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ITepiindn

Y1y nopoloa SimAwuaTixy epyoacia TpoypatonolelTon 1 avdhuor, 1 oyediooT xou 1 VAo-
Toinon evog dlotadlaxol evioyuTy toyLog tddne B, o omolog Aettoupyel ot Lodovn FR3 xau
elvor vVAoToinuévog oe teyvoroyia 22nm CMOS FD-SOI. H xevtpinr| cuyvotnta Aettovpylag
elvon 7.76 GHz, eved to edpog Lwvng xuyatveton and 7.125 GHz éwe 8.4 GHz.

H Soyur tne epyaotiag €xel we e€hg: Apyind, TapouctdleTol 1 AR YLITEXTOVIXT] TWV GUYYPOVKOY
PNPLIXDY TOUTOOEXTMY, EMONUUVOVTAS X0l TO POAO TOU EVIOYUTY loy0oC. XT1 CUVEYEL,
mopatidevion ol Baocwxol opiouol UEYEVDY TOU YENOLOTOLOUVTUL OTIC TNAETIXOWOVIES Yia TOV
YOEAXTNEIOUO TNG ETUBOONE EVOG EVIGYUTH LOYVOG, OTWS 1) YRUUUXOTNTA, TO x€e00C, 1 Loy 0g
€£000L xou 1) AT6B0aT).

‘Enetta, elodyovton oL mopduetpol oxédaone (S-parameters), ot uédodol eréyyou tng eu-
otdelag xou To HoVTENO LPNAWY cuyvothTwy Tou MOS TpavlicTtop. Axoloudel n tapoucioon
TV BacdY apyY®V oyedlaong evioyuTt®dy 1o} 0og xodig xon Twv Bacxdy TdEewy Aettovpylag.
O té€eic autéc vAomotoUvToL xaL cuyxplvovtal atny teyvoroyio 22nm CMOS FD-SOL.

Y1n ouvéyela, ouyxplveton 1 single-ended tomoloyio pe T Sapopixr, eve TopouctdleTon
AVOAUTIXG O TEOTIOC UE TOV OTOl0 OVTIUETWTICETOL TO TEOBANUO TNG YUUNAAS OVOUIGTIXNG
tdong Vps oTic alyypoveg teyvoloyieg mupttiou, uéow tne otolBouing teavlicTtop.

Axohovlne, mopouoidletar 1 Tonoloyia Tou SLoTadlKoL EVIoYUTH toylogc. Aol Eyet
mponyndel n mapoucioon Ohng tne amoutoluevng Jewplog, avaAbovion AETTOUERWS OAAL To
Bruata g oyedlaong, TOco Tou evioyuTIXO) oTadiou oyvog 600 xau Tou driver, T6c0 ot
eninedo oynuatxod 6o xou o eninedo layout.

Yto tehevtador xe@dionar Topativevtan Tol TEAXA ATOTEAECUATA TG UAOTOINONS %o TTEO-
TElvoVTOL XUTEVVUVOELS Yiot UEAAOVTIXT) €0EUVAL YOl BEATIOCELS.

H mapoloa dimhwyatiny epyacio anotehel wa yprown eloaywnyn otn Jewpla Twv evioyu-
TOV oY VOC xou UTopel Vo AEtToupYNoEL w¢ ToAOTWO Bordnua Yo 660UC TEOXELTOL VO TYEDLA-
GOUV YOl TIEWOTN Popd Evay EVIoYUTY oy Dog, Wiaitepa o€ clYYpoVeES TeYVvoloYieg mupitiou.
[Mopouctdlovtan avahuTind TedTOoL ETLTEVENE OGO TO BUVATOY PEYAALTEETC Loy bog e€HBOL, UT-
epPalvovTog TOUG TEPLOPIOUOUS TWV CUYYEOVWY TEYVOAOYLIOY Tupttiou mou yapaxtnellovton
and younin ovopaoTixy tdon Vps.

A€Zeig-xAedid: Evioyutrc woyboc, CMOS FD-SOI, Zaovn FR3, RF, Téén B, Awpopixr
tomohoyla, XtolBaln teavlictop






Abstract

In this thesis, the analysis, design, and implementation of a two-stage class-B power
amplifier operating in the FR3 band is presented. The amplifier is implemented in 22nm
CMOS FD-SOI technology. The central frequency is 7.76 GHz, while the bandwidth ranges
from 7.125 GHz to 8.4 GHz.

The structure of the thesis is as follows: Initially, the architecture of modern digital
transceivers is presented, highlighting the role of the power amplifier. Then, the fundamen-
tal definitions of key performance metrics used in telecommunications to evaluate power
amplifiers—such as linearity, gain, output power, and efficiency—are discussed.

Subsequently, the S-parameters, stability analysis techniques, and the high-frequency
model of the MOS transistor are introduced. This is followed by an overview of basic design
principles for power amplifiers and a comparison of the basic amplifier operation classes,
which are also implemented and compared using the 22nm CMOS FD-SOI process.

Next, a comparison is made between single-ended and differential topologies. Particular
attention is given to addressing the challenge posed by the low nominal Vpg of modern
silicon technologies, which is mitigated through transistor stacking.

Following that, the topology of the two-stage power amplifier is presented. After the
theoretical background has been established, all the design steps for both the power am-
plifier stage and the driver are thoroughly analyzed, both at the schematic and layout
levels.

In the final chapters, the implementation results are presented and directions for future
work are proposed.

This thesis serves as a useful introduction to the theory of power amplifiers and can be a
valuable guide for those designing a power amplifier for the first time, especially in modern
silicon technologies. Detailed design techniques are presented to achieve maximum output
power while overcoming the limitations imposed by the low nominal Vpg in advanced
CMOS processes.

Keywords: Power amplifier, CMOS FD-SOI, FR3 band, RF, Class-B, Differential Topol-
ogy, Transistor Stacking






Euyaplotieg

Agiepdyveton ot péhn Tou gpYaoTNElou, UE TO OTOLOl XATUPEQOUE VO BNULOVEYHOOUUE
€va 6Uoppo xhipa cuvepyaotiog xou ahiniofordetac. Iopd tnv nicon tne dovielde, Perxaue
oTiypéS yohdpwang xou amohadooue euydoiotee oulntioeic. Mr Eeyvdue: 1 eutuyla elvou
oTiyUéS: n ailel vo mpooTodolUE Vo UEYIOTOTOLOUUE TNV TUXVOTNTA TOUC.

Y10 gpyaotiplo elya TNV TepdoTia TUYN Vo Yvoplow Tov e€atpeTixd Baolieio Mavoupd,
urofipLo SLddxTopa — xou clvToua SWdxTopa. Evav dvipwro ye ayvi| xapdld xou xohy| huyn.
Tov euyoploT® Tou €0woe (WVTAVOL 0TO EPYUOTNELO ot CUVEROAE GTN SLIdEPwaT] eVOg
yYvHolou opadwol mvedpatog. Tov euyaplotd yia Tnv auéptotn Bordela Tou mpocépepe o
Oha Tar weAn. H epyatidtnTo o to neloua Tou anoTéASCUY Yior UEVOL EUTVEUCT] VO XUV Y oW
€va OIxO Uou ddaxTopd 6To PEAhov. Elyouon va eivon mdvta eutuytouévoc. Aev da tov
Eeydow moTé xat eATilw var xpatrcouue emapn Uyet Ta Podid yepduota.

‘Evo yeydro euyaplotd otoug xadnyntég I'ewpyio Iavoaydmovio xa Iwdvvn Ianovdvo,
TOU PE TNV eumeLpla xou Ti¢ EVOTOYES GUUPOVAESC Toug e xadodhynooy 6To 6waTd dEOUO.

Evyaplote Yepud tny owoyéveld pou yioo T Slapx) nix) xou U Toug UTooTHRLEN.
ISwadtepn wvela ot wopd povu, Bevetla Ataxoyidvvr), mou efvon mévto exel yia vo e axoloel
X0 VoL UE oTNplEEL.

Télog, éva TepdoTIO EUYOPIC T GTOUE TOALXYATNUEVOUC oL @iloug: To Nuixdha Iletpo-
movho, Tov Aviwvn Anudxm, to Mdvo Moapxoukdxrn xou tn Xogla Koupdxou. Eva "eu-
Yoo e elvon To EAAYIOTO TOL UTOP® VAl Tiw Yol TV avexTiuntn i) Toug uTooTHRIEN.
Mou otdidnxay meaypatixd oTIC To 8UCXOAES GTLYUES HOU Xl YU oUTO TOUG OPeihw TOAAG.
"Hrov médvta 8imhat ou otor EUYEELOTA Xal OTA OUOAEESTA, 0T EUXOAA Xat 0T dUoxoha. Mn
Eeyvdue 6Tl ot dvipwrnol ot duoxoha gaivovtar. Me otiplav ye oydmn, xatovonon xat
otadepoTnTa, Xou popaoTrhixaue oTiypés aandvic yapds. Xden oe autolg EavoPerxa Thv
eumioToolvn pou otoug avidpntous. Ot xahol dvipmrol uTdeyouy — amhwe elval OTdVLOL.
Oa xpoTACOLUE ETaPY] YLol VT, oxoud Xt OTay @UYw amd v EXNEdo. Mog gavtdlouon
YEQUOUEVOUC TiLdL, VoL YUUOUICTE UE VOO TOAYLO TAL VEAVIXE OIS YPOVLL.
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Kegpdhaio 1

Extetopevn llepliAndn ota
EAANVIxd

1.1 Ewayowyn

H rapoloa epyasia €yl we otdyo TNy avdAuo, oyedioon xat VAoTolnom evog SloTadLoxo0
evioyut oyboc tééne B, o omolog Aertouvpyel ot {odvn FR3 (7.125-8.4 GHz) xou eivou
xotdAAnhog yio pehhovuxée egopuoyéc 5G/6G. O evioyutrc uhonotelton ue v te)VoroYia
22nm CMOS FD-SOI xau egapuolovton uédodol yio vo yeytotoroinel 1 woyic e€66ou tou,
EEMEPVWVTOC TOUC TEPLOPLOUOUE TOU ETUBAAAEL 1) YUUNAT) OVOUasTixY Tdon Vps.

1.2 X0vypova Tnismixolvwviaxd XUoTHUAT

To olhyyeova TnAETXOWVOVIOXE cuaTAaTa etvar (ngioxd. Ot Bouxég Lovadeg Tou TouTon
o ToU UTEEETERABUVOU BéxTn mopouaidlovon oo By fuorto [L.1] xa

Yyfuor 1.1: Tlounde

Apyixd, otov mound, ot Sudpopes poég dngloxnc TAnpogopiag ToAUTAEXOVTAL GE pla Eviolal
poppt. Xtn ouvéyela npootidevian emmAéov Pmplo, MoTE T0 GOGTNUA VoL ATOXTHOEL BUVATHTY-
Tot AU ToBLOEYwoNG GparudTry. H Swbiasctio autr Bedtidvel Ty oflomotio Tng emixovwviag,
oV X0l PELOVEL TOV WPEMUO puiuod petddoone. Emeita, ta Pnpla avtiotoryiCovion oe cbyfola,
Ta onolol TEEVOLUY amd TOAIO UOPQPOTOINONS oL OTN GUVEYELL amd 0pUVOYOVIO SLUORPOTH.
Téhog, evronileton 1 xplown Baduida tou evioyuth Woybog, o onolog TUPEYEL GTO Gud TNV
ATOUTOVUPEVT LYY YioL VoL TROQOBOTAHCEL TNV xepaio xon vo petadolel To orua.

Yo 1.2: Trepetepdduvog 6éxTne
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1.3. ©EMEAIQAEIY ENNOIEY KAI OPIXMOI XTI¥ THAEIIKOINQNIEY

H hertoupyio tou déxtn etvan avtiotpopn authc tou mounol. Apywd, éva {wvonepauto
pihteo emkéyel o emuuntd orua xou amoppinTtel Tar exTOC LOVNG ORUaTA. LT CUVEYEL,
10 ofjua evioyleTon and évay evioyuth youniol YopiBou (LNA), o omoloc yopaxtneileto
amd LPNAG ®€pdog xan yaunid cuvieheo Ty Yoplfou, woTe va ehayloTonoinlel 0 GUVORXOG
cuvtedeo g VopUPou tou cucthuatog. ‘Emeita, 1o ofua odnyeiton otn Bodulda evoldueong
ouyvétnroag (IF), n onola éyel otadeph T aveZopthtwe tou emduuntod ohuatoc. Axolou-
Y00V 0 amodlopopPwThS, N Baduida anoxwdixoroinong xou T€Aog 0 ATOTOAUTAEXTNS, O OTolog
AVOXTE TG EMUEPOUS POEC TATPOPOEIOG.

