
tikoÔ enisqut  kai idÐwc enìc LNA, o opoÐoc topojeteÐtai wc pr¸to energì stˆdio sto RF
front-end. Sto plaÐsio mikroÔ s matoc, ènac enisqut c qarakthrÐzetai wc eustaj c ìtan,
gia dedomènec sunj kec pìlwshc, den emfanÐzei aujìrmhth paragwg  s matoc (dhl. ta-
lˆntwsh) kai h apìkris  tou se peperasmènec diegèrseic paramènei fragmènh. Sthn prˆxh,
h astˆjeia ekdhl¸netai wc anepijÔmhtec talant¸seic  /kai {aiqmèc} apìkrishc se sugke-
krimènec suqnìthtec, pou mporoÔn na odhg soun se mh leitourgÐa tou dèkth   se sobar 
upobˆjmish twn metrik¸n apìdoshc.

'Enac mikrokumatikìc enisqut c eÐnai eggen¸c èna dÐktuo dÔo jur¸n me mh mhdenik  a-
nˆstrofh metˆdosh S 12. Akìmh kai ìtan jS 12j eÐnai mikrì, h Ôparx  tou shmaÐnei ìti mèroc
tou kÔmatoc/s matoc sthn èxodo mporeÐ na {epistrèyei} proc thn eÐsodo. An tautìqrona
upˆrqoun anaklˆseic sta ˆkra tou enisqut  (mh idanikoÐ termatismoÐ), dhlad  �S 6= 0 sthn
pleurˆ thc phg c  /kai � L 6= 0 sthn pleurˆ tou fortÐou, tìte dhmiourgoÔntai diadromèc
kleistoÔ brìqou mèsw twn opoÐwn to s ma mporeÐ na anakukl¸netai.

Poiotikˆ, o mhqanismìc mporeÐ na perigrafeÐ wc ex c:

ˆ èna kÔma sthn eÐsodo enisqÔetai proc thn èxodo (sqetizìmeno me S21),

ˆ lìgw asumfwnÐac sthn èxodo, mèroc tou kÔmatoc anaklˆtai (mèsw �L ),

ˆ mèsw thc anˆstrofhc sÔzeuxhc (S12) èna mèroc tou anakl¸menou/exìdou epistrèfei
sthn eÐsodo,

ˆ lìgw asumfwnÐac sthn eÐsodo, mèroc anaklˆtai ek nèou (mèsw �S) kai odhgeÐ pˆli
proc thn èxodo.

An o sunolikìc brìqoc parousiˆsei sunj kec jetik c anˆdrashc se kˆpoia suqnìthta
(eparkèc mètro kai katˆllhlh fˆsh), tìte eÐnai dunatì na emfanistoÔn talant¸seic akìmh
kai qwrÐc exwterik  diègersh. Sth mikrokumatik  perioq , h pijanìthta aut  auxˆnei
diìti mikrèc parasitikèc zeÔxeic, kaj¸c kai mikrèc diakumˆnseic se m kh gramm¸n/gei¸seic,
mporoÔn na metabˆlloun shmantikˆ th fˆsh tou brìqou.
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GiatÐ o LNA eÐnai idiaÐtera euaÐsjhtoc sthn eustˆjeia. 'Enac LN eÐnai idia-
Ðtera epirrep c se fainìmena astˆjeiac, kurÐwc lìgw tou uyhloÔ kèrdouc pou parousiˆzei
 dh apì to pr¸to energì stˆdio kai thc leitourgÐac tou se uyhlèc suqnìthtec. Upì autèc
tic sunj kec, akìmh kai asjeneÐc anepijÔmhtec zeÔxeic mporoÔn na odhg soun se merik 
anˆdrash apì thn èxodo proc thn eÐsodo tou enisqut .

Sthn prˆxh, h anˆdrash aut  den prokÔptei apì skìpima stoiqeÐa anˆdrashc, allˆ a-
pì mh idanikèc sumperiforèc tou energoÔ stoiqeÐou kai thc ulopoÐhshc. Qarakthristikˆ
paradeÐgmata apoteloÔn oi parasitikèc qwrhtikìthtec tou tranzÐstor, h sÔzeuxh metaxÔ
geitonik¸n agwg¸n, kaj¸c kai oi koinèc gei¸seic. Oi mh idanikoÐ termatismoÐ sthn eÐsodo  
sthn èxodo mporoÔn epÐshc na prokalèsoun anaklˆseic, oi opoÐec enisqÔoun ta fainìmena
anˆstrofhc sÔzeuxhc.

Efìson to sunolikì kèrdoc tou brìqou anˆdrashc gÐnei eparkèc kai h fasik  sunj kh ika-
nopoihjeÐ se kˆpoia suqnìthta, o enisqut c mporeÐ na emfanÐsei autotalant¸seic   èntonh
paramìrfwsh. Gia ton lìgo autì, ston sqediasmì enìc LNA h exasfˆlish eustˆjeiac apo-
teleÐ basik  apaÐthsh kai exetˆzetai parˆllhla me thn prosarmog  eisìdou kai th jorubik 
epÐdosh, suqnˆ mèsw katˆllhlwn diktÔwn apìsbeshc.

Eustˆjeia entìc kai ektìc z¸nhc. Ston sqediasmì LNA, den arkeÐ na exasfa-
listeÐ eustˆjeia mìno sth suqnìthta stìqo (p.q. 10 GHz). AstajeÐc sunj kec mporeÐ na
emfanistoÔn:

ˆ se qamhlìterec suqnìthtec (ìpou oi antistˆseic/qwrhtikìthtec pìlwshc kai ta DC
dÐktua allhlepidroÔn),

ˆ se uyhlìterec suqnìthtec (ìpou kuriarqoÔn parasitikˆ, suzeÔxeic kai mh idanikìth-
tec upostr¸matoc),

ˆ se perioqèc ìpou to energì stoiqeÐo emfanÐzei auxhmènh anˆstrofh sÔzeuxh  /kai
fasikèc sunj kec eunoðkèc gia jetik  anˆdrash.

Sunep¸c, h eustˆjeia antimetwpÐzetai wc apaÐthsh eurèoc fˆsmatoc, akìmh kai an h sqe-
dÐash stoqeÔei se sten  z¸nh gÔrw apì ta 10 GHz.

2.4.2 Krit ria eustˆjeiac

Sto plaÐsio mikroÔ s matoc, h eustˆjeia enìc mikrokumatikoÔ enisqut  mporeÐ na axio-
loghjeÐ apeujeÐac apì tic paramètrouc skèdas c tou wc diktÔou dÔo jur¸n. Ta plèon
diadedomèna krit ria basÐzontai sthn orÐzousa tou pÐnaka skèdashc kai ston suntelest 
Rollett, parèqontac sunj kec gia ˆneu ìrwn eustˆjeia, dhlad  eustˆjeia gia opoiousd po-
te pajhtikoÔc termatismoÔc phg c kai fortÐou.

OrÐzousa �. Gia pÐnaka skèdashc

S =
�

S11 S12

S21 S22

�
;

orÐzetai h posìthta
� , S 11S22 � S 12S21: (2.49)

H � eÐnai genikˆ migadik  kai exartˆtai apì th suqnìthta. To mètro j�j qrhsimopoieÐtai
wc mèroc twn krithrÐwn ˆneu ìrwn eustˆjeiac.
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Suntelest c Rollett K. O suntelest c Rollett orÐzetai wc

K ,
1 � jS 11j2 � jS 22j2 + j�j 2

2jS12S21j
: (2.50)

H posìthta K sumpukn¸nei, se èna mègejoc, thn epÐdrash thc anˆstrofhc sÔzeuxhc (S12),
tou kèrdouc (S21) kai thc prosarmog c stic jÔrec (S 11; S22) wc proc thn pijanìthta em-
fˆnishc astˆjeiac.

'Aneu ìrwn eustˆjeia. 'Enac grammikìc enisqut c qarakthrÐzetai wc ˆneu ìrwn eu-
staj c se mÐa suqnìthta, efìson eÐnai eustaj c gia opoiond pote pajhtikì termatismì
phg c kai fortÐou, dhlad  gia kˆje � S; � L me

j� Sj < 1; j� L j < 1: (2.51)

'Ena eparkèc kai eurèwc qrhsimopoioÔmeno krit rio gia ˆneu ìrwn eustˆjeia eÐnai:

K > 1 kai j�j < 1: (2.52)

Efìson ikanopoioÔntai oi sunj kec (2.52) se ìlo to exetazìmeno fˆsma, o enisqut c den
mporeÐ na odhghjeÐ se astˆjeia apì kamÐa pajhtik  fìrtish/phg . Na tonisteÐ ed¸ ìti,
se pragmatikˆ kukl¸mata, h deÔterh apaÐthsh thc (2.52) ikanopoieÐtai, kai epomènwc den
elègqetai katˆ th diˆrkeia prosomoi¸sewn.

2.5 DeÐktec grammikìthtac LNA

2.5.1 ShmeÐo sumpÐeshc 1 dB (P 1dB)

H grammik  leitourgÐa enìc LNA qarakthrÐzetai apì thn perioq  epipèdwn eisìdou sthn
opoÐa to kèrdoc paramènei praktikˆ stajerì. Se aut  thn perioq , h sqèsh metaxÔ twn
epipèdwn isqÔoc exìdou kai eisìdou, Pout kai Pin , ekfrasmènwn se logarijmik  klÐmaka
(dBm), eÐnai grammik , me klÐsh Ðsh me th monˆda kai stajerì kèrdoc ekfrasmèno se dB.
Kaj¸c to epÐpedo diègershc auxˆnetai, oi eggeneÐc mh-grammikìthtec tou energoÔ stoiqeÐou
odhgoÔn se sumpÐesh kèrdouc (gain compression), dhlad  se apìklish apì thn idanik  aut 
eujÔgrammh sqèsh (bl. Sq. 2.6). 'Enac kajierwmènoc deÐkthc gia thn posotik  perigraf 
tou fainomènou eÐnai to shmeÐo sumpÐeshc 1 dB.