1.3 Ocspeiwdeg ‘'Evvoieg xauw Ogiopol otig Tn-
AETTLXOLVWVIEC

H mo ocuvnhoyévn povada yétenone ot tniemxovwvieg eivon ta dB, ta omola yenot-
HOTIOLOUVTOL YLOL TNV TOGOTIXOTONCT TWVY TEQIGCOTERMVY UEYEVRDY, OTWS 1) Loy Ug, TO xE€EBOSg
Tdong xon To %x€pEdog Loy voC.

O Vopufoc anotehel avemOunTn OVIOTNTA UE CTOYACTIXO YOEOUXTHEA, T omola uTtofod-
uller v mowdtnTa Tg TAeTxovwviaxhc (evéng. Ot nepiocdtepeg mnyéc Yoplfou elvan o-
CUCYETIOTEG %o ToEdyouY Aeuxd VopuUPo, dNnAadt Jopufo ue oTalepr) QUoUOTIXY TUXVOTNTA
woyvog o 6ho 10 @doua. Emniéov, o Y6pufoc elvar adpotoTindg.

H moiétnta tou orjpatog 6to d€xTn expedleton p€ow Tou AdYou chuatog Teog Yopufo
(SNR), eved n umoBdduion autod tou Aéyou Aoyw tne mapouciog pag Baduidag exppdletan
and 1o ouvteheoth YopBou (NF).

H nhextpinh) ouunepLpopd. apxeTmy XUXAOUATLY 0V etvat oaxpl3og Yoouuixy. ‘Evag tpénog
VoL TOGOTIXOTOMNUEL O U] YEOUUIXOS YORUXTARS EVOG XUXADUATOS Vol HEGK TNG TOAUWVUUL-
XS TEOCEYYLONG, OTIOL 1) TdoT E600U EXPEACETAL (WS TOAUDYUUO TNG Loy V0C ELGOJOL.

Adyo TV un YeouuixoThTwy, 1o ofua e£600uU unopel Vo TEpdoEL and QAcY) CUUTIECTG
(compression) # eméxtoong (expansion) yia apxetd LPNAéC Tiwée Tng elo6dou. ‘Etol, opiletan
10 onuelo ouuricong 1 dB, to omolo eivon to ornueio dTou TO XEEBOC TOL HUNAGUATOS UELDVETAL
xatd 1 dB oe oyéon pe 10 x€pdoc o Ypouuixt| TEQLOYT.

Enlong, Moyw tov un yeopxotitwy eu@avietal T0 QuVOUEVO TN EVOOBLUUORPWOT.
‘Otay 600 avemdunta GHUATH UE CUYVOTNTES W1 Xl W2 EQUOUOLOVTOL GE EVaL UN) YEUUUIXO
x0¥xAwUa, otV €£000 euPaviloVTol GUVIGTMOOES TOU OEV EVOL OPUOVIXES OUTWY TWV CGUYVO-
Ttwyv. Kdmoeg and auvtéc umopel va Beedodv moAd xovtd ot cuyvotnTa Tou emuunTol
CHUATOC XL VO TEOXAAEGOUY GueoT) TapeUforr. O cuyvotnteg auTég eivan, Yol TOEAdELY AL,
oL 201 — wa xou 20 — wi. ot var eheyydel 1 yeoupwdTTo vOg XUXAGUATOS opileTal TO
onueto touhc tpitne tdEne (IP3), to omolo eivar éva Yewpnrind onueio oto onoio ta npotdvta
eVO0OLUOPPWONG €Y0LY To (Blo TAATOC HE TN VeEUEALNOOT CUYVOTNTAL.

Téhog, napoucidlovton Ta UeyE€Dn Tou YENOULOTO0OVTOL YLl TO YAUEAXTNELOUS TNE eNidOoTG
evog evioyuth loyvog. Ta o yapoxtneioud tne yeouuxotntag a&tonotodvtal to 800 Yeyéun
Tou oploTnxay Tponyouuévwe. Erniong, yenowonoteiton to x€pdog 1oybog, mou elvor 0 AoYog
e Loyog e€£680u TEog TNV Loy L El06d0L xat expedleton cuvidwe oe dB. Opiletan eniong 7
Loy U¢ xopeopoU, Tou eivan 1 YEYLoTT Loy g €£680U Tou unopel va topéyetl o evioyutic. Télog,
optleton 1 ambédoo, N onola hofBdver UTOYN TO *€EBOC TOL EVIoYUTY, dNAadY TNV oY) TToU
amouTELTOL YLl VoL TROQOBOTHOEL TOV EVIGYUTH, w¢ eENC:

Pout_P'

PAE = = x 100%

DC

OTou
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KE®AAAIO 1. EKTETAMENH ITEPIAHVH ¥TA EAAHNIKA

o FPout: 1 toyic €€6d0u
e Pyt moyic elo6dou
e Ppc: 1 oyic tpogodociog DC mou xatavaA)VEL 0 EVIGYUTAS.

And v dhAn, n anAf anodoor oplletar wg 0 Adyog Tng toybog £660u TEog TNV Loy
TPopodoaloC.

1.4 Ta RF Kuxiodpoato wg Mixpoxupotixd Al-
XTUA

H avdhvon, npocopoiwon xou pétenon twv RE xuxdoudtwy yivetow xotd xavéva yenot-
HOTIOLOVTOG TIG Topoéteous oxédaong (S-rtapduetpot). O mopduetpol oxéduong Teptypdpouy
TS CLVOEOVTOL TA AVAXADUEVAL xVpaTa by xdde Y0pag evog n-port pe ta x0OuaTo Tou eloépyo-
VTOL OE QUTH), G;, HECW TNG UWATEAS OXEBAOTC:

by Si1 -+ Sin ap
bn Snl Srm Ap,
OTou
b,
Sl'j =2
Aj | a1, =0, V]

H napandve e&lowon expedlel Tov cuvteleoTr yetddoone amd tn G0pa j ot Yopa i xou
umohoyileton Bieyelpovtog T YOpa j UE TO ELOEPYOUEVO XOUA @ XL UETPWVTS TO AVOXAWUEVO
x0uo by ot Yopa 7, eved GAeg oL utdroiteg YOpeg TepuatilovTon GTNY YALAXTNELOTIXN avTloTaoT
Zo (dnhadn, ag = 0 yia xde k # j) dote va ano@elyovTol avoxhdoeLs.

Emmiéov, avahleton nog unopel va eheyydel n evotdela evog didupou Y€cm Twv xOXAwY
evotdieog. Ilopouoidlovton tor pordnuatind xpitrpta mou mpocdlopilouy av éva xOxAwUL
elvon euotadég dveu dpwv Omwe To xprthplo 1 xon To xpithplo K-A. Edv xdmow and autd
TOL XELTAPLAL OEV IXAVOTIOLE(TAL, TOTE TO XUXAWUA VEWEEITOL EVCTUVES UE OPOUC oL TEETEL VoL
yenowonotntoly oL xUxAoL EVCTAVELIS YL TEQUUTER AVAAUGT).

Téhog, nopouoldletar T0 LGOBLVOUO XUXAWHATXG wovTéro Tou MOS tpavlictop oTic U-
YnAéc ouyvoTnTec. XT0 HOVTELO QUTO, Tépa Amd TNV TYT| PEVUUTOS EAEYYOUEVT Ot TAGT Xou
NV avtioTooT rgs, TEpLAopBdvovTal enione 1 avtioTaon 0To gate xou oL TUPUCITIXES YWENTL-
x0TnTEC UeTall gate-drain, gate-source, drain-body o source-body.

1.5 Evioyvutég loydog

O evioyutig toylog elvon éva un yeouxd x0xAwuo xat 1 TANeng Lo NuaTixy Tou o-
véhuon eivon 60oxoAn. H oavdluon auth urnopel va yivel TpoceyyloTxd o €vav EVIGYUTN
evog tpavliotop, omou 1 tpogodocio mapéyetar and RF choke, dniadn boavixd nmnvio dmet-
eNnc aUTETAYWYNS, xou 1 €€000¢ Tou TEavlioTOP GUVDOEETOL UE TO WUIXO POETIO UETK LOOVIXOU
dmelpou TUXVKOTA. Xe auTAV TNV TEpinTwo, évag TeoTog va exTiundel 1 cuuTepLpopd auToY
TOU EVIOYUTH Loy 00C VoL VoL YIVEL QUOUATIXT] AVAAUGCT] XL 1) YOQOXTNELO TIXT) PEUHATOG-TAOTS
Tou tpavlloTop va avtixatacTadel and TNV TUNUOTIXG Yeauuix Teocéyyion. Me autdv Tov
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1.5. ENIXXTTEY IXXTOX

TEOTO UTOEOLY VoL TROGOLOPIGVOUY avaAUTIXG OAEC OL APUOVIXES TOU pelUaTog oty é€odo. H
Tdon oty €€0d0 elvar xordopd MUitovo AoYw TOU TUEdAANAOU XUXADUITOS GUVTOVIGHO) TTOU
ELOGLYETAL.

‘Eneita, mapovoidlovtar ot téooeplc Baocixée tdlec Aettoupyiog: A, AB, B, C. H uévn
T4EN 1 omola Aettoupyel oTn yeauuixy teptoyy) Tou teavliotop eivar 1 té&n A. H cuurepupopd
TOL PeVPATOC Ot Xdie TEEN elvon 1 e€ng:

Té&n A: To tpavlictop dyel oe Ohn TN Sidpxela TG TEELOBOU

Tdagn AB: To tpavliotop dyel yia Sidpxelar peyalbtepn and 11 Wiot| nepiodo

Tdégn B: To tpavliotop dyet yio Sudpxeio axpl3oe (on ye tn por| meplodo

Tdagn C: To tpavlioTtop dyet yior SLdpxEld WXEOTERT, TN OIS TEPLOBOU

Puduiovtag xatddinha tnv noAwaon oty mOAn Tou TeavlicTtop umopel vo xodopioTel 1
T4EN hertovpylag Tou.

Kodog petaavoluaote and v 1@€n A otn C, ol apuovixég yivovton 6ho %o To €VTOveg,
CLVTEADVTOG OTNY aOENCT TG AMOBOCTC.

[N va kertoupyet o evioyutic oy bog BEATIOTA, TEETEL TO WUIXO PopTIo Vo EYel TN BEATIOT
Tiwn. ‘Evag tpénog va mpoodlopiotel auth) ) T oty téEn A elvor péow tng sudelog poptiou.

Y1n ouvéyela, vhomoinxe évag evioyutrc oylog evog TpaviioTop oe teyvohoyia 22 nm
CMOS FD-SOI ot 6hec Tic téooepig Paocixée téleic Aettovpyloc. Ta amoteléopata elvon
CUYXEVTPWUEVI GTO Oy U

Gain (dB) 52.22
Psat (dBm) 50.0750.19

OP1dB (dBm)

PAE_1dB (%)

PAE_max (%)

50

404

30 A

20

104

Class A Class AB Class B Class C

Eyfuor 1.3: Xhyxeton v emdOCEWY Tou EVIOYUTH Loy Vog oTic TAEelc Aettovpylog A,
AB, B xau C

Ebvan epgavég 611 to xolbtepo trade-off petadd dAwv tov napauétewy enldoong to meTu-
yoibver 1 téén B.

Ago éyve 1 olyxplom TV TECOEWY BACIXMY TAEEWY, EICAYETAL 1) SLopoEIXT) TOTOAOY (A,
1 omnola Simhacidlel Ty oyl e€6dou. Tautdypova, ol neutralization Tuxvemtég emitpénouy
vo emiteuy Vel €dxola euoTdlEl aveEL Gpwy, emiTpénovTac mavov adinor tou xépdouc. Ot
TOEUTNENOELS AUTEC EMBERUMVOVTAL A6 TELOAUUUTING ATOTEAECUAUTAL.
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KE®AAAIO 1. EKTETAMENH ITEPIAHVH ¥TA EAAHNIKA

Enlong, ov olyypoveg teyvoloyiec mupttiov mapouctdlouy To UELOVEXTNUA TN YAUUNATS
ovouaoTixAc Tdone Vps, UE CUVETELX Vo efval TEQLOPLOUEYT 1) TWN TNG TeoYodoaclag xa dpa
xan e toyvog e€odou. Evag tponog va auiniel 1 woyie e€6dou etvon 1 otolBaén TpavlicTop,
aol emTeénel TNV alénon g Teogodootag. ‘Ouwe, 1 oyedlaon meénel va yivel TpooexTixd
OoTe va €youpe BéNTIoTn enidoon, ahhd xou vo ebvan aflbémotog (reliable) o evioyuthc. A-
routeitoan N eloaywyr) RC dixtdwy otic miheg twv tpavlictop tne SelTeEENC OELRAC XOoL TWV
AVOTERWY TELRWY, MOOTE Vo loouotpdletar 1 tdon Vpg otn otolBa xou va BeAtiotonoiniel 1
enidoon. EmBefouminxe meipopatind 6Tl €vog Slopopnds cascode eVioyLTAS LoyYO¢ ToEOL-
oldlel oyeddy dimhdoia Loyl e€6bou oe ayéon Ue €va amhb Slapopixd Leuydpl, oAAd Ue Alyo
YELROTERY ATOBOCT| AOY® TMEQIGOOTERWY TUQUCLTIXMY.

Téhoc, mapouctdleton o 0 BloTaAdLIXOE EVIOYUTAS, 0 oTtolog augdvel To x€p80g Xl YeNot-
UOTIOLE(TOL OE TEPLTTWOELS OTOL 1) oY VS TOL TAEEYOLY Tot GTABL Tiow amd TOV EVIGYUTY Loy 00
dev emopxel yioo var Tov odnyroel oto 1dB onuelo cuprieorc tou. Autod Béfoua yiveton pe to
XO0TOC YEWWOTERNC AMOBOONC KO YEWROTEPNG YEOUULXOTNTOC.

1.6 Xyedilaom tou Ytadlov Evioyuty Ioybog

H tonohoyla tou otadlou evioyuth| woybog etvar Slagopixr we otolfoln teidv tpavlictop,
TeoxeWEVOL va peylotomolniel 1 oyl e€6dov. Ta tpavliotop emAEyTHXOY TOMD ToyYLd WOTE
va peytotorolel 1 toyic e€680u, dTwe paivetar 610 oyud
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c - 70
S
W ~
@ 23.0 1
&
£ 68 _
g 22.5 &
o &
v W
ks £
2 22.0 1 66 £
© E
=3 Q
a 21.5 a
= L 64
2
2 21.01
2 L 62
‘= 20.54
z

20.0 60

T T T T T T T T T
200 225 250 275 300 325 350 375 400
Total gate width (pm)

Eyfuo 1.4: Méyiotn woyie e€6dou oto onuelo ouuricone 1 dB xou uéyiotn anbddoon
woyvoc (PAE) oe ouvdptnom pe 1o guvokixd mhdtog ToANG

Ot tiéc tov neutralization TUXVWTOVY EMAEY TAXAY PE TETOLO TROTO HOTE VO UEYLO TOTOLO-
Ov 10 y-Factor. H Bértiotn T tne aviloTaong mou énpene va BAETEL 0 eVioyuTHS Loy 00g
otny €£086 Tou mpocdopictnxe ue load pull mpocopoloeic.

Enlong, to balun otny é€060 eméytnxe va yopoxtneileton and uPnhéd cuvteheoth oUleu-
&ne, wote va ehoylo oo doly oL ATOAELES, EVEM YENOWOTOUNXE Xt €VAC TUXVWTAS OTA
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1.6. YXEAIAYH TOY Y¥TAAIOY ENIXXYTH IXXTOX

dxpo TS €L0680L Tou KoTe va eaopaliotel To anantoluevo matching. To balun otny é€od0
pofveTon 0TO oYU To 1600UVIUO XUXAWUATIXG UOVTENO TGV UETACYNUATIOTOV, OANS
X0l TOL YUEAXTNELO TIXG TwV baluns xot ToU YETACY NUATIOTH TOU YENOLLOTOLRUNXE OTOV TEMXO
BLoTAdLOKO EVIOYUTH oY VO, TapoLGLElovVTaL GTO TURAOTNUAL.

Yyfua 1.5: Balun otny éZodo

Axéun, petoll Twv TUAGY TV xdtw tpaviioTtop Tonodethinxe avtioTaoy, TEoxewWwévou
vou uewwidel 1o avtacTixd U€pog GTNY avTIoTACT €L0OB0U TOL GTASOU EVIOYUTY oY VOg oANS
xa vor ow€ndel to wuxd yépog. Me 1o x6aTo¢ BéBata yepdtepou xépdoug. H avtiotaon auth)
fray dune amapaltnTn yior vo emiteuydel xahd edpog Lodvng xa euxordTepo matching petald
ToU 0TAdlou 0BT YNOTNE XL TOL GTAdloL EVIoYUTH oY Vog. Xwelg AUTAY TNV AVTICTUOT TO WUXO
ué€pog elvol TOAD UXEO EVE TO QAVTUCTIXO TOAD PEYAAO.

Ta aroteréopata 6to nominal @aivovton ctov miveco |1.1

ivoxag 1.1: Xovoln emddoewy Tou oTadiou evioyuTtr| oybog

Supply Voltage (Vpp) 24V
Gain 16.62 dB
Saturated Output Power (Piy;) 23.31 dBm
1 dB Compression Point (OPyqp) 22.04 dBm
PAE at 1 dB Compression Point (PAF145) | 51.34%
Maximum PAE (PAFE,.x) 51.51%
Difference Between I1P; and IP4p 6 dB

Emnpéoieta, e€etdotnne n Acttovpyla Tou EVIoYUTY 1o 00C GTA corners. e XJmolo cor-
ners mopatnerinxe abénomn oto x€pdog xat peiwon oto onueto ouurnicong 1 dB, v ot xdmola
dAha Topatneinxe To avTioTEOPo. XTNY TE®TY TERINTOON 1) TEOY XATWPAOU UELOUNXE, EVE
otn deltepn nepintwon avdiinxe. H enidoon ota corners tng npdtng nepintwong Beatiddnxe
petvovtag ™ DC tdon otic mhieg twv teavlioTop, Kote vo odnyndel o evioyutng Tkl oy
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KE®AAAIO 1. EKTETAMENH ITEPIAHVH ¥TA EAAHNIKA

tagn B. Xt dedtepn nepintwon mpénet vo epoppootel Yetixy DC tdon oto back gate twv
%ATe %(dTe TeaviioTop, MOTE Vo Uetwlel 1) Tdon xaTe@Aiou.

Yyfuo 1.6: Layout tou otadlou evioyutr oybog

Yo oy [L.6] tapoucidleta to layout tou otadiov evioyuth wyvoc. H teyvoloyia ma-
PEYEL OXTC) CTPWOUITA UETIANOU, EX TV Omolwy Ta Tplo avedTepa lvon Toytd. Amd autd, To
Métodho 7 nopouctdlel Ty uPniéteen aywywotnta. o va ehoyiotonomdoly ol anmheleg
%ot uixog tne otoifag tpavlicTop — amd TNV UTOBOY Y| TOU XATOTEEOL TeavlioTop €S TNV
UTOBOY | TOU AVOTEEOLU — Xou Vo UeyloTononiel 1 1oy lg mou anodidetar otny €€odo, Yenot-
pomolAUNXE €Vog CUVBLUCUOS TwY OTewHATwY Métahio 6 xar MEtahho 7 yio Tig BLaCUVIECELS
umodoyhe xou TNYNS.

Ta mpwto TEGOEPA CTEWUATA HETEAAOL Yenoylonotiinxay yio Tn BoPoAdYNoT TV O
pTwv Twv TUAGOY. Tlapdho mou auth 1 emAoyn Aray avoryxold, oNYoye QUENUEVES ATMWAELES,
HE amoTEAECUA Wi ehaped LToBAduLoT Tou xEEBOUG.

Or muxvwtéc ot mUAeg twv tpavlioTop tTng deltepng xan Teitng otolfoc yweloTtnxay o
0V (oo uéer), Tmpoxewwévou va emtevydel mo cuunoyég layout.

Emmiéov, Aoyw Twv Tpomomotfoewy mou oy Inoay and T OLUOUVOETELS, OL YWETNTi-
AOTNTEC TV TUXVWTWY oT1 0eUTeEn xan Tpltn oToifa énpene va augnolv yio va Beitiwiel
n enidoon xaw vo emtevyVel TO opoLdpopP XaTavour TwV Tdoewy urodoyhc-tnyhc (Vps)
xatd unixog tng otolBac. EmmnAiéov, Arav amapoaitnTn 1 peiwon tng avitiotaong otic miheg
v tpavlloTop tng deltepng oTolfug, wote va Pehtiwiel n enidoon xau vo yivel teplocdTERO
OUOLOUOYN 1) XUTAVOUT| TV TACEWV.

To anoteréopota mopouctdloviol cLYxevTpnTxd ctov Ilivaxa xa ouyxplvovTal e

exelva oe eminedo oynuatxo. Eivow eugavéc 6tL 1 anddoor vroladuictnxe chappeng, Ue
elalpeon T YeouuxoTNTA, 1) omolo BeATInXE.
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1.7. ¥XEAIAYH TOY Y¥TAAIOY OAHI'HYHX

ivoxac 1.2: Edyxpeton tng enldoone Tou oTadlou evioyuts| loyloc uetall schematic
xau post-layout anoteleoudtwy

Parameter Schematic | Post-Layout
Supply Voltage (Vpp) 24V 24V
Gain 16.62 dB 15.66 dB
Saturated Output Power (Piy) 23.31 dBm 22.45 dBm
PAE at 1 dB Compression Point (PAFE14) 51.34% 43.93%
Maximum PAE (PAFE,.y) 51.51% 44.10%
Difference Between I1P; and I P4p 6 dB 10.18 dB

1.7  3yedlaomn tou Xtadlouv OdHyYNnong

H oyedioon tou otadiou odhynone (driver), av xou oyt t6o0 xplowr, amoutel xou auTh
meocoyr. ' tov oyedlacud tou otadiou odrynong, meenet va Angdel unddn 6T To *€pdog
Tou driver Vo mpémel vor Topapé Vel ypouuxo oto onueio cupnicong 1 dB tou otadiou evioyuty)
oyvog, 6tay autd avapépetal otny eloodo. Katd cuvéneia, to onuelo ouunicone 1 dB tou
driver otnv éZod0 Va mpénel va ebvan TouAdylotov 3 dB udnidtepo and to avtioTtoryo ornuelo
ovunieong 1 dB tou otadiou evioyuth woybog oty elcodo. Emniéov, 1o onuelo cuunieong 1
dB oty €€0b0 tou driver 8ev Yo mpénel va etvan utepBoAixd UPNAG, TEOXEWEVOL Vo TERLOPLOTEL
1 vnofdiuion Tne anddoong Tou GUVOAXOD eVIoYUTY toyboc. 'Etot, yio va yivel euxoldtepog
0 OYEBLAOUOS, UELOUNXE 1) TOAWOT TWY TUAWY TOU GTAdlou evioyuTY| Woyvog xautd 0.01 V.
Auto elye we anotéheopa avinomn tng anddoone xat Tou onueiov cuurieone 1 dB téco oty
€€000 600 xaL TNV €l60B0 HATWS TEQIOTOTERO, AhAd UeLwInxE TO %E€pBog.

O driver mou vhonojinxe anoteieltan amd Vo Brapopxd Leuydplor GUVOEBEUEVL ToEAA-
Anha petold toug. Kou o 8o drapopind Ceuydpta a&lomololyv toug neutralization muxvmtég
xou UETOEY TV TUAGY xdde Leuyoplol Tonodethinxe pio aviictaon. Xuvdéooue d0o Biapo-
ewd Cevydipta, wote va elvon o €0xolo To matching petalld twv Vo oTadlny, wag xat xdde
Ceuydpl BAémel avtioToom SITAGGLO omd AUTHY GTNY E(CO00 TOU PETUCY NUATIC TH Ko amanTelTa,
eniong, oxeTxd YeydAn Bértiotn avtiotaon va frénel 1o xde (euydptl.

To ndyoc twv Tpavlictop emhéytnxe 200 pm Oote vo e acpalioTel ixavomointixd xEp-
ooc. Emiong, emedr to onuelo ovurnicong 1 dB oty clcodo tou cradiouv evioyuth woybog
elvon mepinou 7 dBm 1600 og oynuatixd 6co xou oe layout eninedo, xdie Leuydpor Yo mpémel
va €yel onuelo ouumieong otny €€odo Ttou TouldyioTtov 8 dBm, haufBdvovtag umodn T o-
ToAeleg mou Yo TpoxaAécouy To layout xa 1 elcaywyy| TpaypaTxdy ctolyeiwy. Iolpvovtag
ta 1 dB compression point contours otnv é£060 xdie dlapopixol LeLYapLOY, XATAPEROUE VoL
EVIOTOOUUE TNV avTioTaon Tou Teénel vo BAEmel xdie Leuydpt.