'Estw ìti o LNA leitourgeÐ sth suqnìthta stìqo kai upì sugkekrimèno shmeÐo pìlwshc.
OrÐzetai to kèrdoc isqÔoc mikroÔ s matoc (se dB) wc:

G0 , (P out � P in )jPin !mikr  (2.53)

Gia genikì epÐpedo eisìdou, to stigmiaÐo kèrdoc orÐzetai wc

G(Pin ) , P out (Pin ) � P in : (2.54)

H sumpÐesh kèrdouc (se dB) orÐzetai wc h apìklish apì to kèrdoc mikroÔ s matoc:

C(Pin ) , G 0 � G(P in ): (2.55)
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Sq ma 2.6: Qarakthristik  metaforˆc P out �P in se logarijmik  klÐmaka kai orismìc tou
shmeÐou sumpÐeshc 1 dB. H eujÔgrammh (jewrhtik ) apìkrish antistoiqeÐ sth grammik 
perioq , en¸ h pragmatik  apìkrish parousiˆzei sumpÐesh kèrdouc gia uyhlìtera epÐpeda
diègershc.

To shmeÐo sumpÐeshc 1 dB orÐzetai wc to epÐpedo eisìdou sto opoÐo h sumpÐesh kèrdouc
ftˆnei to 1 dB, dhlad 

C(P1dB;in ) = 1 dB () G(P 1dB;in ) = G 0 � 1 dB: (2.56)

To antÐstoiqo epÐpedo exìdou orÐzetai wc

P1dB;out , P out (P1dB;in ) : (2.57)

Suqnˆ, wc praktik  prosèggish se dB, qrhsimopoieÐtai h sqèsh:

P1dB;out � P 1dB;in + G 0 � 1 dB; (2.58)

h opoÐa apotup¸nei ìti sto shmeÐo 1 dB h pragmatik  eujeÐa metaforˆc brÐsketai 1 dB
kˆtw apì thn idanik  grammik  proèktash.

To P1dB apoteleÐ deÐkth tou mègistou epipèdou s matoc pou mporeÐ na enisqujeÐ qwrÐc
shmantik  upobˆjmish tou kèrdouc kai qwrÐc èntonh mh-grammik  paramìrfwsh. Se pe-
ribˆllon dèkth, qamhlì P 1dB sunepˆgetai ìti isqurˆ eiserqìmena s mata (  parembolèc)
mporoÔn na odhg soun ton LNA ektìc thc grammik c perioq c, me apotèlesma ap¸leia
kèrdouc kai epiplokèc sth sunolik  sumperiforˆ thc alusÐdac l yhc.

2.5.2 Endodiamìrfwsh trÐthc tˆxhc

H grammikìthta enìc LNA den apotimˆtai mìno apì th sumpÐesh kèrdouc, allˆ kai apì
thn paragwg  anepijÔmhtwn suqnotik¸n sunistws¸n lìgw mh-grammikot twn. IdiaÐterh
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shmasÐa sth mikrokumatik  l yh èqei h endodiamìrfwsh trÐthc tˆxhc (third-order inter-
modulation, IM3), diìti ta proðìnta trÐthc tˆxhc emfanÐzontai suqnˆ kontˆ stic jemeli¸deic
suqnìthtec kai epomènwc mporoÔn na katal xoun entìc   kontˆ sto qr simo kanˆli metˆ
apì suqnometatrop .

Gia mikrèc èwc mètriec diegèrseic, h statik  mh-grammik  sqèsh eisìdou�exìdou enìc eni-
squt  mporeÐ na proseggisteÐ me anˆptugma poluwnÔmou:

vout (t) � a 1vin (t) + a 2v2
in (t) + a 3v3

in (t); (2.59)

ìpou a1 antistoiqeÐ ston grammikì ìro (kèrdoc), en¸ a2, a3 ekfrˆzoun mh-grammikèc suni-
st¸sec. Sth dokim  dÔo tìnwn, orÐzetai eÐsodoc

vin (t) = V cos(! 1t) + V cos(! 2t); (2.60)

me !1 6= !2 kai Ðsa plˆth. H sunist¸sa trÐthc tˆxhc, mèsw tou ìrou a 3v3
in (t), parˆgei

(metaxÔ ˆllwn) sunist¸sec stic suqnìthtec:

! IM3;1 = 2! 1 � ! 2; ! IM3;2 = 2! 2 � ! 1; (2.61)

oi opoÐec brÐskontai summetrikˆ gÔrw apì tic !1; ! 2 kai eÐnai oi plèon krÐsimec gia RF
sust mata.

Se perioq  ìpou h prosèggish (2.59) eÐnai ègkurh:

ˆ h isqÔc twn jemeliwd¸n sunistws¸n sthn èxodo auxˆnei katˆ � 1 dB gia kˆje 1 dB
aÔxhshc thc isqÔoc eisìdou (klÐsh 1),

ˆ h isqÔc twn IM3 proðìntwn auxˆnei katˆ � 3 dB gia kˆje 1 dB aÔxhshc thc isqÔoc
eisìdou (klÐsh 3), epeid  prokÔptei apì ìro trÐthc tˆxhc.

An oi dÔo autèc eujeÐec (jemeli¸dhc kai IM3) proektajoÔn grammikˆ, tèmnontai se èna
upojetikì shmeÐo, to shmeÐo tom c trÐthc tˆxhc (third-order intercept point, IP3), ìpwc
faÐnetai sto Sq. 2.7. Shmei¸netai ìti to IP3 prokÔptei mèsw proèktashc twn qara-
kthristik¸n mikroÔ s matoc kai den antistoiqeÐ se pragmatikì shmeÐo leitourgÐac, kaj¸c
sun jwc brÐsketai se epÐpeda isqÔoc pèran thc perioq c sumpÐeshc tou enisqut .

Anˆloga me to an to shmeÐo anafèretai sthn eÐsodo   sthn èxodo, orÐzontai:

IIP3 (input-referred IP3); OIP3 (output-referred IP3):

Sth sunèqeia dÐnetai o praktikìc tÔpoc exagwg c pou qrhsimopoieÐtai se metr seic/pei-
rˆmata.

Praktikìc upologismìc apì metr seic dÔo tìnwn. Se mÐa dokim  dÔo tìnwn,
me Ðsec isqeÐc eisìdou (anˆ tìno), metr¸ntai sthn èxodo:

ˆ P out;fund : isqÔc thc jemeli¸douc sunist¸sac (anˆ tìno) sthn èxodo,

ˆ P out;IM3 : isqÔc enìc proðìntoc IM3 sthn èxodo (p.q. sth 2f1 � f 2).

OrÐzetai h diaforˆ:
� , P out;fund � P out;IM3 [dB]: (2.62)
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Sq ma 2.7: Orismìc tou shmeÐou trÐthc tˆxhc IP3 (IIP 3, OIP3) mèsw proèktashc twn
gramm¸n jemeli¸douc (klÐsh 1) kai trÐthc armonik c (klÐsh 3) sth qarakthristik  Pout �P in ,
kaj¸c kai h èndeixh tou 1 dB compression.

Tìte, apì th diaforˆ klÐsewn (1 ènanti 3), to output intercept dÐnetai apì:

OIP3 = P out;fund +
�
2

: (2.63)

An G0 eÐnai to kèrdoc isqÔoc mikroÔ s matoc sth suqnìthta leitourgÐac, tìte to input
intercept prokÔptei wc:

IIP3 = OIP3 � G 0: (2.64)

Enallaktikˆ, an eÐnai gnwst  h isqÔc eisìdou anˆ tìno Pin , mporeÐ na grafteÐ ˆmesa:

IIP3 = P in +
�
2

; (2.65)

ìpou � orÐzetai xanˆ apì thn (2.62) (me tic antÐstoiqec metr seic exìdou).

MegalÔterh tim  IIP3 upodhl¸nei ìti, gia dedomèno epÐpedo eisìdou, ta IM3 proðìnta eÐnai
qamhlìtera (megalÔterh apìstash jemeli¸douc�IM3), ˆra o enisqut c emfanÐzei kalÔterh
grammikìthta wc proc mh-grammikèc paramorf¸seic trÐthc tˆxhc. Gia LNAs, o deÐkthc
autìc eÐnai idiaÐtera qr simoc epeid  posotikopoieÐ thn euaisjhsÐa se anepijÔmhta ginìmena
endodiamìrfwshc upì parousÐa isqur¸n geitonik¸n sunistws¸n.
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Kefˆlaio 3

DiadikasÐa SqedÐashc LNA

3.1 Genik  prosèggish kai sqediastik  filosofÐa

Sto parìn kefˆlaio exetˆzetai h sqedÐash enìc enisqut  qamhloÔ jorÔbou sten c z¸nhc
(narrowband LNA) me kentrik  suqnìthta 10 GHz. O ìroc �narrowband� qrhsimopoieÐtai
gia na dhl¸sei ìti to eÔroc z¸nhc 3 dB tou enisqut  eÐnai mikrìtero apì to 20% thc
kentrik c suqnìthtˆc tou.