O petooynuatiothc vetadd twyv dVo ctadlwy elvon oxplBne (Blog ye to balun oty é€o-
60. To balun otnv elcodo emhéytnxe xan auTod v yopaxtnelleton and YeYGAo GUVTEAECTY
oLCeVgng xau €yel (Bilar Bour) pe to balun otnv €€0b0, AN Ue UXEOTERT ECMTERLXY) DIAUETEO
X0l UXEOTERO Ty 0¢ UETIAAWY. To balun qalvetar oto oyfjua Enlong, otny eloodo 1600
Tou balun éco xou Tou petaoyNuaTio Ty TotodeTRdnxEe évac matching muxvetc.

To layout tou driver otadiou mapoucidletar oto oyfua 1.8
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KE®AAAIO 1. EKTETAMENH ITEPIAHVH ¥TA EAAHNIKA

Yyfuo 1.7: Balun otnv elcodo

Yyfuoe 1.8: Layout tou Driver otadlou

1.8 Awtasiaxdg Evioyutng Ioydog

To layout tou tehxod dioTadiaxol evioyuth toyvog gaiveton oto oyfua [1.9)

Srov nivaxa [1.3] nopouoidleton 1 o0Yxpion TwV Topuuéteny EBoong PETOE) TwY TEOGO-
HoLWoEWY ot eTinedo oynuatixod xal o eninedo layout. ‘Onwe gatvetan, to layout emipépet
peY) pelwaon oTig eTBOCELC TOL EVIGYUTH, eV& Topatneeiton Behtiwon oTtn yeouuxotnToL.
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1.9. ¥TMIIEPAYXMATA KAI MEAAONTIKH EPTAYIA

Yyfuo 1.9: Layout diotadioxol evioyuty| loyog

ivaxac 1.3: Ldyxpeion tneg enidoone tou dloTadlaxol evioyuty| oy loc uetall sche-
matic xou post-layout amoteheoudtwy

Parameter Schematic | Layout
Supply Voltage 24V 24V

Gain 29.1dB 27.74dB

Saturated Output Power (Pyy) 23.22dBm | 22.66 dBm

1 dB Compression Point (OPyqp) 22.19dBm | 21.26 dBm
PAE at 1 dB Compression Point (PAFE4p) 47.57% 41.38%
Maximum PAE (PAE,.x) 47.81% 41.76%
Difference Between I1P; and OP4p 4dB 7.55dB

1.9 Xvurnepdopota xouw MeAhovtixr Epyacia

O evioyutrc woybog amotehel éva and Ta TO xplolua OTABLL OTOV TOUTO EVOC TNAETIXOL-
Vool cucTAUaTog. Elvow To umhox pe tn UeyoAlTeRn XATAVIAWOT) oY V0S OE OAOXATPO
70 aloTNUA Xou TEETEL Vo TIoREYEL Emapx®S LYNAY Loyl €6Bou e LMY anddoor, “hote Vo
olaopoiletan 1 anodotixy Swyeipton tne oyvog. Tautdypova, o evioyutig Wybog TEénel
vor Topouctdlel UPmAd x€pdog, MOTE Ta TEONYOVUEVA GTABLY Vo UTopolV Vo ToV 001y Roouv
amotekeopatixd oto onueio cuprieone 1 dB. Emmiéov, amouteiton 3ok yoouuuxdTnTa, Yo vo
dratneetton LPNAA N TotdTTa TNE LevEng xan va utoatTneilovTtal GlYYEOVO TOAOTAOXA Gy AT
Blouoppwong LPNAAC T4ENE Ue PETUBUANOUEVO QAoUN CHUATOS, TIOU YENOWOTOLOVOVTAL EVEEWS
ot a0y YEOoVaL PnpLaxd GUCTHUTO ETUXOVWVINS.

Yy moapodoa gpyacia, o evioyuthc oybog vhomoijinxe oe Aertovpylo tdEng B, plo o-
T6 TIC TECOEPLS HAUOIXES TAEELS EVIOYUTAY, TOU TROCHEREL LooppoTio UETAED Loy log €600U,
%€E00UC, AMOBOTIXOTNTOC XAl YRUUUXOTNTAS. [l TNV aVTIHETOTION TWY TEPLOPICUMY TV GUY-
XEOVOVY TEYVOAOYLWDY TUEtTiou — dNAadY| TN younAnic ovouacTixig Tdong petoh utodoyrg
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KE®AAAIO 1. EKTETAMENH ITEPIAHVH ¥TA EAAHNIKA

xon TYNe Vps — emhéydnxe n tomoloyia Slapopxol evioyuty| 1o Vo UE SLadoyixd GToL-
Boryuéva tpavliotop. H mpocéyyion auty| emitpénel Ty enlteudn ixavomonuxd udming oy dog
€€600V, EVO TREOOCEXTIXEC ETMAOYEC oyedlIoUo) Slacpaiilovy 6TL t6c0 1) 1dom Vpg 600 xau
1 tdon Vap mopouévouy xdTw and TS TUOEIC XUTAPEUCNE, OLUTne®vTaC TNV adlomioTia Tng
ouoxeunc. Emimiéov, npootédnxe otddlo odrynong yio adEnomn tou xépdoug.

Ta mohOmAoxa oyfuata Slodppwone UPNAAg t8Ene ue PETUBUAAOUEVO QAoua CHUATOG
amontolV e€otEETX| YeaxoTnTa. §2¢ £x T00TOU, 0 EVIOYUTAC Loy 00g GUYVE XOAElTaL Vou AEL-
Toupyel oe ouviixec Power Back-Off (PBO) — tumxd 3, 6 ) axdpa xou 9 dB xdtew and to
onueio cuuricong 1 dB. 261600, 1 anddooN UEWWVETOL ONUAVTIXG. DUVETKOS, TO ENOUEVO Bhua
NC €peuvoag ebvar 1) avamTUET AEYITEXTOVIXAC EVIOYUTH Loy U0C TOU BEATIMVEL TNV Andd00T GTO
PBO. H mA€ov dLadedouévr Teyviny| Yo autdv Tov oxomo ebvon 1 apyitextovixry Doherty. Ila-
EONOL AUTAL, 1) BLEEEVVNOT UAS EVPUTERNC YHAUAS LOEWY X0 1) TELOUUATIXT EEETATT) EVORAAXTIXV
Eewv evioyutodv tépa and Tic ouuBatixés — omwe 1 EN J o 1 6En F 4] — unopel va
OBMYNOEL GE XUVOTOUES AUCELS GTO GYEDIAOUO EVIOYUTWY Loy 0OC.
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Chapter 2

Modern Telecommunication Systems

2.1 Digital Telecommunication Systems

Figure 2.1: Transmitter

Modern telecommunication transmitters follow the architecture shown in Figure .
Initially, multiple streams of digital information are multiplexed into a single stream. This
is followed by the Forward Error Correction (FEC) stage, which adds redundant bits to
enable error detection and correction to the receiver. While this process decreases Bit
Error Ratio (BER), it also reduces the effective data rate by a factor R.. This factor,
called Code Rate, is given by the following equation:

Re=" (1

e £k is the number of information bits
e n is the total number of transmitted bits

After that, the bits are mapped to symbols through a modulation scheme. Then,
the symbols are shaped using a shaping pulse. The most common shaping pulses are
square pulses and raised cosine pulses. The shaped symbols pass through an orthogonal
modulator, as shown in Figure 2.2

Next, a Power Amplifier (PA) is used to provide the signal with sufficient power, and the
signal is transmitted through the antenna. Sometimes, a bandpass filter is inserted directly
after the PA in order to limit the transmitted bandwidth within its allocated region. This
is necessary because the nonlinear behavior of the PA causes spectral expansion of the
signal. As a result, the bandpass filter reduces Adjacent Channel Interference (ACI).

The receiver follows the same architecture as the transmitter, but in reverse. Subse-
quently, the operation of the superheterodyne receiver is analyzed.
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CHAPTER 2. MODERN TELECOMMUNICATION SYSTEMS

S i1 Circuit
———Ppf with impulse

response g(t)

cos(2nft + ) —p»

e s(t)

Mn/2 rad

-sin(2nft + y)

S i2 Circuit
———Ppf with impulse

response g(t)

Figure 2.2: The orthogonal modulator along with the pulse shaping circuit

2.2 Superheterodyne Receiver

The block diagram of the superheterodyne receiver is presented in Figure [2.3] Special
attention must be given to the first four stages. Initially, a bandpass filter is used to remove
signals that fall outside the frequency band of interest. The following stage is a Low Noise
Amplifier (LNA), which provides sufficient gain while maintaining a low Noise Figure (see
Chapter . This design approach minimizes the overall Noise Figure of the system up
to the input of the decision circuit (Figure . This can be demonstrated using Friis’
equation for noise (see Chapter , which describes how the total Noise Figure of a
cascaded system is influenced primarily by the first few stages.

NFy,—1 NF;—-1

NFjpa1 = NF, 5
total 1+ Gl + G1G2 + ( )

e NF; is the Noise Figure of stage i
e (; is the gain of stage i
The LNA is followed by the Intermediate Frequency (IF) stage (Figure 2.4). In this

stage, the signal frequency is down-converted to the intermediate frequency using a mixer
and a bandpass filter centered at the IF frequency. The resulting IF signal is then amplified.
The intermediate frequency is fixed and independent of the desired signal frequency, f..
Therefore, the frequency of the Local Oscillator (LO) should be set to fro = f. — fir or
fro = fe+ frr. Additionally, the intermediate frequency is small compared to f.

The superheterodyne receiver faces a problem when unwanted out-of-band signals exist
at the image frequencies @ When an interfering signal with frequency f7ys enters the input

Figure 2.3: Superheterodyne Receiver
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2.2. SUPERHETERODYNE RECEIVER

Sin(t) IF Sout(t)
FILTER

cos(2nf ot + Wio)

Figure 2.4: Intermediate Frequency stage

of the IF stage mixer, the output contains both the sum and difference frequencies of the
inputs with the frequency of the LO:

* fro+ fe
e fro+ fim
e fro— fe
* fro— fim

Interference occurs when fro — fo = fivr — fro = frr. Thus, the image frequencies
are frar = fe+ 2frr or fim = fo — 2frr. Because the intermediate frequency is small
compared to f., the image frequencies are located very close to the desired signal frequency.
It is obvious that the image frequency problem is serious and should be countered.

This problem can be alleviated by adding a bandpass filter centered around f. directly
after the LNA. This design approach is hard to implement, as the bandpass filter’s response
should be very steep. There are other architectures that counter the Image frequency
problem more efficiently [1].

After the IF stage the signal is demodulated by the circuit shown in Figure 2.5 The
quality of the overall system can be quantified by the Bit Error Ratio (BER). The BER
depends on the Signal-to-Noise Ratio (see Chapter at the input of the decision
circuit, the modulation scheme and the code rate R..

Circuit >;
> with impulse >
ke response

9(Ts-t)

-sin(2nft + y)

n/2 rad

Decision
s(t)+n(t)—» Circuit Symbols

l¢—— cos(2nft + y)

Circuit >'/

» with impulse

kg response »
9(Tet)

Figure 2.5: Demodulator
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Chapter 3

Basic Telecommunication Terms and
Definitions

3.1 High-Frequency Measurement Units

In telecommunications, specific units are used to express gain and signal levels. Voltage
gain and power gain are typically expressed in decibels (dB) as:

‘/out
Ay =201 1
v 00g<vm> 1)
POll
AP:1010g<Bt> (2)

The power of a signal is usually expressed in dBm, which represents the power level in
decibels relative to a reference of 1 milliwatt:

P
Pigm = 101log ( > (3)

Im

Other commonly used measurement units include:

e dBW: A unit frequently used in power amplifiers, where the reference power is 1

Watt.
e dBuV: Used in receiver measurements, with a reference voltage of 1 uV.

e dBi: Describes the gain of an antenna relative to the gain of an ideal isotropic
radiator.

e dB/Hz: Represents noise power within a 1 Hz bandwidth. It is commonly used to
characterize spectral noise density.

3.2 Noise

Noise is an unwanted entity of the same nature as the signals, which interferes with
them and degrades the reliability of telecommunication systems. Noise is mathematically
described as a random process and usually consists of uncorrelated noise sources of different
origins, which combine in a random manner |[5].
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3.2. NOISE

3.2.1 Parameters Describing Noise

e Mean value of the noise signal n(t):

e Mean square value of the noise signal:

E[n2(t)] = lim 1(/q1n2@)dt (5)

T—00 2T -T

e Power spectral density (PSD) of the noise signal, which describes how the noise
power is distributed over the frequency domain. When the PSD refers only to pos-
itive frequencies, it is called one-sided; when it refers to both positive and negative
frequencies, it is called two-sided.

3.2.2 White Noise

In telecommunications, the most common type of noise is white noise, whose power is
uniformly distributed across the frequency domain. As a result, the power spectral density
of white noise is constant. More specifically, the one-sided power spectral density is given
by:

Sp(f)=mno for f >0 (6)

Additionally, in telecommunications systems, white noise is typically assumed to be
additive, hence referred to as Additive White Gaussian Noise (AWGN).

3.2.3 Thermal Noise

The random movement of electrons in a resistor produces a noise voltage at its termi-
nals, characterized by the following two-sided power spectral density:

hif

Sn(f) :2exp (%) 3

(7)

e h is the Planck constant,
e [k is the Boltzmann constant,

e T is the physical temperature of the resistor.

For temperatures up to 300 K and frequencies up to approximately 6 THz, this relation
can be accurately approximated as:

Sn(f) = 2kT (8)

The available thermal noise power produced by a resistor over a bandwidth B is given
by:

N = kT.B (9)
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CHAPTER 3. BASIC TELECOMMUNICATION TERMS AND DEFINITIONS

3.2.4 Equivalent Noise Temperature

A noise source produces white noise and transfers it to a load. Its one-sided power
spectral density can be expressed by the following relation:

no = kT, (10)

e L is the Boltzmann constant

e T, is the equivalent noise temperature

Equivalent noise temperature of a noisy source is the physical temperature of a resistor
that produces, over the same frequency bandwidth, the same available noise power as the
noisy source. The available noise power of this source is given by:

N =kT.B (11)
e B is the operating bandwidth

Equivalent noise temperature can be used to quantify the noise of a component or a
circuit of a telecommunication system. A characteristic example is the equivalent noise
temperature of an antenna.

3.2.5 Signal-to-Noise Ratio (SNR)

The quality of the signal at the receiver is expressed by the Signal-to-Noise Ratio
(SNR), defined as:

Psignal

SNR = (12)

P, noise

This quantity plays a decisive role in the receiver sensitivity and the overall quality of
the communication link.

3.2.6 Noise Figure (NF)

The degradation of the signal-to-noise ratio caused by a stage is expressed by the Noise
Figure (NF), defined as:

_ SNRiy
B SNRout

NF (13)

e SNRj, is the Signal-to-Noise Ratio at the input of the stage

o SNRgy; is the Signal-to-Noise Ratio at the output of the stage
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3.2. NOISE

3.2.7 Noise in Multiple cascaded stages

If the gain of a stage is G, then the Noise Figure (NF) can be written as:

_Si/N; SN, N,

NF = = =
So/No  (GS;)/N, GN;

(14)

The total noise at the output is given by N, = GN; + N,,, where N, is the additional
noise contributed by the stage. Thus, the Noise Figure becomes:

_GNit No ) N

NE GN; GN;

(15)

Next, the Noise Figure of two cascaded stages will be calculated. The gain of the first
and second stage is G1 and (9, respectively. The noise at the output of the first stage is:

No1 = G1N; + Np1

The total noise at the output of the second stage is:

No = G2No1 + Np2 = G1GaN; + GaNpy + Npo
Using equation (14)), the overall Noise Figure of the system is:

N, N, N,
o 1+ nl + n2 (16)

NF = =
G1GoN; G1N; G1GyN;

From equation we obtain:

an Nn?
NF, —1= d NF-—-1=
' N, ? G2 N;
Therefore, the total Noise Figure becomes:
NF, —1
NF = NF, + 57 (17)
1

If we have n cascaded stages, the expression generalizes to:

NF2—1+NF3—1 NF, -1

NF =NF et
Lt G G1G2 T G1Ga---Gp

(18)

e NF; is the Noise Figure of stage i

e (; is the gain of stage i

This equation is known as Friis’ equation for noise. It is evident that the first stage must
have a low noise figure and high gain in order to minimize the overall Noise Figure of the
System.
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CHAPTER 3. BASIC TELECOMMUNICATION TERMS AND DEFINITIONS

3.3 Nonlinearities

RF circuits are typically approximated by a linear model. However, in reality, their
behaviour is inherently nonlinear and can be described using a polynomial system approx-
imation, as follows:

Uout = ko + K1Uin + kgu?n + kgu?n + ... (19)

The term ki represents the small-signal gain, while the higher-order terms ko, k3, ... can
be neglected when the input signal is sufficiently small [6].
3.3.1 Harmonic Distortion

If the input signal is wu;, = wcos(wt), then:

1 + cos(2wt)

cos?(wt) = 5 (20)
3 1
cos®(wt) = 1 cos(wt) + Zcos(&ut) (21)

By taking into consideration only the terms kg, k1, k2, k3, we get:

2 3

kou? k
24 cos(2wt) + al

Uout = ko + T + (klu +

3k3u3

> cos(wt) + o cos(3wt) (22)

o ko+ % is the DC component

e kiu—+ % is the fundamental term

2, .
k22“ is the second harmonic term

3, . .
° ]%T“ is the third harmonic term

It is evident that the gain of the fundamental frequency component is given by:

3ksu?

k1 + 1

This expression shows that the gain depends on the input signal’s amplitude.

When k; - k3 > 0, the gain increases with input level, and the output signal exhibits
expansion for sufficiently large inputs (Figure[3.1(a)). On the other hand, when k; - k3 < 0,
the gain decreases as the input grows, resulting in compression of the output signal at high

input levels (Figure [3.1|(b)).

3.3.2 1-dB Compression Point

When the amplifier characteristic is compressive, the concept of the 1-dB compression
point is introduced.

The 1-dB compression point is defined as the output power level, Ay, at which the
small-signal gain G has decreased by 1 dB from its linear value, observed under low input
power conditions.
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3.3. NONLINEARITIES

o103>0 o103<0

v v .

Oz X
o1 X ‘> o1 X dominant
dominant 0L3X3 dominant

dominant ,/

> >
b'¢ X

(a) (b)

Figure 3.1: (a) Expansive and (b) Compressive characteristics |1|

Figure illustrates the input-output power characteristic of a nonlinear system on a
logarithmic scale.

The input-referred 1-dB compression point can be calculated by equating the com-
pressed gain, ki + %, with the ideal linear gain ki reduced by 1 dB, as follows:

3k3u2

201og =20log|ki| — 1 (23)

k1 +
Therefore:

l (24)

’u,m7 1dB — 0.145 kg

3.3.3 Intermodulation

When two interfering signals at frequencies w; and wy are applied to a nonlinear system,
the output contains components that are not harmonics of either frequency. Some of these

A
20|09A out S

e
Ain1dB  20logA;,

Figure 3.2: Input-output power characteristic of a nonlinear system |[1]
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CHAPTER 3. BASIC TELECOMMUNICATION TERMS AND DEFINITIONS

components may fall near or directly interfere with the desired signal at frequency wg. This
phenomenon is known as intermodulation.
In the following, we will compute the output of a nonlinear system by retaining only
the terms kg, k1, k2, and k3, when the input signal is given by:
Uin = U1 cos(wit) + ug cos(wat).

At the output, we obtain the following components:

e Fundamental components at frequencies wy and wo:
3. 3 3 9 3, 3 3 9
kiuy + Ekgul + §k3u1u2 cos(wit) + | k1ug + Zk3u2 + 51{:3U2u1 cos(wat) (25)

e Third order intermodulation products:

3ksgu? 3ksui

# cos (2w + wa)t) + # cos ((2wy — wa)t) (26)
3kguu3 3kguqu3

# cos ((2wa + w1)t) + % cos ((2wa — w1)t) (27)

Thus, we observe intermodulation products at frequencies 2w; + wo and 2wy + wy.
The components 2w; — wa, 2ws — w1 may fall near the desired signal frequency and cause
significant distortion.

3.3.4 Third Order Intercept Point (IP3)

The most common method for testing a circuit’s linearity is to apply two input signals
of equal amplitude, spaced apart in frequency. By observing the output power levels of
the fundamental components and the intermodulation products as a function of the input
power, we can assess the linearity of the circuit (Figure .

AQIP3 [-----remmem e ,7-

e
Anps Ain

/ (log scale)

Figure 3.3: Definition of IP3 based on extrapolation |1]

The Third-Order Intercept Point (IP3) is defined as the theoretical point at which
the amplitudes of the third-order intermodulation products at frequencies 2w; — wo and
2w — w1 become equal to the amplitudes of the fundamental tones at wq and wo.
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3.3. NONLINEARITIES

To calculate the input-referred Third-Order Intercept Point (ITP3), we equate the linear
term from the fundamental component, kiu;, with the third-order intermodulation term,
IMs3 = %kg,u?. Solving for the input voltage gives:

Ky
—o, | L 2
uIIP3 37kal (28)

In practice, the IIP3 cannot be measured directly, as it corresponds to a hypotheti-
cal point where the amplifier would be driven into severe nonlinearity or even damage.
Therefore, it is extrapolated from measurements at lower power levels.

Consider a system with gain GG, and suppose that at a certain input power level P;
(dBm), the output power of the fundamental is P; (dBm), and the output power of the
third-order intermodulation product is P (dBm). On a logarithmic scale, the slope of the
intermodulation products is three times that of the fundamental components. Hence, the
following relationship holds:

OIP3—P; . OIP3— P,

TPs=F TP B 29)
Additionally, the gain of the system is:
G=0IP3—-1IP3=P — P, (30)
Combining the above expressions, we derive the IIP3 as:
11P3 = P, + %(p1 _py (31)

By comparing equations and , we observe that the input-referred Third-Order
Intercept Point (IIP3) is approximately 3.04 times higher than the input-referred 1-dB
Compression Point.

Similarly, the Second-Order Intercept Point (IP2) is defined in the same manner as the
third-order intercept point, but it relates to the amplitudes of the second-order intermod-
ulation products instead of the third-order terms.

3.3.5 Linearity of Cascaded Stages

It can be shown that the input-referred Third-Order Intercept Point (ITP3) of N cas-
caded stages is given by the following equation:

1 1 G G1G G1Gs...Gn—
_ L G GG GiGe Gy
[IP3io  1IP3; ' 1IP3, ' 1IP3; TIP3y

(32)
e (G; is the gain of stage ¢
e [IP3; is the input-referred Third-Order Intercept Point of stage i

We observe that the IIP3 of the later stages becomes more critical, since it is divided by
the total gain of all preceding stages. A high gain in the early stages significantly amplifies
the nonlinearity of the subsequent ones, making their intercept point a dominant factor in
the overall system performance.
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3.4 Performance Metrics of Power Amplifiers

A power amplifier is, in general, a nonlinear circuit. In order to characterize its per-
formance, the quantities defined in the previous section are used, as well as additional
parameters introduced in this section.

3.4.1 Saturated Power

Due to the output power compression caused by nonlinearities, a power amplifier cannot
increase its output indefinitely. Instead, it reaches a maximum output power level, which
is referred to as the saturated power Piu.

It is important to note that power amplifiers are typically operated at output power
levels below saturation. This is done mainly to maintain better linearity and also for
reasons of energy efficiency.

3.4.2 Power Gain

Power gain is defined as the ratio of output power to input power and is usually
expressed in decibels (dB):

Pout
G="4 (33)
G(dB) = Pyuy(dB) — Pin(dB) (34)

3.4.3 Efficiency

The term efficiency refers to the ratio of the useful RF output power to the supplied
DC power. It is defined as:

n = Pout
Ppc

-100% (35)

3.4.4 Power-Added Efficiency (PAE)

The efficiency of a power amplifier, as previously defined, does not take into account the
power required to drive the amplifier. As a result, it is possible to achieve high efficiency
values without delivering significant power amplification. To address this limitation, a
more comprehensive performance metric has been established: the Power-Added Efficiency
(PAE). It is defined as:

Pout_P

PAE = = . 100% (36)

Ppc
Substituting the efficiency definition from equation into the above equation, we
get:
Pin

1 B Pout 1
out
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Chapter 4

RF Circuits as Microwave Networks

The analysis, approximation, and measurement of RF circuits and components are usu-
ally carried out using scattering parameters (S-parameters). Although the basic and well-
known parameters for the analysis and design of electrical circuits are those of impedance
(Z-parameters) and admittance (Y-parameters), their use is rather limited in RF circuit
design. This is due to the fact that open and short circuits, which are required for the
determination of these parameters, are difficult or even impossible to implement at high
frequencies, especially over wide frequency ranges, creating measurement problems due to
high parasitic impedances and admittances.