H axiolìghsh thc epÐdoshc tou enisqut  gÐnetai polukrithriakˆ, lambˆnontac upìyh shma-
ntikˆ krit ria ìpwc to kèrdoc, ton jìrubo, th grammikìthta kai thn katanˆlwsh isqÔoc.
Gia th sunoptik  apotÔpwsh twn sumbibasm¸n metaxÔ aut¸n twn megej¸n qrhsimopoieÐtai
suqnˆ sth bibliografÐa èna Figure of Merit (FoM) gia LNAs, to opoÐo mporeÐ na grafeÐ
wc:

FoMLNA =
G � IIP3 � f
(F � 1) � P

(3.1)

ìpou G eÐnai to kèrdoc isqÔoc, IIP3 o deÐkthc grammikìthtac trÐthc tˆxhc, f h suqnìthta
leitourgÐac, F o noise factor, P h katanaliskìmenh isqÔc kai (F � 1) = Te=T0 h kano-
nikopoihmènh isodÔnamh jermokrasÐa jorÔbou. Shmei¸netai ìti ta megèjh thc exÐswshc
ekfrˆzontai se grammik  klÐmaka kai ìqi se dB.

3.1.1 Stìqoi kai apait seic sqedÐashc

Me bˆsh th jewrhtik  anˆlush pou prohg jhke sto Kefˆlaio 2 kai ta krit ria beltisto-
poÐhshc pou prokÔptoun apì thn exÐswsh (3.1), kajorÐzontai oi stìqoi kai oi prodiagra-
fèc tou upì sqedÐash LNA. Oi prodiagrafèc autèc apoteloÔn touc basikoÔc periorismoÔc
(design constraints) thc diadikasÐac sqedÐashc kai qrhsimopoioÔntai gia thn axiolìghsh
thc telik c ulopoÐhshc.

O basikìc stìqoc eÐnai h sqedÐash enìc enisqut  qamhloÔ jorÔbou pou na epitugqˆnei
elˆqisto dunatì noise �gure, eparkèc kèrdoc ¸ste na katastèlletai o jìruboc twn e-
pìmenwn bajmÐdwn, ikanopoihtik  prosarmog  eisìdou kai exìdou, kaj¸c kai eustˆjeia
se èna eÔlogo eÔroc suqnot twn. Parˆllhla epidi¸ketai h epÐteuxh twn parapˆnw me
periorismèno arijmì pajhtik¸n stoiqeÐwn kai logik  katanˆlwsh isqÔoc.
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Oi arijmhtikèc prodiagrafèc thc sqedÐashc sunoyÐzontai ston PÐnaka 3.1 kai apoteloÔn
ta basikˆ krit ria axiolìghshc thc telik c ulopoÐhshc.

PÐnakac 3.1: Prodiagrafèc LNA

Kentrik  suqnìthta leitourgÐac f 0 = 10 GHz
3 dB bandwidth BW3dB = 0:2 � f 0 = 2 GHz

Kèrdoc S21 > 25 dB
Prosarmog  eisìdou S11 < �20 dB
Prosarmog  exìdou S22 < �20 dB

Apomìnwsh anˆstrofhc metˆdoshc S12 < �30 dB
Noise �gure NF < 1 dB
Eustˆjeia 'Aneu ìrwn sto eÔroc 7�12 GHz

TrofodosÐa Vdd = 1:8 V

Oi parapˆnw prodiagrafèc ja qrhsimopoihjoÔn wc krit ria sqedÐashc kai epal jeushc
sta epìmena stˆdia. Shmei¸netai ìti h katanˆlwsh kai h grammikìthta tou enisqut  jew-
r jhkan deutereÔonta krit ria kai gia ton lìgo autì paraleÐpontai apì ton pÐnaka.

3.1.2 MejodologÐa sqedÐashc

Sthn paradosiak  sqedÐash enisqut¸n qamhloÔ jorÔbou se mikrokumatikèc suqnìthtec,
h prosarmog  ginìtan me pajhtikˆ dÐktua pou metètrepan thn antÐstash thc phg c sth
bèltisth antÐstash jorÔbou tou tranzÐstor, kai ˆra to tranzÐstor èprepe na pwlwjeÐ sto
shmeÐo ìpou parousÐaze ton mikrìtero dunatì jìrubo. Epeid  ìmwc h antÐstash eisìdou
tou tranzÐstor en gènei den sumpÐptei me th bèltisth antÐstash jorÔbou, h sqedÐash a-
paitoÔse sumbibasmoÔc metaxÔ jorÔbou, kèrdouc kai prosarmog c eisìdou. H diadikasÐa
basizìtan sun jwc se metrhmèna qarakthristikˆ tou tranzÐstor pou parèqontan apì ton
kataskeuast    proèkuptan apì ergasthriakèc metr seic.

Me thn emfˆnish twn monolijik¸n oloklhrwmènwn kuklwmˆtwn mikrokumˆtwn (monolithic
microwave integrated circuits), h prosèggish aut  ˆrqise na allˆzei. H gewmetrÐa tou
tranzÐstor kai to reÔma pìlwshc èginan basikèc metablhtèc thc sqedÐashc, en¸ ta pajhtikˆ
dÐktua prosarmog c, ta opoÐa katalambˆnoun megˆlo embadìn kai parousiˆzoun ap¸leiec,
idiaÐtera se teqnologÐec puritÐou, èprepe na perioristoÔn. 'Etsi proèkuye h anˆgkh gia
mia diaforetik  mejodologÐa, mèsw thc opoÐac h prosarmog  epitugqˆnetai se megalÔtero
bajmì mèsw tou Ðdiou tou tranzÐstor. H prosèggish aut  mporeÐ na efarmosteÐ anexˆrthta
apì ton tÔpo tranzÐstor   to ulikì ulopoÐhshc tou oloklhrwmènou kukl¸matoc.

Basikèc arqèc thc mejodologÐac

Ta jemeli¸dh shmeÐa pou sthrÐzoun th mejodologÐa eÐnai ta ex c:

ˆ AntÐ na metasqhmatÐzetai h sÔnjeth antÐstash phg c ZS sto bèltisto noise impe-
dance tou tranzÐstor, to tranzÐstor sqediˆzetai ¸ste to optimum noise impedance
tou na isoÔtai me th ZS.

ˆ To optimum noise impedance eÐnai antistrìfwc anˆlogo thc suqnìthtac kai mporeÐ
na rujmisteÐ mèsw thc diastasiolìghshc tou tranzÐstor.
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ˆ H pragmatik  sunist¸sa tou optimum noise impedance den tautÐzetai genikˆ me thn
pragmatik  sunist¸sa thc eisìdou Z S, parˆ mìno se eidikèc peript¸seic   se mÐa
sugkekrimènh suqnìthta.

ˆ Gia stajer  puknìthta reÔmatoc, o elˆqistoc noise factor paramènei anexˆrthtoc apì
to mègejoc tou tranzÐstor, efìson h klimˆkwsh gÐnetai mìno mèsw tou multiplicity
(m).

ˆ H fantastik  sunist¸sa thc Z S eÐnai sun jwc kontˆ (� 15%) sth fantastik  su-
nist¸sa tou optimum noise impedance, epomènwc mporoÔn na allhloakurwjoÔn me
th qr sh phnÐwn se seirˆ.

ˆ H katanˆlwsh isqÔoc enìc minimum-noise, noise-matched LNA kajorÐzetai apì to
reÔma pìlwshc pou apaiteÐtai gia thn epÐteuxh tou epijumhtoÔ noise impedance. H
meÐwsh thc katanˆlwshc sunepˆgetai upobˆjmish jorÔbou.

DiadikasÐa sqedÐashc dÔo bhmˆtwn

H sqedÐash mporeÐ na organwjeÐ se dÔo basikˆ stˆdia.

(I) Active device matching. Sto pr¸to stˆdio thc sqedÐashc kajorÐzontai to shmeÐo
pìlwshc kai oi diastˆseic tou tranzÐstor eisìdou me gn¸mona thn epÐteuxh thc elˆqisthc
dunat c epÐdoshc jorÔbou. Me bˆsh ta apotelèsmata pou parousiˆsthkan sto Kefˆlaio 2
sqetikˆ me to NFmin , tic paramètrouc jorÔbou kai th bèltisth agwgimìthta phg c, to
tranzÐstor pol¸netai sthn puknìthta reÔmatoc pou antistoiqeÐ sto optimum noise bias.

Sth sunèqeia epilègetai h gewmetrÐa tou tranzÐstor ètsi ¸ste to pragmatikì mèroc tou
optimum noise impedance na proseggÐzei thn antÐstash thc phg c, h opoÐa sto parìn
sÔsthma jewreÐtai 50 
. Me autìn ton trìpo epitugqˆnetai noise-oriented prosarmog 
mèsw tou Ðdiou tou energoÔ stoiqeÐou, periorÐzontac thn anˆgkh gia ektetamèna pajhtikˆ
dÐktua prosarmog c.

To stˆdio autì kajorÐzei ousiastikˆ to epÐpedo jorÔbou, thn apaitoÔmenh katanˆlwsh
reÔmatoc kai to mègejoc thc energ c suskeu c, pˆnw sta opoÐa ja basisteÐ h epìmenh
fˆsh thc prosarmog c eisìdou.

(II) Passive matching. Parìti sto prohgoÔmeno stˆdio to tranzÐstor diastasiolo-
geÐtai ¸ste to optimum noise impedance na proseggÐzei thn empèdhsh thc phg c, sthn
prˆxh h sunj kh aut  den ikanopoieÐtai pl rwc, kaj¸c h akrib c epÐteux  thc suqnˆ a-
paiteÐ megˆlo mègejoc tranzÐstor kai auxhmèno reÔma pìlwshc, gegonìc pou èrqetai se
antÐjesh me touc periorismoÔc katanˆlwshc isqÔoc kai embadoÔ. Epomènwc, to pajhtikì
dÐktuo eisìdou analambˆnei na metasqhmatÐsei thn antÐstash thc phg c proc mia katˆllhlh
tim  sthn eÐsodo tou energoÔ stoiqeÐou.

O stìqoc tou input matching network den eÐnai apokleistikˆ h epÐteuxh noise matching,
allˆ o tautìqronoc sunduasmìc tou me ikanopoihtikì power matching. Kaj¸c to shmeÐo
elˆqistou jorÔbou den sumpÐptei genikˆ me to shmeÐo mègisthc metaforˆc isqÔoc, h sqe-
dÐash tou diktÔou prosarmog c basÐzetai se ènan sumbibasmì metaxÔ qamhloÔ noise �gure
kai auxhmènou diajèsimou kèrdouc. Me katˆllhlh epilog  twn reactive stoiqeÐwn epitug-
qˆnetai metakÐnhsh tou shmeÐou leitourgÐac se perioq  pou prosfèrei apodekt  epÐdosh wc
proc kai ta dÔo krit ria.
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H qr sh pajhtik¸n stoiqeÐwn periorÐzetai sto apolÔtwc aparaÐthto, kaj¸c oi oloklh-
rwmènec autepagwgèc emfanÐzoun sqetikˆ qamhlì Q-factor kai mporoÔn na upobajmÐsoun
th sunolik  eikìna jorÔbou, en¸ parˆllhla katalambˆnoun shmantikì embadì se oloklh-
rwmèna kukl¸mata. Gia ton lìgo autì, to pajhtikì dÐktuo leitourgeÐ sumplhrwmatikˆ
proc th noise-oriented diastasiolìghsh tou energoÔ stoiqeÐou, ulopoi¸ntac thn telik 
prosarmog  mèsw tou bèltistou dunatoÔ sumbibasmoÔ metaxÔ noise kai power matching.

3.2 Epilog  topologÐac

Sq ma 3.1: Kaskodikìc NMOS LNA me inductive degeneration.

Gia thn ulopoÐhsh tou LNA epilègetai kaskodik  topologÐa NMOS me inductive degenera-
tion, ìpwc faÐnetai sto Sq ma 3.1. H sugkekrimènh arqitektonik  qrhsimopoieÐtai eurèwc
se RF dèktec, epeid  epitugqˆnei ikanopoihtikì sumbibasmì metaxÔ kèrdouc, jorÔbou, eu-
stˆjeiac kai poluplokìthtac sqedÐashc.

Basikì krit rio epilog c apoteleÐ to kèrdoc thc pr¸thc bajmÐdac. SÔmfwna me thn exÐswsh
Friis gia ton sunolikì jìrubo enìc dèkth, to kèrdoc tou LNA mei¸nei th suneisforˆ
jorÔbou twn epìmenwn bajmÐdwn. H kaskodik  diˆtaxh prosfèrei megalÔterh antÐstash
exìdou se sqèsh me ènan aplì common-source enisqut  kai sunep¸c uyhlìtero kèrdoc, en¸
tautìqrona belti¸nei thn apomìnwsh eisìdou-exìdou kai thn eustˆjeia tou kukl¸matoc.

H qr sh deÔterou tranzÐstor sthn kaskodik  bajmÐda eisˆgei epiplèon suneisforˆ jo-
rÔbou, odhg¸ntac se elafr¸c megalÔtero noise �gure se sqèsh me mia apl  common-source
topologÐa. Parìla autˆ, h epideÐnwsh aut  eÐnai mikr  kai jewreÐtai apodekt , kaj¸c to
auxhmèno kèrdoc thc pr¸thc bajmÐdac antistajmÐzei th sunolik  epÐdrash jorÔbou sto
sÔsthma. Prìkeitai gia ènan anamenìmeno sqediastikì sumbibasmì metaxÔ kèrdouc kai
jorÔbou.
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H prosarmog  eisìdou epitugqˆnetai mèsw thc epagwg c phg c LS kai thc epagwg c pÔlhc
LG, ìpwc faÐnetai sto Sq ma 3.1. H teqnik  aut  epitrèpei thn tautìqronh rÔjmish thc
antÐstashc eisìdou kai tou noise matching me periorismèno arijmì pajhtik¸n stoiqeÐwn.
H epagwg  phg c kajorÐzei to pragmatikì mèroc thc antÐstashc eisìdou, en¸ h epagwg 
pÔlhc akur¸nei to fantastikì mèroc thc.

Sth sugkekrimènh topologÐa, h tim  thc epagwg c phg c mporeÐ na proseggisteÐ apì:

LS =
Z0 � R g � R s

2�f T
(3.2)

ìpou f T eÐnai h suqnìthta dièleushc tou tranzÐstor kai Rg, Rs oi parasitikèc antistˆseic
pÔlhc kai phg c.

H sqedÐash thc exìdou paramènei epÐshc apl , kaj¸c qrhsimopoieÐtai suntonismèno fortÐo
RLC pou leitourgeÐ wc fortÐo uyhl c antÐstashc sth suqnìthta leitourgÐac kai epitrèpei
anexˆrthth sqedÐash tou output matching network. H kaskodik  diˆtaxh mei¸nei thn
anˆdrash apì thn èxodo proc thn eÐsodo, dieukolÔnontac th rÔjmish tou kukl¸matoc
exìdou.

Sunolikˆ, h kaskodik  NMOS topologÐa me inductive degeneration prosfèrei uyhlì kèr-
doc pr¸thc bajmÐdac, apodektì noise �gure, kal  apomìnwsh kai sqetikˆ apl  ulopoÐhsh
twn diktÔwn prosarmog c, apotel¸ntac katˆllhlh epilog  gia LNA se RF front-end.

3.3 Basikèc sqediastikèc parˆmetroi

Metˆ thn epilog  thc topologÐac tou LNA, to epìmeno stˆdio thc sqedÐashc aforˆ ton ka-
jorismì twn basik¸n paramètrwn thc energ c suskeu c me kÔrio stìqo thn elaqistopoÐhsh
tou jorÔbou. H epilog  tou tranzÐstor, h puknìthta reÔmatoc pìlwshc kai h diastasio-
lìghs  tou ephreˆzoun ˆmesa to noise �gure tou enisqut  kai sunep¸c thn euaisjhsÐa tou
dèkth.

3.3.1 Epilog  energoÔ stoiqeÐou

Gia thn ulopoÐhsh tou LNA exetˆsthkan dÔo diajèsimec epilogèc NMOS tranzÐstor thc
teqnologÐac, ta SLVTN kai EGSLVTN, ta opoÐa sÔmfwna me to documentation parèqoun
montèla jorÔbou katˆllhla gia low noise RF efarmogèc. H epilog  tou energoÔ stoiqeÐou
basÐsthke kurÐwc sth sÔgkrish thc elˆqisthc tim c noise �gure (NFmin ) gia diaforetikèc
sunj kec pìlwshc.

Gia ton skopì autì qrhsimopoi jhke testbench prosomoÐwshc jorÔbou, sto opoÐo h pìlw-
sh tou tranzÐstor pragmatopoieÐtai mèsw kajrèfth reÔmatoc, ìpwc apeikonÐzetai sto
Sq ma 3.2. H idanik  phg  reÔmatoc orÐsthke Ðsh me J � w, ìpou J eÐnai h epijumht 
puknìthta reÔmatoc kai w to sunolikì plˆtoc tou ekˆstote tranzÐstor. Me autìn ton
trìpo, to tranzÐstor pol¸netai pˆntote me reÔma anˆ monˆda plˆtouc Ðso me J, kaj¸c:

I D

w
=

J � w
w

= J

exasfalÐzontac ètsi stajerèc sunj kec pìlwshc, anexˆrthta apì to mègejoc thc suskeu-
 c. H diˆtaxh ulopoieÐtai wc RF testbench dÔo jur¸n, me stoiqeÐa sÔzeuxhc kai apomìnw-
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shc, ¸ste na epitrèpetai tautìqrona h DC pìlwsh kai h mikrokumatik  anˆlush, en¸ h
axiolìghsh tou jorÔbou pragmatopoieÐtai mèsw anˆlushc SP-noise.

Katˆ th diadikasÐa sÔgkrishc qrhsimopoi jhke to elˆqisto epitreptì plˆtoc daktÔlou, o
elˆqistoc arijmìc �ngers kai multiplicity Ðsh me 1, ¸ste h sÔgkrish na basÐzetai apoklei-
stikˆ sta eggen  qarakthristikˆ thc suskeu c kai ìqi sth sunolik  diastasiolìghsh. Ta
apotelèsmata thc prosomoÐwshc parousiˆzontai sto Sq ma 3.3.

Sq ma 3.2: Testbench prosomoÐwshc jorÔbou gia th sÔgkrish twn tranzÐstor SLVTN kai
EGSLVTN.

ParathreÐtai ìti kai ta dÔo tranzÐstor parousiˆzoun èna saf¸c orismèno shmeÐo leitour-
gÐac sto opoÐo to NFmin lambˆnei thn elˆqisth tim  tou, ìmwc h sunolik  touc sumperiforˆ
diaforopoieÐtai aisjhtˆ. To SLVTN epitugqˆnei emfan¸c qamhlìtero elˆqisto jìrubo se
uyhlìterh puknìthta reÔmatoc (J � 130 �A=�m), en¸ h kampÔlh tou metabˆlletai pio
omalˆ gÔrw apì to shmeÐo elaqÐstou, stoiqeÐo pou upodhl¸nei pio stajer  kai anektik 
apìdosh wc proc metabolèc tou bias. AntÐjeta, to EGSLVTN ftˆnei to elˆqisto se ai-
sjhtˆ qamhlìterh tim  puknìthtac reÔmatoc, allˆ me arketˆ uyhlìtero NF min kai me pio
apìtomh epideÐnwsh thc sumperiforˆc kaj¸c metabˆlletai to J. Sunolikˆ, to SLVTN upe-
rèqei se ìrouc jorÔbou kai parousiˆzei pio omal  perioq  leituurgÐac, en¸ to EGSLVTN
eunoeÐ qamhlìtero bias me antÐtimo thn upodeèsterh jorubik  epÐdosh.