4.1 Scattering Parameters

e Vi 1§

Vi lz

Vi Iy = Yy - Iy
Figure 4.1: N-port microwave network |[2]
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Consider the N-port network shown in Figure where VI is the amplitude of the
voltage wave incident on port n, and V, is the amplitude of the voltage wave reflected
from port n. By simplifying the analysis and assuming the same characteristic impedance
Zy in all branches of the N-port network, the normalized incident and reflected power
waves are expressed respectively as follows:

N
0 = ¢Vz (1)
b — Vi (2)

The above definition of the i-th incident wave a; and reflected wave b; is not unique. The
relationship between the vectors a and b can be described using the following scattering

matrix:
b=S-a (3)
which is expanded as:
by St S a
=1 N E (4)
bn, Sni Snn Qn
where
b;
Sij = — (5)

A5 | g, =0, Vk#j
The above equation represents the transmission coefficient from port j to port ¢ and is
determined by driving port j with an incident wave a; and measuring the reflected wave
b; at port i, while all other ports are terminated in the characteristic impedance Zj (i.e.,
ar = 0 for k # j) to avoid reflections.
If the network is a two-port one, then:

<b1> _ <511 512) . <a1> (6)
by So1 S22 as
Analyzing the matrix in Equation @, we obtain the following equations:

b1 = Si1a1 + S12a2 (7)
by = Sa1a1 + Sa2a2 (8)

Assuming an incident power wave at port 1 (aj), this will result in reflected waves
at each port (b1, be). However, according to the definition of the S-parameters, port 2
is terminated with a load equal to the system’s characteristic impedance Zjp, maximizing
power transfer to the load and making the reflected wave ag at port 2 equal to zero.
Defining the incident and reflected power waves as in Equations and , we derive the
following:

Vi INZo Vi

— b — "
* Su= ai ’a2=0 T Vit V7o ‘a2:0 Tyt ’a2=0
[} S :b—2’ :VQ_/ ZO‘ :i’
21 a1 lag=0 V1+/\/Z0 as=0 V1+ as=0
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Similarly, if port 1 is terminated with a load Zj, then a3 = 0 (i.e., no reflected wave at
port 1), and we obtain:

. Spob| VN

a2 la;=0 V2+/\/ZO a1=0 V2+ a1=0
° Sggzbl‘ :V{/'ZO‘ :£’

a2 la;=0 V" )\ Zo la1=0 V,F lai=0

With this process, we derive the scattering matrix, whose elements are ratios of nor-
malized voltage waveforms.

Looking more closely, we can draw several critical conclusions about the behavior of
the microwave two-port network:

e The parameter S11 = % is known as the input reflection coefficient of the two-port.
1

e The parameter Sio = % is known as the reverse gain or isolation from the output
2

to the input.

Vo

e The parameter Sy = 7 Tepresents the power gain of the two-port under matched
1

conditions.

e The parameter Soy = % is known as the output reflection coefficient of the two-port.
2

4.2 Stability

Consider the two-port network shown in Figure [4.2]

v+1 Vi N~ (] A v, V+2
)

QA o] o Ju T

I Fout I‘L

1

l—‘IS

Figure 4.2: Two-port network with an AC voltage source V; at the input, a source
resistance Zs, and a load resistance Zj, at the output 2]

After deriving the scattering matrix of the two-port network and considering Zg and Z7,
as the source and load impedances respectively, we can determine the reflection coefficients,
which are shown in the figure as I'g, I'in, I'out, and I'f.

With reference to the above figure, the reflection coefficient looking towards the load
is defined as:

Vo Zp— 2y

Vot Zp+ Zo

I'y =
while the reflection coefficient looking towards the source is defined as:

Vl_ - Zs — Zy

1—‘ = —= =
TV T Zs+ Z
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where Zj is the characteristic impedance used in the definition of the scattering parameters.

As is well known from microwave analysis, maximum power transfer between two two-
port networks is achieved through impedance matching. Assuming each two-port has a
complex input and output impedance, matching is achieved when the output impedance
of the previous stage is the complex conjugate of the input impedance of the next. If the
output impedance of the first two-port is purely real (i.e., resistive), then maximum power
transfer occurs when the input impedance of the next two-port is also purely real and equal
in value.

Using the definitions of the S-parameters and reapplying equations and , and
substituting a1, ag, b1, bo from equations and , we get:

Vi =SuVit + SV = SuVit 4+ Sl Vs (11)
Vo = Sn Vit + 8oVt = Sy Vit + Saol' 1V, (12)

Substituting equation into equation and solving for I';, = % gives:
1

S12500,  Zin — Zo
1—S0TL  Zin+ 2o
where I'j, is the input reflection coefficient and Zj, is the impedance seen at the input of
the two-port.
Similarly, the output reflection coefficient is defined as:
Vo S1251's  Zout — Zo

Tlouwt = == = S99 + = 14
out 7% 2T1280Ts  Zow + Zo (14)

where oyt is the output reflection coefficient and Z,t is the impedance seen at the output
of the two-port.

Iin =51+ (13)

4.2.1 Unconditional Stability and Stability Circles

Returning to Figure [£.2] and analyzing the stability criteria of the two port network,
we know that oscillation—and by extension, instability—arises when either the input or
the output port of the two-port presents an impedance with a negative real part. Such a
condition implies that |I'in| > 1 or |Toue| > 1.

Since, as previously shown, the reflection coefficients I'y,, and 'yt depend on the input
and output matching networks of the two-port, the amplifier’s stability is influenced by
the source and load reflection coefficients I'g and I'y, respectively. Therefore, we define
two types of stability:

e Unconditional stability: This occurs when |I'iy| < 1 and |T'oue| < 1 for all possible
values of I'g and I'j, at a given frequency.

e Conditional stability: This occurs when |I'j,| < 1 and [Ty < 1 only for specific
values of I'g and I'j, at a given frequency.

Applying the unconditional stability requirements to equations and yields the
following conditions for I'g and 'z

S12521 1,

Finl =15 —— <1 15

il = [s11 4 P25 (15
S12511's

T =S —_— 1 16

Tout| 22 + 1 — SuTs (16)
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If the amplifier is unilateral (i.e., S12 = 0), the above conditions simplify to the basic
and sufficient conditions |S11| < 1 and |S22| < 1 for unconditional stability.

Otherwise, inequalities and define a range of values for I'g and ', over which
the amplifier remains stable. The boundaries of this range can be found graphically using
the Smith chart by plotting the input and output stability circles.

Stability circles are defined as the loci in the I';, (or I'g) plane for which [T, = 1
(or |Tout| = 1). These circles determine the boundaries between stable and potentially
unstable regions of I'g and I'f,.

To derive the output stability circle, we start with:

S125211°,

Il'u|=1<|S —_—
| 1n’ 11+ 1_S2QFL

=1<|511(1 — S9ol'r) + 51252171 | = |1 — S22T'z|  (17)

Define the determinant of the S-matrix as:
A = 511592 — 512591 (18)
Then equation becomes:
|S11 — ATL| = |1 — STz | (19)

From equation , after algebraic manipulation we obtain the geometric form of the
reflection coefficient locus I'y,, which leads to:

_ (S22 —ASH)T| 512521
|S22]? — |AJ2 |S22]? — |A?

This equation has the form |I'— C| = R, representing a circle with center C' and radius
R. Thus, we define the output stability circle with:

'y (20)

(S22 — AST))”

O =22 — 717 21

LT TonP - IAP .
S12521

Ry = |——%272 22

: ’M?— AP 22)

Similarly, we can derive the input stability circle, defined by:
(511 — AS3y)*

Co = 23

T )
S125921

Ro=|——%272> 24

5= |1Sul - AP 2

4.2.2 Unconditional Stability Verification Using Mathemati-
cal Criteria

The stability circles discussed above can be used to determine the regions in the I'g
and I'y, planes where the amplifier will be conditionally stable. However, simpler checks
exist for determining unconditional stability. One such method is the K-A test, which
establishes that a device is unconditionally stable if the Rollet stability factor, defined as:

_ 1 [Sul — |9n* + AP

K
2]512591]

>1 (25)
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and the auxiliary condition:

|A[ = [S11822 — S12821] < 1 (26)

are both satisfied simultaneously.

These two conditions are necessary and sufficient for unconditional stability and can be
easily evaluated from the S-parameters of the device. If the S-parameters do not satisfy the
K-A test, the device is not unconditionally stable, and the stability circles must be used
to determine whether there exist values of I'g and I';, for which the device is conditionally
stable.

Another widely used stability criterion is the y-stability facto, defined as:

1 —|Sgo?
= |52 (21)
|S11 — AS5y| + [S12521]
A two-port network is unconditionally stable at a given frequency if and only if:
p>1 (28)

The p-factor provides a more direct and often numerically stable method of assessing
unconditional stability, particularly in automated design tools or when evaluating broad-
band behavior.

4.3 High-Frequency Model of the MOS Transistor

The electrical behavior of the MOS transistor at high frequencies can be approximated
by the simplified equivalent circuit shown in Figure The resistance ry represents the
gate resistance, while g4s denotes the output conductance. The parameter g, corresponds
to the transistor’s transconductance, and g, represents the body-effect transconductance.

Figure 4.3: Equivalent high-frequency model of the MOS transistor

The overlap capacitance between the gate and the source/drain regions, due to the
gate’s lateral extension over these regions with overlap length Lp, is given by:

Cop = WL (29)

tOI

The gate-channel capacitance Cy., corresponding to the effective channel length re-
duced by the two overlap regions, is expressed as:
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Cye = CogW (L — 2Lp) (30)

In strong inversion, the surface charge carriers are of opposite type compared to the
substrate. Between them lies a depletion layer of depth x4, resulting in a depletion capac-
itance between the channel and the substrate, defined as:

2€eg;
qNsub
where ¢, is the surface potential, and ¢ is the Fermi potential of the substrate.
The source and drain contacts to the substrate are reverse-biased junctions and thus
exhibit junction capacitances, modeled respectively as:

Cap = %W(L —2Lp), where z4= |ps — oF| (31)
d

Cst

Cjsp = (32)
L
C

Ciap = db0 (33)
1+ %52

where Cgpo and Cgyo are the zero-bias junction capacitances of the source and drain,
respectively, Vgp and Vpp are the corresponding reverse-bias voltages, and Vj is the built-
in potential of the junction.

The capacitances of the equivalent circuit model of the MOS transistor can be derived
from Table for the three main operating regions of the device.

Table 4.1: Capacitance values of the MOS transistor in different operating regions

Capacitance | Cut-off | Triode Region | Saturation
Cys Cop Cye/2+ Cy, 2C,./3+ Cy,
C’gd Cov C1gc/ 2+ Cov Cov
Csb Ojsb stb + ch/2 CVjsb + 2ch/3
Cap Ciap Ciar + Cep/2 Ciap
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Chapter 5

Power Amplifiers

5.1 Fundamental Principles of Power Amplifiers

The best way to understand the behavior of a power amplifier, and the fastest method
for calculating its key electrical characteristics—such as output power, power gain, effi-
ciency and stability—is through spectral domain analysis. Generally, such an analysis is
based on determining the output response of the nonlinear active device when a signal,
composed of multiple harmonics, is applied at its input port. The output response is
expressed as follows:

it) = flv(®)] (1)

where i(t) is the output current, v(¢) is the input voltage, and f[v] is the nonlinear
transfer function of the device.

In contrast to spectral analysis, time-domain analysis determines the voltage and cur-
rent relationships across each circuit element as a function of time. A system of equations
is then obtained by applying Kirchhoff’s laws to the circuit under analysis. If the cir-
cuit includes nonlinear components, the resulting system will consist of nonlinear integro-
differential equations. The solution to such a system can be found using numerical inte-
gration methods.

In spectral analysis, the input voltage v(t), representing a signal composed of multiple
harmonic components, is expressed as:

N

v(t) =Vo+ Y Vi cos(wit + ¢) (2)
=1

where Vj is the DC input voltage, V} is the amplitude of the k-th harmonic component,
¢ is its phase, wy is the angular frequency, and N is the number of harmonics in the input
signal.

Frequency-domain analysis, based on substituting equation into equation , deter-
mines the output signal spectrum as the sum of the fundamental harmonic and higher-order
harmonics. This process is quite complex; however, when only an estimation of the power
amplifier’s behavior is required, an analytical solution can be obtained by replacing the
nonlinearity with a piecewise linear approximation.