H epilog  tou tranzÐstor SLVTN wc kÔria energ  suskeu  gia ton LNA eÐnai teqnikˆ
pio sumfèrousa ìtan o basikìc stìqoc eÐnai h elaqistopoÐhsh tou jorÔbou eisìdou. Pa-
rìti apaiteÐ uyhlìterh puknìthta reÔmatoc -kai sunep¸c auxhmènh katanˆlwsh isqÔoc-
prosfèrei shmantikˆ qamhlìtero NF min kai pio omal  sumperiforˆ gÔrw apì to shmeÐo
pìlwshc, kˆti pou metafrˆzetai se megalÔtero perij¸rio sqediasmoÔ kai pio problèyimh
apìdosh.

Sumperasmatikˆ, to basikì trade-o� katanˆlwshc�jorÔbou eÐnai ìti to SLVTN jusiˆzei
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mèroc thc energeiak c apodotikìthtac ¸ste na epitÔqei aisjhtˆ kalÔtero noise performa-
nce. Gia ènan LNA, ìpou o jìruboc tou pr¸tou stadÐou ephreˆzei kajoristikˆ olìklhrh
thn alusÐda l yhc, aut  h aÔxhsh katanˆlwshc eÐnai suqnˆ apodekt  kai dikaiologhmènh.
Wstìso, ìpwc ja faneÐ sth sunèqeia thc ergasÐac, to tranzÐstor epilègetai na polw-
jeÐ se mikrìterh puknìthta reÔmatoc, ¸ste na epiteuqjeÐ ènac kalÔteroc sumbibasmìc,
diathr¸ntac ta pleonekt mata qamhloÔ jorÔbou, en¸ periorÐzetai h epibˆrunsh sthn ka-
tanˆlwsh isqÔoc. Epomènwc, efìson o proôpologismìc isqÔoc to epitrèpei, h epilog  tou
SLVTN paramènei mia asfal c kai apodotik  lÔsh, prosfèrontac qamhlìtero jìrubo kai
megalÔterh stajerìthta leitourgÐac.

Sq ma 3.3: Metabol  tou NF min wc sunˆrthsh thc puknìthtac reÔmatoc J gia ta tran-
zÐstor SLVTN kai EGSLVTN.

3.3.2 Puknìthta reÔmatoc pìlwshc kai diastasiolìghsh
tranzÐstor

Apì th prohgoÔmenh enìthta èqei  dh prosdioristeÐ h bèltisth puknìthta reÔmatoc Jopt,
wc to shmeÐo ìpou to NFmin lambˆnei thn elˆqisth tim  tou. Sto parìn upokefˆlaio
stìqoc eÐnai na epibebaiwjeÐ ìti to Jopt paramènei ousiastikˆ stajerì ìtan metabˆlletai to
mègejoc tou tranzÐstor, kaj¸c epÐshc na prosdioristoÔn oi diastˆseic tou gia th sunèqeia
thc sqedÐashc. Gia thn epal jeush qrhsimopoi jhke pˆli to testbench tou Sq. 3.2.

EpÐdrash tou megèjouc tranzÐstor kai epibebaÐwsh anexarthsÐac tou
Jopt

Sto Sq ma 3.4 parousiˆzetai h metabol  tou NFmin wc sunˆrthsh thc puknìthtac reÔma-
toc J gia diaforetikèc timèc tou �nger width W f . ParathreÐtai ìti, parìti to apìluto
elˆqisto tou NF min metabˆlletai elafrˆ me to W f , h jèsh tou elaqÐstou wc proc thn
puknìthta reÔmatoc paramènei praktikˆ Ðdia. Dhlad , to Jopt den ephreˆzetai ousiastikˆ

50



apì thn aÔxhsh tou megèjouc tou tranzÐstor kai mporeÐ na jewrhjeÐ qarakthristikì shme-
Ðo pìlwshc thc suskeu c. Parìmoiec kampÔlec prokÔptoun kai me thn aÔxhsh tou arijmoÔ
twn �ngers tou tranzÐstor.

Gia lìgouc plhrìthtac, sto Sq ma 3.5 parousiˆzetai h metabol  tou NF min wc sunˆr-
thsh tou �nger width W f , me thn puknìthta reÔmatoc na diathreÐtai stajer  kai Ðsh me
th bèltisth tim  J = J opt pou proèkuye apì thn prohgoÔmenh anˆlush. Me ton trìpo
autì apomon¸netai h epÐdrash tou megèjouc tou tranzÐstor sthn elˆqisth tim  jorÔbou.
ParathreÐtai ìti to NF min auxˆnetai kaj¸c auxˆnetai to W f , epibebai¸nontac ìti, parìti
to shmeÐo bèltisthc pìlwshc paramènei ousiastikˆ ametˆblhto, h aÔxhsh twn diastˆsewn
thc suskeu c odhgeÐ se elafrˆ upobˆjmish thc epÐdoshc jorÔbou.

Sq ma 3.4: Metabol  tou NF min wc sunˆrthsh thc puknìthtac reÔmatoc J gia diaforeti-
kèc timèc tou Wf .

EpÐdrash tou multiplicity sth jorubik  apìdosh kai sthn katanˆlwsh
isqÔoc

Sto epìmeno b ma thc sqedÐashc eisˆgetai to multiplicity m wc epiplèon sqediastik 
parˆmetroc. H parˆmetroc aut  antistoiqeÐ sthn parˆllhlh sÔndesh ìmoiwn tranzÐstor
kai epitrèpei thn klimˆkwsh tou sunolikoÔ megèjouc thc suskeu c qwrÐc metabol  thc
eswterik c gewmetrÐac kˆje stoiqei¸douc tranzÐstor, dhlad  qwrÐc allag  tou Wf kai
tou arijmoÔ �ngers.

Gia thn axiolìghsh thc epÐdrashc tou multiplicity pragmatopoi jhkan prosomoi¸seic me
stajerˆ ta gewmetrikˆ qarakthristikˆ kai me puknìthta reÔmatoc Ðsh me J = Jopt , meta-
bˆllontac mìno to m. ParathreÐtai ìti h elˆqisth tim  jorÔbou NF min paramènei praktikˆ
ametˆblhth (Sq. 3.6), gegonìc pou epibebai¸nei ìti h parˆmetroc aut  den ephreˆzei ton
eggen  mhqanismì jorÔbou thc suskeu c ìtan to shmeÐo pìlwshc diathreÐtai stajerì.
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Sq ma 3.5: NFmin wc sunˆrthsh tou W f gia Wf = 300�2000 nm kai J = J opt.

AntÐjeta, to multiplicity ephreˆzei shmantikˆ th bèltisth agwgimìthta jorÔbou thc su-
skeu c. Pio sugkekrimèna, to tranzÐstor qarakthrÐzetai apì mia bèltisth agwgimìthta
phg c, gia thn opoÐa epitugqˆnetai o elˆqistoc suntelest c jorÔbou, ìpwc prokÔptei apì
thn (2.28). Kaj¸c auxˆnetai to multiplicity, h sunolik  energìc diagwgimìthta thc su-
skeu c klimak¸netai, me apotèlesma thn antÐstoiqh metatìpish tou Gopt (Sq. 3.7), en¸ to
NFmin paramènei ousiastikˆ stajerì.

H idiìthta aut  axiopoieÐtai sqediastikˆ ¸ste na epiteuqjeÐ sumbatìthta me thn antÐstash
phg c ZS = 50 
, h opoÐa antistoiqeÐ se agwgimìthta

GS =
1

50 

= 20 mS:

Sunep¸c, to multiplicity qrhsimopoieÐtai wc parˆmetroc prosarmog c jorÔbou, epitrèpo-
ntac th rÔjmish tou Gopt kontˆ sthn tim  20 mS qwrÐc upobˆjmish tou NFmin . Wstìso, h
aÔxhsh tou m sunepˆgetai tautìqronh aÔxhsh tou sunolikoÔ plˆtouc thc suskeu c sÔm-
fwna me th sqèsh (2.35), kai epomènwc grammik  aÔxhsh tou reÔmatoc pìlwshc kai thc
DC katanˆlwshc, ìpwc prokÔptei apì tic sqèseic (2.36) kai (2.37). Endeiktikˆ, an to m
auxhjeÐ apì 100 se 400 (dhlad  katˆ parˆgonta 4), tìte tìso to sunolikì plˆtoc ìso
kai to reÔma pìlwshc klimak¸nontai antÐstoiqa katˆ ton Ðdio parˆgonta, odhg¸ntac se
reÔma tˆxhc ID � 144 mA kai isqÔ perÐpou PDC � 259 mW gia V DD = 1:8 V, timèc idia-
Ðtera uyhlèc gia praktikèc RF ulopoi seic. Epomènwc, h telik  epilog  tou m prokÔptei
wc sumbibasmìc metaxÔ epÐteuxhc thc epijumht c tim c Gopt kai apodekt c katanˆlwshc
isqÔoc, diathr¸ntac tautìqrona thn pìlwsh kontˆ sth bèltisth puknìthta reÔmatoc J opt .
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Sq ma 3.6: Elˆqistoc suntelest c jorÔbou NF min wc sunˆrthsh tou multiplicity m gia
stajer  gewmetrÐa kai J = Jopt .

Sq ma 3.7: Pragmatikì mèroc thc bèltisthc agwgimìthtac jorÔbou Gopt wc sunˆrthsh
tou multiplicity m gia stajer  gewmetrÐa kai J = J opt .

Telikèc epilegeÐc diastˆseic kai puknìthta reÔmatoc pìlwshc

Me bˆsh ta parapˆnw apotelèsmata, gia th sqedÐash tou LNA ja epilegeÐ h elˆqisth
epitrept  tim  W f thc teqnologÐac (300 nm), h elˆqisth epitrept  tim  arijmoÔ �ngers
(8) kai puknìthta reÔmatoc pìlwshc kontˆ sth bèltisth tim  J opt, efìson h katanˆlwsh
isqÔoc tou enisqut  paramènei se eÔloga epÐpeda.

Wstìso, prokeimènou na perioristeÐ to apaitoÔmeno reÔma pìlwshc (kai ˆra h katanˆlwsh
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isqÔoc) gia pìlwsh akrib¸c sto J opt, ja epilegeÐ suntelest c pollaplìthtac m = 240.
H epilog  aut  eisˆgei èna safèc trade-o�: apì th mÐa pleurˆ, mei¸netai to reÔma pou
ja apaitoÔntan gia na epiteuqjeÐ leitourgÐa kontˆ sto Jopt, allˆ apì thn ˆllh apomakru-
nìmaste apì thn perioq  ìpou to G opt proseggÐzei thn idanik  tim  twn 20 mS, h opoÐa
prokÔptei gia m = 400. Epiplèon, akìmh kai to m = 240 paramènei sqetikˆ megˆlo, ge-
gonìc pou kajistˆ praktikˆ asÔmforh thn austhr  pìlwsh sto J opt apì pleurˆc isqÔoc.
Gia ton lìgo autì, anamènetai ìti telikˆ o enisqut c ja polwjeÐ se puknìthta reÔmatoc
mikrìterh tou J opt, apodeqìmenoi mia mikr  upobˆjmish se sunolik  jorubik  epÐdosh, me
antallagma shmantikˆ qamhlìterh katanˆlwsh.

3.4 SqedÐash monostadiakoÔ LNA me idanikˆ pa-
jhtikˆ stoiqeÐa

Sto stˆdio autì ulopoieÐtai ènac monostadiakìc LNA me idanikˆ pajhtikˆ stoiqeÐa, me
stìqo thn epal jeush: (i) thc diadikasÐac pìlwshc kontˆ sth bèltisth puknìthta reÔmatoc
Jopt , (ii) thc prosarmog c eisìdou mèsw inductive degeneration, kai (iii) thc leitourgÐac
tou suntonismènou fortÐou sthn èxodo. To sqhmatikì kÔklwma tou enisqut  parousiˆzetai
sto Sq ma 3.8. Ta tranzÐstor diastasiolog jhkan me bˆsh th prohgoÔmenh anˆlush.

Sq ma 3.8: Sqhmatikì kÔklwma monostadiakoÔ LNA me inductive degeneration kai sunto-
nismèno fortÐo exìdou.
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DiadikasÐa sqedÐashc

H pìlwsh tou tranzÐstor epilègetai kontˆ sth bèltisth puknìthta reÔmatoc J opt pou
prosdiorÐsthke sto prohgoÔmeno upokefˆlaio. H puknìthta reÔmatoc upologÐzetai apì
to DC reÔma, to opoÐo kajorÐzetai apì th tˆsh VGS , diairoÔmeno me to sunolikì plˆtoc
tou tranzÐstor. To reÔma, metˆ apì prosomoÐwsh, lambˆnetai Ðso ID = 84 mA, opìte me
sunolikì plˆtoc

Wtot = 300 nm � 8 � 240 = 576 �m;

prokÔptei:

J =
I D

Wtot
=

84 mA
576 �m

� 0:146 mA=�m � 146 �A=�m: (3.3)

H parapˆnw tim  epibebai¸nei ìti to shmeÐo leitourgÐac brÐsketai sthn perioq  elˆqistou
jorÔbou (leitourgÐa kontˆ sto J opt ).

Sth sunèqeia sqediˆzetai to dÐktuo eisìdou me thn epilog  katˆllhlwn tim¸n gia ta ph-
nÐa pÔlhc LG kai phg c LS, ètsi ¸ste h bèltisth agwgimìthta jorÔbou tou tranzÐstor
na proseggÐzei thn agwgimìthta eisìdou. Apì thn anˆlush prokÔptei ìti sth suqnìth-
ta leitourgÐac f0 = 10 GHz isqÔei proseggistikˆ Gopt � 20 mS kai B opt � 0, gegonìc
pou upodeiknÔei orj  prosarmog  jorÔbou kai leitourgÐa thc eisìdou kontˆ sto bèltisto
shmeÐo. Ta parapˆnw apeikonÐzontai kai sto Sq ma 3.9. Tèloc, to suntonismèno fortÐo
exìdou epilègetai ¸ste na megistopoieÐtai h metaforˆ isqÔoc sth suqnìthta f0.

Sq ma 3.9: Gopt kai Bopt wc sunˆrthsh thc suqnìthtac.

Ta apotelèsmata prosomoÐwshc parousiˆzontai sta Sq mata 3.10 kai 3.11.
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Sq ma 3.10: Noise Figure tou monostadiakoÔ LNA.

Sq ma 3.11: S-parameters tou monostadiakoÔ LNA.

Sth suqnìthta twn 10 GHz, oi basikèc parˆmetroi tou kukl¸matoc diamorf¸nontai wc
ex c:

ˆ S21 � 17 dB, tim  pou upodhl¸nei mètrio kèrdoc isqÔoc.

ˆ S12 � �27 dB, èndeixh isqur c apomìnwshc anˆstrofhc metˆdoshc.

ˆ S22 � �32 dB, pou katadeiknÔei polÔ kal  prosarmog  sthn èxodo.

ˆ S11 � �14 dB, apodekt  allˆ ìqi idiaÐtera qamhl  tim , gegonìc pou upodhl¸nei mh
bèltisth prosarmog  sthn eÐsodo.

ˆ NF � 0:3 dB, tim  pou antistoiqeÐ se polÔ kal  epÐdosh jorÔbou.
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Apì thn anˆlush twn paramètrwn jorÔbou kai eidikìtera twn G opt � 20 mS kai B opt �
0 mS sta 10 GHz, anadeiknÔetai me saf neia to klasikì trade-o� metaxÔ prosarmog c
isqÔoc kai prosarmog c jorÔbou. H epilog  tou shmeÐou leitourgÐac kai tou diktÔou
eisìdou èqei pragmatopoihjeÐ me gn¸mona th bèltisth prosarmog  jorÔbou (noise match-
ing), epilog  pou odhgeÐ se idiaÐtera qamhl  tim  NF , allˆ tautìqrona epibarÔnei thn
prosarmog  eisìdou, ìpwc apotup¸netai sth sqetikˆ mètria tim  tou S 11. Me ˆlla lìgia,
h eÐsodoc den èqei sqediasteÐ gia elaqistopoÐhsh thc anˆklashc isqÔoc, allˆ gia elaqi-
stopoÐhsh tou prostijèmenou jorÔbou.

H sunolik  epÐdosh wc proc ton jìrubo krÐnetai idiaÐtera ikanopoihtik , kaj¸c to NF �
0:3 dB brÐsketai mìlic elafr¸c pˆnw apì to jewrhtikì ìrio NF min � 0:18 dB tou tran-
zÐstor. To gegonìc autì upodeiknÔei ìti h sqedÐash axiopoieÐ apotelesmatikˆ tic eggeneÐc
dunatìthtec thc diˆtaxhc. Wstìso, h epÐdosh aut  sunodeÔetai apì antÐstoiqo sumbiba-
smì sthn katanˆlwsh isqÔoc, kaj¸c to kÔklwma leitourgeÐ se shmeÐo pìlwshc perÐpou
1:8 V � 84 mA, pou antistoiqeÐ se katanˆlwsh perÐpou 151 mW. H auxhmènh pìlwsh sum-
bˆllei sth beltÐwsh tou jorÔbou kai sthn epÐteuxh uyhloÔ kèrdouc, allˆ sunepˆgetai
auxhmèno energeiakì kìstoc ulopoÐhshc.

Prèpei na shmeiwjeÐ ìti ta parapˆnw apotelèsmata prokÔptoun me qr sh idanik¸n pajh-
tik¸n stoiqeÐwn sta dÐktua prosarmog c. Katˆ sunèpeia, oi timèc kèrdouc, prosarmog c
kai jorÔbou eÐnai anamenìmena aisiìdoxec kai apoteloÔn èna arqikì shmeÐo anaforˆc. Sthn
epìmenh fˆsh, me thn eisagwg  realistik¸n montèlwn pajhtik¸n stoiqeÐwn (ap¸leiec, pe-
perasmèno Q, parasitikˆ), anamènetai upobˆjmish twn epidìsewn, qwrÐc ìmwc na anaireÐtai
h qrhsimìthta twn parìntwn apotelesmˆtwn wc starting point thc sqedÐashc.

H anˆgkh gia deÔtero stˆdio enÐsqushc

Parˆ th jetik  sumperiforˆ tou upˆrqontoc kukl¸matoc wc proc thn epÐdosh jorÔbou, h
sunolik  apìdosh tou sust matoc exakoloujeÐ na periorÐzetai apì th monostadiak  tou
ulopoÐhsh. To diajèsimo kèrdoc, an kai eparkèc gia basik  enÐsqush, den parèqei to apaito-
Ômeno perij¸rio isqÔoc gia thn od ghsh epìmenwn bajmÐdwn epexergasÐac   gia efarmogèc
stic opoÐec apaiteÐtai uyhlìterh stˆjmh s matoc sthn èxodo. Wc apotèlesma, kajÐstatai
anagkaÐa h prosj kh deÔterou stadÐou enÐsqushc, me stìqo thn aÔxhsh tou sunolikoÔ
kèrdouc tou sust matoc, qwrÐc ìmwc na epibarunjeÐ shmantikˆ h epÐdosh jorÔbou, upì
thn proôpìjesh ìti o sqediasmìc ja gÐnei me katˆllhlh katanom  kèrdouc kai diat rhsh
qamhloÔ NF.