The piecewise linear approximation of the current—voltage transfer characteristic of
the active device results from replacing the actual nonlinear function i = f(vi,) with an
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0 VP Vin 0 wl
mes (b)
/
< v'm
——

(a)

Figure 5.1: Piecewise linear approximation technique [3|

approximation composed of tangent straight-line segments at specific points along the real
characteristic curve.

Such a piecewise linear approximation, using two straight-line segments, is shown in
Figure (a). The output current waveforms corresponding to the actual transfer char-
acteristic (dashed curve) and its partial linear approximation using two linear segments
(solid curve) are illustrated in Figure 3.1(b).

Under large-signal operation, the waveforms corresponding to the actual nonlinear
transfer characteristic and its piecewise linear approximation are practically identical over
most of the signal period, with negligible deviation for small output current values—near
the cutoff region of device operation—and significant deviation near the saturation region.
However, the latter case leads to considerable nonlinear distortion and is only used in
high-efficiency operation, when the active conduction time of the device is minimized.

Therefore, at least the first two components of the output current—the DC and funda-
mental—can be accurately estimated using a Fourier series expansion. Consequently, such
a two-segment linear approximation can be effective for quickly estimating the output
power and efficiency of a linear power amplifier.

The piecewise linear transfer characteristic of the device shown above can be mathe-
matically described as follows:

. 07 vln S V
i(t) = P (3)
gm(vin - Vp); Uin > V;z

where g, is the transconductance of the device and V), is the threshold voltage.
Assuming the input signal is sinusoidal, we have:

Uin (t) = Vbias + Vin COS(wt) (4)

where Vyiag is the DC bias voltage of the device.
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At the point where the input voltage vin(t) becomes equal to the cutoff voltage V), of
the transistor—defined to occur at time wt = #—the output current drops to zero because
the active device enters cutoff. Therefore:

Vp = Viias + Vincos 6,  with i(§) =0 (5)

Hence, the conduction angle 6 can be calculated as:

Vo — Vias — o — Vias
cosf = % = — cos™! <pVib> (6)
or equivalently:
—1 { Vbias — V,

0= — L hlas  "p 7
T — COS ( v ) (7)

The output current is a periodic waveform of amplitude I, and range 26, as illustrated
in Figure 3.1. It is analytically expressed as:

i(wt) = {Iq + Icos(wt), —0<wt<¥O (8)

0, 0 <wt<22mr—80
When the output current becomes zero, we have:

i=1I,+1Icosf=0 9)

Assuming I = g, Vin, due to the piecewise linear approximation, equation fori >0
becomes:

i(wt) = gm Vin (cos(wt) — cos ) (10)

At wt = 0, the output current reaches its maximum value:

Imax = I(1 — cos0) (11)

Expanding the output current i(wt) into a Fourier series gives:

i(wt) = Iy + I cos(wt) + Iz cos(2wt) + - - - + I, cos(nwt) (12)

The Fourier coefficients are calculated as follows:

1 0
Iy = o 9gmVin (cos(wt) — cos ) d(wt) = Iy0(0) (13)
T J-e
1 /0
I = / 9m Vin (cos(wt) — cos ) cos(wt)d(wt) = Iv,(0) (14)
TJ-0
1 0
I, = - /engin (cos(wt) — cos 0) cos(nwt)d(wt) = Iy,(6) (15)
where 7, (0) are the current coefficients. After solving the integrals, we obtain:
1
0 (0) = — (sinf — 6 cos 0) (16)
v
1 sin(26)
0)=—1{0-— 17
ni®) =1 (o-27) (17)
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1 [sin((n—1)0) sin((n+1)0)
2(0) = = _  n=23,... 18
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Figure 5.2: Plots of the current coefficients +, () for the DC, the fundamental, and
higher-order harmonic components

The influence of the factor 7, (6) on the amplitudes of the output current harmonics
is shown in Figure As observed, the maximum value of the factor 7, (6) is achieved
when 6 = %. It is worth noting that when 6 = 90°, the odd harmonics in the Fourier
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analysis become zero (i.e., v3(6) = v5(f) = --- = 0). Additionally, the ratio v1(0)/~0(6)
ranges from 1 to 2, reaching its minimum at 8 = 180° and its maximum at 6 = 0°.

It is important to note that the current coefficient of the third harmonic v3(6) becomes
negative for angles 90° < 6 < 180°.

In conclusion, if the harmonic components for which 7, (0) > 0 reach their maximum
positive values at the instants corresponding to the average values of the current waveform,
the harmonic components for which v,,(6) < 0 can reach maximum negative values. As a
result, a combination of different harmonic components with suitable weighting coefficients
can create a more square-shaped current and voltage waveform, thereby improving the
amplifier’s efficiency.

The amplitude of the corresponding current harmonic is given by:

I

Imax

an = (19)

In some cases, it is necessary for an active device to maintain a constant value of
Inax for each value of 6, which requires an appropriate adjustment of the input voltage
amplitude Vi,. In such cases, it is more practical to use the coefficients a,. The following

holds:

From equations , and , we derive:
Tn(0)
= — 21
" 1—cosh (21)
The coeflicient a,, reaches its maximum when 6 = %, as shown in Figure

0.6

— a(6)
a1(8)

an

T T T T T T T T
0 20 40 60 80 100 120 140 160 180
8 {degrees)

Figure 5.3: Plots of the harmonic amplitude coefficients a,,(6) for the DC, the fun-
damental, and higher-order harmonic components

5.2 Basic Classes of Operation: A, AB, B, and C

Power amplifiers can be classified into three categories according to their mode of
operation:
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e Linear operation: When the active device operates only within the linear region of
its transfer characteristic curve.
e Critical operation: When the current flow ceases, but the operation extends beyond
the linear region into the cutoff and saturation regions.
e Non-linear operation: When the current flow stops during a portion of each cycle,

depending on the device’s biasing conditions.

When high efficiency is required, power amplifiers of the third category are used, as
the presence of harmonics boosts efficiency. To suppress voltage harmonics at the load and
obtain a pure sinusoidal signal, a parallel high-@Q resonating circuit is employed. Class A
power amplifiers fall into the first category (linear operation), while Class B amplifiers are

representative of the third category (non-linear operation).

i + vcc_
-— . [
I W,
Gy
Vv
L,
O—{ v ch VR gRL Ve
Vin Vee
- = ]t: — awt
0 7 2x
i
i
1
111
V
b Vin wt
0 VP 0 a 27
K Vin

wly

Figure 5.4: Voltage and current waveforms in Class A operation [3|

In order to analyze the operating classes of a power amplifier, we consider a simple
stage shown in Figure [5.4] where L., is an ideal RF choke, theoretically having a very
large inductance and therefore a very large (ideally infinite) inductive reactance wL., at
the operating frequency. The component Cj is an ideal capacitor that blocks DC current
and has very large (ideally infinite) capacitance, thus a negligible (ideally zero) capacitive

reactance 1/(wCp) at the operating frequency. Ry, is the load resistance, also assumed to

be ideal.
The DC supply voltage Voo is applied across both plates of the blocking capacitor
and remains constant throughout the signal cycle. The active device behaves as an ideal

current source controlled by voltage or current.
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Given a sinusoidal voltage input waveform, as defined by Equation , the operating
point of the amplifier is set exactly at the middle of the linear region of the transistor’s
transfer characteristic, with Vi, < Vijas — V), where Vj, is the cutoff voltage of the device.
By using the piecewise linear approximation of the transfer function, the output current is
also sinusoidal and can be expressed as:

i = I, + I cos(wt) (22)

where the quiescent current satisfies I, > I.

The output voltage v, measured between the collector and ground, represents the sum
of the DC supply voltage V.. and the sinusoidal voltage vy across the load resistance Ry.
Therefore, the higher the output current 7, the larger the voltage drop vgr across the load
resistor, and consequently, the lower the output voltage v. Thus, for a purely resistive load
Z1, = Ry, the collector voltage v is phase-shifted by 180° relative to the input voltage viy,
and can be written as:

v = Vee + V cos(wt 4 180°) = Voo — V cos(wt) (23)

where V' is the amplitude of the output voltage.
Substituting Equation into Equation , we arrive at the following expression
for the voltage v:
v="Vee— (1 —1,)RyL (24)

where Ry = %

Equation (24]) can be transformed into:

Vee v

The above relation highlights the linear dependence between the collector current and
the collector voltage. Such a combination of sinusoidal voltage and current at the collector
is known as Class-A operation.

The efficiency at the collector node is:

_r
- &

where P is the output DC power and Py = I,V is the total supplied power. The power
delivered to the load resistance Ry, at the fundamental frequency fy is given by:

7 (26)

1
P = 5] 1% (27)
Therefore, collector efficiency becomes:
1V
= 2
" Ve (28)

= — 29
€= (20)
Under ideal conditions, assuming zero saturation voltage, £ = 1, and maximum output
current amplitude I = I, Equation yields a maximum collector efficiency for Class-A
operation of:
n=50% (30)
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Figure 5.5: Voltage and current waveforms in Class B operation [3|

However, as also seen from Equation , increasing the ratio I /I, can further improve
the collector efficiency. This leads progressively to a nonlinear transformation of the sinu-
soidal current waveform at the collector into a pulsed waveform, where the collector current
becomes non-zero for only part of the signal period. In this case, the transistor operates
in the active region following cutoff, where the collector current is zero, as illustrated in
Figure |5.5]

As a result, the output frequency spectrum contains second, third, and higher-order
harmonics. However, due to the high-quality factor @ of the parallel LC resonant circuit,
only the fundamental frequency flows through the load, while higher-order components are
ideally short-circuited. Thus, the collector voltage can be represented as a purely sinusoidal
waveform with an amplitude V' < V..

Equation for the output current can be rewritten using the ratio of quiescent
current I, and current amplitude I as:

Iy
cosf = -7 (31)

As a result, the fundamental classification of nonlinear power amplifier operation can

be expressed in terms of the conduction angle 6:

e When 6 > 90°, then cos@ < 0 and I, > 0: the amplifier operates in Class-AB.
e When 6 = 90°, then cos@ = 0 and I, = 0: the amplifier operates in Class-B.
e When 6 < 90°, then cos@ > 0 and I, < 0: the amplifier operates in Class-C.

From Eq. it follows that the DC component of the current is a function of ¢ for
0 < 180°, unlike Class-A operation where § = 180° and the DC component is equal to the
quiescent current throughout the period.
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The collector efficiency of a power amplifier with a parallel resonant circuit, biased in
the nonlinear region, is given by:

_h
=5 =

This expression depends on 8 only:

€ (32)

N —
S
3

n

no_ 6 — sin 6 cos 6
v  sinf —6fcosh (33)

For Class-B operation, where £ = 1 and 6§ = 90°, the maximum theoretical efficiency
is:

n = % ~ 78.5% (34)

The efficiency as a function of the conduction half-angle 8 is shown in Figure [5.6

100 +

90

80

Nmax (%)

70

60

50 T T T T T T T T
0 20 40 60 80 100 120 140 160 180

Conduction Half-Angle 8 (degrees)

Figure 5.6: Maximum theoretical efficiency as a function of the conduction half-
angle 0

The power delivered to the load P;, = Pj, at the fundamental frequency, is defined as:

VI  VIy(9)
2 2

This shows direct dependence on the conduction angle 20. Thus, reducing the con-
duction angle lowers the value of +1, and in order to increase the power delivered to the
load at the fundamental frequency, the current amplitude I must be increased. Since the
current amplitude depends on the input voltage amplitude Vi,, the input power P, must
also increase.

The collector efficiency increases as the conduction angle 6 decreases and reaches its
maximum when 6 = 0°, where the ratio 1 /70 is maximized. For instance, the efficiency
rises from 78.5% to 92% when 6 decreases from 90° to 60°. However, this necessitates a
2.5x increase in Vi, in order to maintain constant power to the load, which reduces overall
efficiency when considering Power Added Efficiency (PAE):

P = (35)
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P, - P P 1
PAE=-1_"m_“1(y
Fo Py ( Gp> (36)

where G, = 5—? is the power gain.

By combiﬁri]ng equations , and , the output power becomes:

VIi  Vipax(0 —sinfcos )

P = —
! 2 27(1 — cos 0)

(37)

The output power normalized to the output power delivered to the load in Class A
operation is given by:

2(0 — sinf cos )
m(1 — cosf)

(38)

P, norm —

The variation of Pyom as a function of the conduction half-angle 6 is illustrated in

Figure 5.7

1.2
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Figure 5.7: Normalized output power P, as a function of the conduction half-
angle 6.