H anˆgkh aut  den prokÔptei mìno apì praktikèc apait seic isqÔoc, allˆ jemeli¸netai kai
jewrhtikˆ mèsw thc exÐswshc jorÔbou tou Friis, sÔmfwna me thn opoÐa h sunolik  epÐdosh
jorÔbou enìc polustadiakoÔ sust matoc exartˆtai kajoristikˆ apì to kèrdoc tou pr¸tou
stadÐou. H sqèsh (2.31) deÐqnei ìti ìso megalÔtero eÐnai to kèrdoc tou arqikoÔ stadÐou,
tìso mikrìterh kajÐstatai h suneisforˆ jorÔbou twn epìmenwn bajmÐdwn. Epomènwc, h
epÐteuxh eparkoÔc kèrdouc  dh apì ta pr¸ta stˆdia eÐnai krÐsimh, kaj¸c exasfalÐzei ìti
o jìruboc twn metagenèsterwn kuklwmˆtwn paramènei praktikˆ amelhtèoc. H eisagwg 
deÔterou stadÐou epitrèpei thn aÔxhsh tou sunolikoÔ kèrdouc kai enisqÔei thn apomìnwsh
tou sust matoc apì jorub¸deic epìmenec bajmÐdec, odhg¸ntac se kalÔterh sunolik  RF
epÐdosh.

Wstìso, h prosj kh nèou stadÐou sunodeÔetai apì shmantikèc prokl seic, kurÐwc se e-
pÐpedo katanˆlwshc isqÔoc. To upˆrqon stˆdio leitourgeÐ me katanˆlwsh perÐpou 151
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mW, tim  pou jewreÐtai sqetikˆ uyhl  gia efarmogèc uyhl c olokl rwshc   forhtˆ su-
st mata, ìpou h energeiak  apodotikìthta apoteleÐ krÐsimo sqediastikì krit rio. Eˆn h
sunolik  katanˆlwsh isqÔoc prèpei na parameÐnei sta Ðdia epÐpeda (akìma kai na meiwje-
Ð) metˆ thn prosj kh deÔterou stadÐou, kajÐstatai anapìfeukth h meÐwsh tou reÔmatoc
pìlwshc tou pr¸tou stadÐou. H epilog  aut , ìmwc, odhgeÐ se meÐwsh thc puknìthtac
reÔmatoc kai, katˆ sunèpeia, se epideÐnwsh tou noise �gure. EmfanÐzetai ètsi ènac jemeli-
¸dhc sumbibasmìc metaxÔ energeiak c apodotikìthtac kai bèltisthc epÐdoshc jorÔbou, o
opoÐoc prèpei na antimetwpisteÐ mèsw prosektikoÔ epanasqediasmoÔ.

Parˆllhla, idiaÐterh shmasÐa apoktˆ h prosarmog  isqÔoc sthn eÐsodo. H tim  tou S11,
parìti mporeÐ na jewrhjeÐ apodekt , upodeiknÔei ìti h prosarmog  den eÐnai akìmh bèltisth,
me apotèlesma mèroc thc diajèsimhc isqÔoc na anaklˆtai antÐ na metafèretai sto energì
stoiqeÐo. H beltÐwsh thc eisìdou mèsw re-tuning twn pajhtik¸n stoiqeÐwn mporeÐ na
mei¸sei tic anaklˆseic, na aux sei th metaferìmenh isqÔ kai na enisqÔsei to energì kèrdoc
tou pr¸tou stadÐou. Shmei¸netai pˆli ìti se mia tètoia perÐptwsh ja epideinwjeÐ to noise
matching kai ja auxhjeÐ to noise �gure.

Sunolikˆ, o epìmenoc sqediastikìc kÔkloc epikentr¸netai se mia olistik  prosèggish
beltistopoÐhshc tou enisqut . Oi basikoÐ ˆxonec perilambˆnoun: thn eisagwg  deÔterou
stadÐou gia aÔxhsh tou sunolikoÔ kèrdouc kai kalÔterh katastol  tou jorÔbou twn epìme-
nwn bajmÐdwn, th meÐwsh thc katanˆlwshc isqÔoc, kaj¸c kai th beltÐwsh thc prosarmog c
isqÔoc sthn eÐsodo ¸ste na elaqistopoihjoÔn oi anaklˆseic. H epituq c sunduastik  a-
ntimet¸pish aut¸n twn paramètrwn anamènetai na odhg sei se èna kÔklwma me uyhlìterh
sunolik  enÐsqush, kalÔterh energeiak  apodotikìthta kai beltiwmènh sunolik  RF su-
mperiforˆ, ikanì na antapokrijeÐ stic apait seic pio apaithtik¸n efarmog¸n.

3.5 Metˆbash apì idanikˆ se pragmatikˆ pajhti-
kˆ stoiqeÐa thc teqnologÐac

Metˆ th sqedÐash tou monostadiakoÔ LNA me idanikˆ pajhtikˆ stoiqeÐa, to epìmeno b ma
eÐnai h antikatˆstas  touc me montèla thc teqnologÐac, ¸ste na lhfjoÔn upìyh oi pragma-
tikèc ap¸leiec kai ta parasitikˆ fainìmena. Sth sqedÐash aut  qrhsimopoi jhkan stoiqeÐa
apì th biblioj kh CMOS22FDX-RF, ìpou ta phnÐa ulopoi jhkan me th dom  indp (spiral
inductors) kai oi puknwtèc me th dom  apmom1v8_rf, h opoÐa antistoiqeÐ se puknwtèc
tÔpou MOM (metal-oxide-metal). Ta qrhsimopoioÔmena pajhtikˆ stoiqeÐa parousiˆzontai
sto Sq ma 3.12.
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(aþ) Spiral inductor (indp) with shielding. (bþ) MOM capacitor (apmom1v8_rf).

Sq ma 3.12: Ta pajhtikˆ stoiqeÐa pou qrhsimopoi jhkan sth sqedÐash

Se antÐjesh me ta idanikˆ stoiqeÐa, ta oloklhrwmèna phnÐa parousiˆzoun wmikèc ap¸leiec
pou perigrˆfontai mèsw tou quality factor (Q), o opoÐoc orÐzetai wc

Q =
!L
Rs

(3.4)

O suntelest c poiìthtac ekfrˆzei ton lìgo apojhkeumènhc proc apolesjeÐsa enèrgeia
kai apoteleÐ basikì deÐkth thc apìdoshc twn RF pajhtik¸n stoiqeÐwn. Gia th metˆbash
apì idanikˆ se pragmatikˆ stoiqeÐa, ègine prospˆjeia sqedÐashc phnÐwn me sqetikˆ uyhlì
Q (perÐpou 20�25) sth suqnìthta leitourgÐac, ¸ste na elaqistopoihjoÔn oi ap¸leiec twn
diktÔwn prosarmog c kai tou suntonismènou fortÐou. Epiplèon, energopoi jhke h leitour-
gÐa shielding sta phnÐa gia th meÐwsh thc sÔzeuxhc me to upìstrwma kai th beltÐwsh thc
apomìnwshc.

H eisagwg  pragmatik¸n pajhtik¸n stoiqeÐwn ephreˆzei ˆmesa thn apìdosh jorÔbou tou
LNA. Oi ap¸leiec twn phnÐwn kai twn metallik¸n diadrom¸n mporoÔn na montelopoihjoÔn
wc isodÔnamec antistˆseic pou parˆgoun jermikì jìrubo kai leitourgoÔn wc ap¸leiec sto
dÐktuo prosarmog c eisìdou. Wc apotèlesma, to sunolikì noise �gure auxˆnetai se sqèsh
me thn perÐptwsh idanik¸n pajhtik¸n. Gia ton lìgo autì apaiteÐtai epanarÔjmish twn
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tim¸n twn epagwg¸n kai twn qwrhtikot twn ¸ste na diathrhjeÐ h prosarmog  eisìdou kai
o suntonismìc sth suqnìthta leitourgÐac.

H metˆbash aut  apì idanikˆ se pragmatikˆ pajhtikˆ stoiqeÐa epitrèpei pio realistik 
ektÐmhsh thc apìdoshc tou LNA kai apoteleÐ aparaÐthto stˆdio prin thn telik  axiolìghsh
tou kukl¸matoc.

3.6 Epèktash se arqitektontik  dÔo stadÐwn

To telikì kÔklwma tou LNA parousiˆzetai sto Sq ma 3.13 kai apoteleÐtai apì dÔo kasko-
dikèc bajmÐdec enÐsqushc me dÐktua prosarmog c eisìdou, exìdou kai metaxÔ twn bajmÐdwn.
H sqedÐash basÐzetai sth dom  pou anaptÔqjhke sta prohgoÔmena kefˆlaia, me th diaforˆ
ìti qrhsimopoioÔntai plèon pragmatikˆ pajhtikˆ stoiqeÐa thc teqnologÐac.

Sq ma 3.13: Telikì sqhmatikì LNA me dÔo kaskodikˆ stˆdia.

Sto sq ma, ta kìkkina plaÐsia antistoiqoÔn stic dÔo bajmÐdec enÐsqushc. Kˆje bajmÐda
ulopoieÐtai me kaskodik  diˆtaxh NMOS, ¸ste na epitugqˆnetai uyhlì kèrdoc kai kal 
apomìnwsh metaxÔ eisìdou kai exìdou. H pr¸th bajmÐda eÐnai upeÔjunh kurÐwc gia thn
epÐteuxh qamhloÔ noise �gure, en¸ h deÔterh bajmÐda auxˆnei to sunolikì kèrdoc tou
enisqut .

Ta kÐtrina plaÐsia antistoiqoÔn sta dÐktua pìlwshc twn tranzÐstor. Sto stˆdio autì
thc sqedÐashc h pìlwsh ulopoieÐtai me idanikèc phgèc tˆshc pou sundèontai stic pÔlec
twn tranzÐstor mèsw antistˆsewn polÔ megˆlhc tim c, ¸ste na kajorÐzetai to DC shmeÐo
leitourgÐac qwrÐc na ephreˆzetai h RF sumperiforˆ tou kukl¸matoc.

Ta prˆsina plaÐsia antistoiqoÔn sta dÐktua prosarmog c eisìdou kai exìdou. To dÐktuo
eisìdou ulopoieÐ thn prosarmog  sthn antÐstash phg c, epitrèpontac leitourgÐa kontˆ
sto shmeÐo bèltistou jorÔbou, en¸ tautìqrona epitugqˆnei kai ˆristo power matching,
exasfalÐzontac ikanopoihtik  metaforˆ isqÔoc kai auxhmèno diajèsimo kèrdoc. AntÐstoiqa,
to dÐktuo exìdou qrhsimopoieÐ suntonismèno fortÐo ¸ste na epiteuqjeÐ bèltisth metaforˆ
isqÔoc proc to fortÐo sth suqnìthta leitourgÐac.

60



To mwb plaÐsio antistoiqeÐ sto interstage matching network, to opoÐo sundèei tic dÔo
bajmÐdec enÐsqushc. To dÐktuo autì epilègetai ¸ste na epitugqˆnetai apotelesmatik  me-
taforˆ s matoc apì thn èxodo thc pr¸thc bajmÐdac sthn eÐsodo thc deÔterhc, lambˆnontac
upìyh thn antÐstash exìdou thc pr¸thc bajmÐdac kai thn antÐstash eisìdou thc deÔterhc.
H swst  prosarmog  metaxÔ bajmÐdwn eÐnai aparaÐthth gia th diat rhsh tou sunolikoÔ
kèrdouc kai thc eustˆjeiac tou enisqut .

Gia lìgouc plhrìthtac, sta Sq mata 3.14�3.16 paratÐjentai epimèrouc megejumènec apei-
konÐseic tou kukl¸matoc, oi opoÐec anadeiknÔoun ta basikˆ domikˆ uposust mata tou LNA.

Sq ma 3.14: Idanikèc phgèc trofodosÐac.

3.7 Paketˆrisma tou LNA me teqnologÐa �ip-chip

Gia na axiologhjeÐ h leitourgÐa tou LNA se sunj kec pou proseggÐzoun thn pragmatik 
ulopoÐhsh, h prosomoÐwsh den periorÐsthke sto epÐpedo bare die, allˆ sumperièlabe kai
to montèlo paketarÐsmatoc (packaging model). Sthn prˆxh, to oloklhrwmèno kÔklwma
apaiteÐ paketˆrisma ¸ste na exasfalistoÔn mhqanik  sterèwsh, prostasÐa, kaj¸c kai
axiìpisth hlektrik  diasÔndesh me upìstrwma   PCB. H diepaf  die-to-package eisˆgei
anapìfeukta parasitikˆ stoiqeÐa -epagwgèc, antistˆseic kai qwrhtikìthtec- ta opoÐa se
mikrokumatikèc suqnìthtec den eÐnai dunatìn na agnohjoÔn, kaj¸c metabˆlloun ousiastikˆ
ta RF qarakthristikˆ tou enisqut . Ephreˆzontai h prosarmog  eisìdou kai exìdou,
to kèrdoc, h eustˆjeia, en¸ endèqetai na ephreasteÐ kai to noise �gure, kurÐwc mèsw
metabol¸n sth sunj kh prosarmog c.

Sthn paroÔsa ergasÐa epilèqjhke teqnologÐa �ip-chip interconnection, me copper pillar
interconnect kai SnAg solder cap. H epilog  aut  diaforopoieÐtai shmantikˆ apì thn klasi-
k  teqnik  wire bonding: sto �ip-chip h diadrom  reÔmatoc/s matoc eÐnai saf¸c mikrìterh,
gegonìc pou tupikˆ mei¸nei thn parasitik  epagwg  se sÔgkrish me bondwires. Par� ìla
autˆ, h gewmetrÐa thc diasÔndeshc kai h sÔzeuxh proc to upìstrwma exakoloujoÔn na
suneisfèroun mh amelhtèec parasitikèc sunist¸sec, oi opoÐec mporoÔn na metatopÐsoun
suntonismoÔc kai na metabˆloun tic sunj kec fìrtwshc twn stadÐwn.
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Sq ma 3.15: Pr¸to kaskodikì stˆdio, mazÐ me ta dÐktua prosarmog c eisìdou kai exìdou
tou (interstage).
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Sq ma 3.16: DeÔtero kaskodikì stˆdio, mazÐ me to dÐktuo prosarmog c exìdou tou.
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Sq ma 3.17: IsodÔnamo montèlo sugkentrwmènwn stoiqeÐwn (lumped-element model) gia
to paketˆrisma �ip-chip me copper pillar kai SnAg solder cap, pou qrhsimopoi jhke gia
sunexomoÐwsh me to kÔklwma.

Gia ton lìgo autì, to paketˆrisma apotup¸jhke mèsw isodÔnamou kukl¸matoc sugkentrw-
mènwn stoiqeÐwn (lumped-element model), ¸ste na enswmatwjeÐ apeujeÐac sto sqhmatikì
kai na epitrèyei sunexomoÐwsh me to upìloipo kÔklwma (bl. Sq ma 3.17). To isodÔnamo mo-
ntèlo perilambˆnei dÔo parasitikèc epagwgèc, mÐa seiriak  antÐstash kai mÐa qwrhtikìthta
proc to upìstrwma/geÐwsh, me timèc:

ˆ L 1 = 3.5 pH

ˆ L 2 = 81 pH

ˆ C 1 = 60 fF

ˆ R 1 = 0.4 


Oi epagwgèc L1, L2 perigrˆfoun th magnhtik  enèrgeia pou apojhkeÔetai katˆ th ro  reÔ-
matoc mèsw thc diasÔndeshc kai apotup¸noun thn epagwgik  sumperiforˆ thc metallik c
diadrom c kai twn epistrof¸n reÔmatoc. H antÐstash R1 anaparistˆ tic wmikèc ap¸leiec
agwgimìthtac, kaj¸c kai ap¸leiec apì epafèc/metabˆseic ulik¸n, en¸ h qwrhtikìthta C 1

montelopoieÐ thn hlektrik  sÔzeuxh proc geÐwsh   proc to upìstrwma, h opoÐa gÐnetai
shmantik  se uyhlèc suqnìthtec. Sto sugkekrimèno block, h jÔra p3 antistoiqeÐ sthn
pleurˆ tou die (proc ton LNA), en¸ h p4 sthn exwterik  RF jÔra (pleurˆ package/PCB),
¸ste to montèlo na parembˆlletai apeujeÐac metaxÔ chip kai exwterikoÔ peribˆllontoc.

Gia na dieukolunjeÐ h ierarqik  enswmˆtwsh tou LNA se testbench uyhlìterou epipèdou,
to kÔklwma antimetwpÐsthke wc anexˆrthto block kai dhmiourg jhke sumbolik  anapa-
rˆstash (symbol), ìpwc faÐnetai sto Sq ma 3.18. To symbol sugkentr¸nei tic basikèc
jÔrec tou upokukl¸matoc -RF input, RF output, kaj¸c kai touc akrodèktec trofodosÐac
kai geÐwshc- epitrèpontac kajar  orgˆnwsh, epanaqrhsimopoÐhsh tou LNA se diafore-
tikèc diatˆxeic prosomoÐwshc kai saf  oriojèthsh metaxÔ {eswterikoÔ} kukl¸matoc kai
{exwterik¸n} diasundèsewn

Metˆ th dhmiourgÐa tou sumbìlou kai thn topojèthsh tou LNA sto testbench, to packa-
ging model eis qjh se ìlec tic exwterikèc sundèseic tou oloklhrwmènou, ìqi mìno stic
RF jÔrec allˆ kai sto dÐktuo trofodosÐac-geÐwshc. To testbench sunexomoÐwshc faÐnetai
sta Sq mata 3.19 kai 3.20.

H epilog  aut  eÐnai shmantik , epeid  se polÔ uyhlèc suqnìthtec oi parasitikèc epagwgèc
kai antistˆseic stic grammèc trofodosÐac-geÐwshc den prokaloÔn apl¸c pt¸seic tˆshc,
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Sq ma 3.18: Sumbolik  anaparˆstash tou LNA gia enswmˆtwsh se testbenches, me jÔrec
RF input, RF output kai akrodèktec Vdd, Vbias, Vdc kai geÐwshc.

allˆ mporoÔn na dhmiourg soun anepijÔmhth anˆdrash mèsw koin c empèdhshc (common-
impedance coupling). Me ˆlla lìgia, reÔmata pou diakinoÔntai sto dÐktuo trofodosÐac kai
sthn epistrof  geÐwshc mporoÔn na metafrastoÔn se anepijÔmhtec metabolèc dunamikoÔ, na
suzeuqjoÔn me to RF s ma kai na epibarÔnoun tìso th stajerìthta ìso kai thn apìkrish
tou enisqut . 'Etsi, h sunexomoÐwsh twn parasitik¸n tìso stic RF jÔrec ìso kai sta
dÐktua trofodosÐac apodÐdei èna saf¸c pio realistikì senˆrio leitourgÐac, antÐstoiqo me
autì pou ja parathrhjeÐ metˆ to paketˆrisma kai tic metr seic.
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