We observe that the normalized output power P,orm equals 1 in Class B, while it
exceeds 1 in Class AB and reaches a maximum at § = 122.5°. Clearly, in Class C it is
lower than 1 and continues to decrease as the conduction angle decreases.

The main distinction between Class-B and Class-C lies in the duration of the output
current pulses, which are shorter in Class-C operation, where the active device is biased
below cutoff. It should be noted that for the active device’s transfer characteristic — ideally
modeled as square-law — the current coefficients 7, (#) of even harmonics are non-zero in
this case, although the difference from a linear approximation is not significant. To achieve
maximum efficiency in Class-C amplifiers, the active device must be biased well below the
pinch-off point to yield sufficiently low conduction angles.

To balance high power gain and high PAE, the conduction angle should be chosen in
the range 120° < 26 < 190°. If high collector efficiency is required from a high-gain active
device, operation in Class-C mode with 6 ~ 60° is optimal. However, when input power
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is limited and gain is inadequate, Class-AB operation with small quiescent current (i.e., 6
slightly greater than 90°) is recommended.

5.3 Load Line and Output Impedance

When the power amplifier operates in Class A and there is no parallel resonant circuit
at the load, then, given the input voltage, determining the collector voltage and current
requires solving the following nonlinear system:

1= f(uinauc)
39
i (1,4 Y _ e (39)
Ry, Ry,

The second equation is known as the load line. In other classes of operation, where only
the fundamental harmonic survives at the load due to the parallel resonant circuit, and
the current is non-zero only during a portion of the period, the load line is modified. From
equations , , and , it follows that for —0 < wt < @, the load line is expressed as:

. Vee ) Ue
1= 1,4+ — 40
(q vR,) mRpL (40)

Figure [5.8| shows the I-V characteristics of an ideal transistor along with the load lines
corresponding to different classes of operation.

=
%

\
RN —x)
\ N e

umin uce umax

Figure 5.8: IV curves with corresponding load lines for different amplifier classes

To maximize the output power, the load resistance must be set to an optimal value.
In Class A, this value can be easily determined from the slope of the load line. For other
classes of operation, the optimal load resistance is given by:
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RL,opt = 71(9)[ (41)
This relation also applies to Class A.

When the actual load resistance is not optimal, a matching network is required to
transform it into the optimal value. However, this matching network introduces losses.
The higher the transformation ratio between the optimal and actual load resistance, the
greater the losses. Therefore, power amplifiers are typically designed so that the optimal
load resistance is as close as possible to the actual load resistance.

The relationships previously provided for estimating the optimal load resistance serve
as a first-order approximation. In practice, designers employ load-pull simulations using
dedicated software tools to accurately determine the optimal load resistance. Load-pull
simulations not only reveal the resistance value that maximizes the output power, but also
the one that maximizes the Power-Added Efficiency (PAE). These two objectives, however,
cannot generally be achieved simultaneously. It is emphasized that the optimal load resis-
tance values for all power amplifiers presented in the following sections were determined
through load-pull simulations and the central frequency of the system is 7.76 GHz.

5.4 Design of Basic PA Classes in 22nm CMOS FD-
SOI

In this section, a power amplifier was implemented using the 22nm CMOS FD-SOI
technology. The amplifier consists of a single transistor in a common-source (CS) topology,
as shown in Figure [5.9]

The inductor Ly, is modeled as an ideal RF choke, theoretically exhibiting a very large
inductance and, therefore, a very high (ideally infinite) inductive reactance wL, at the
operating frequency. The capacitor C} is also considered ideal, effectively blocking DC
current while presenting a very large (ideally infinite) capacitance, resulting in negligible
(ideally zero) capacitive reactance 1/(wCj) at the operating frequency. Ry denotes the
load resistance.

i

Ui R ELon 3R

Lch Rin
V VCC__
gs T I

Figure 5.9: Common-source power amplifier

By appropriately adjusting the gate bias voltage and setting the load resistance to
the optimal value obtained through load-pull simulations for maximum output power, the
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amplifier was configured to operate in all four fundamental classes, enabling a comparative
performance analysis. Additionally, an input resistor Ry, was included to ensure uncon-
ditional stability. Finally, the transistor width was chosen to be 400 um, and the supply
voltage was set to 0.8 V, corresponding to the nominal drain-source voltage at DC.

5.4.1 Class A

To correctly bias the transistor, the I-V curves along with the load line were used. The
slope of the load line provided an initial estimate of the optimal load resistance, which
was later refined through load-pull simulations, as previously discussed. The results are

presented in Figure [5.10] and summarized in Table
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o
2
£ 20+
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Pout (dBm)

Figure 5.10: Gain and PAE versus output power for Class A operation

Table 5.1: Performance Summary for Class A Power Amplifier

Parameter Value
Supply Voltage (Vpp) 0.8V
Gain 15.76 dB
Saturated Output Power (Piy) 18.8 dBm
1dB Compression Point (OP; 4p) 14.22 dBm
PAE at 1dB Compression (PAF; 4g) 24.92%
Maximum PAE (PAFE.x) 46.31%

From Figure it is evident that the transistor conducts continuously, and its drain

current is a pure sine wave, as is the drain-source voltage.

5.4.2 Class AB

To operate the power amplifier in Class AB, the gate was biased at a voltage halfway
between the Class A bias point and the Class B bias point, which is close to the transistor’s
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Figure 5.11: Voltage and current waveforms at the 1dB compression point in Class
A operation

threshold voltage. The load resistance was set equal to the optimal load-pull impedance.
Additionally, a parallel resonant circuit was added at the output to suppress higher-order
harmonics, ensuring that only the fundamental frequency reaches the load. The results are

presented in Figure and summarized in Table
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Figure 5.12: Gain and PAE versus output power for Class AB operation
From Figure 5.13] we observe that the drain current waveform is not a pure sinusoid

and takes values very close to zero for a duration shorter than half a period. On the other
hand, the drain-source voltage is sinusoidal due to the parallel resonant circuit.
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Table 5.2: Performance Summary for Class AB Power Amplifier

Parameter Value

Supply Voltage (Vpp) 0.8V
Gain 15.05dB
Saturated Output Power (Piy) 17.5dBm

1dB Compression Point (OP; 4p) 13.02dBm
PAE at 1dB Compression (PAF1 4g) 31.76%

Maximum PAE (PAFE,.x) 47.9%
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Figure 5.13: Voltage and current waveforms at the 1 dB compression point in Class
AB operation

5.4.3 Class B

The gate of the power amplifier was biased near the threshold voltage. Similarly to
before, the load resistance was set equal to the optimal load-pull impedance. Additionally,
again a parallel resonant circuit was added to the load. The results are presented in
Figure and summarized in Table

Table 5.3: Performance Summary for Class B Power Amplifier

Parameter Value
Supply Voltage (Vpp) 0.8V
Gain 10.12dB

Saturated Output Power (Piy) 17.52dBm

1dB Compression Point (OP; 4p) 15.65dBm
PAE at 1dB Compression (PAFE 145) | 50.07%
Maximum PAE (PAE,.y) 50.19%
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Figure 5.14: Gain and PAE versus output power for Class B operation

By observing Figure [5.15] we see that the current waveform is even more distorted
this time. It is evident that the current is zero for a duration approximately equal to half
a period. However, the drain-source voltage remains a perfect sinusoid again due to the
parallel resonant circuit.
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Figure 5.15: Voltage and current waveforms at the 1dB compression point in Class
B operation

5.4.4 Class C

This time, the transistor’s gate was biased below the threshold voltage. Once again, a
parallel resonant circuit was added to the load. The results are presented in Figure [5.16
and summarized in Table 5.4
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Table 5.4: Performance Summary for Class C Power Amplifier

Parameter Value
Supply Voltage (Vpp) 0.8V
Gain 3.89dB

Saturated Output Power (Piy) 16.85dBm
1dB Compression Point (OP; 4p) 16.44 dBm
PAE at 1dB Compression (PAE] 4g) 28.62%

Maximum PAE (PAFE .y 52.22%
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Figure 5.16: Gain and PAE versus output power for Class C operation

From Figure it is evident that the current waveform is significantly more distorted,
while the drain-source voltage remains a perfect sinusoid, once again due to the parallel
resonant circuit.

5.4.5 Comparison of the Basic Classes

In Figure [5.18] the performance metrics of the four basic power amplifier classes imple-
mented in 22nm CMOS FD-SOI technology are compared. The saturated output power
decreases progressively from Class A to Class C, as the nonlinearities become increasingly
pronounced, leading to stronger compression. At the same time, the gain also decreases.
On the other hand, the PAE increases, as expected, with the exception of PAFE1 g in Class
C, which is lower than that of Class B due to the reduced gain exhibited by the amplifier
in this operating class. Finally, the 1dB compression point is lowest in Class AB, while it
is maximized in Classes B and C, with Class C exhibiting a higher value than Class B.

In conclusion, Class B achieves the best trade-off among all performance metrics.
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Figure 5.17: Voltage and current waveforms at the 1dB compression point in Class
C operation
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Figure 5.18: Performance Comparison Across Basic Power Amplifier Classes

5.5 Differential Power Amplifiers

The saturated output power of the previous Class B amplifier is not sufficiently high.
Therefore, techniques that enhance output power must be employed. One such approach
is the implementation of a differential amplifier, as shown in Figure [5.19

Differential amplifiers offer approximately double the output power compared to single-
ended amplifiers using transistors of the same size. Moreover, they provide the advantage
of incorporating neutralization capacitors (C,), which ensure unconditional stability and
allow gain enhancement .
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Figure 5.19: Differential common-source power amplifier

5.5.1 Neutralization Capacitors

The small-signal equivalent circuit of the differential power amplifier with cross-coupling
capacitors C, is shown in Figure The Y-parameters of this two-port network are given
by:

Yll = RL + ijgs + jW(ng + Cx) (42)
a
Y12 = —jw(Cyq — Cy) (43)
Yo1 = gm — jW(ng - Cx) (44)
Yas = Ri + jwCy + jeCoa + Co) (45)
D
RG? Cgs—= Cad 6gmvi % Cadb gRD
-Vio * — ° Vo
Cx
TCX o oV,

Figure 5.20: Small signal equivalent circuit of capacitive cross-coupled amplifier

The stability factor k can be calculated using the following expression:
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k— 2 RGD/H] RG[YQQ] — Re[Y12Y21]
|Y12Y21]
Substituting equations f into the above expression, the stability factor of ca-
pacitive cross-coupled amplifiers becomes:

(46)

2+ w2(ng — Cm)zRgRD

k= 47
w|Cya — Cx|RGRp\/w?(Cyqa — C2)? + g2, )
In addition, the maximum stable gain is given by:
Y21 \/WQ(ng - Cx)z + g%m
MS Y12 W‘ng - C:v’ ( )
Therefore, when C, = Cyq, both the stability factor k& and the maximum stable gain

G s are maximized.

5.5.2 Differential Power Amplifier in 22nm CMOS FD-SOI

A differential power amplifier was implemented in 22nm CMOS FD-SOI technology.
The circuit is shown in Figure [5.19] Ideal baluns were used at both the input and output.
The neutralization capacitors were selected to maximize the u-factor. Their value is indeed
very close to the gate-drain capacitance (Cyq) of the transistors. In addition, a resistor
was inserted between the gates of the two transistors to ensure unconditional stability over
a wide frequency range [0, 100 GHz|. The gates of the transistors were biased near the
threshold voltage, enabling Class B operation. Finally, the load resistor was set equal to
the optimal load-pull impedance. The results are presented in Figure[5.21} and summarized
in Table 5.5 It is evident that the output power has increased by approximately 3dB,
as expected. Furthermore, improvements in both gain and Power Added Efficiency (PAE)
are observed, demonstrating the enhanced performance of the differential architecture.

Table 5.5: Performance Comparison Between Single-Ended and Differential Class B
Power Amplifiers

Parameter Single-Ended | Differential
Supply Voltage (Vpp) 0.8V 0.8V
Gain 10.12dB 13.22dB
Saturated Output Power (Piy) 17.52dBm 20.55 dBm
1dB Compression Point (OP; 4p) 15.65 dBm 18.83dBm
PAE at 1dB Compression (PAFE1 4g) 50.07% 59.12%
Maximum PAE (PAFE.x) 50.19% 61.46%

5.6 Stacked Power Amplifiers

The nominal drain-source voltage in modern technologies is low. Therefore, the sup-
ply voltage must also be low. Consequently, the transistor current must be increased to
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Figure 5.21: Gain and PAE versus output power for the Differential Power Amplifier
in Class B operation

achieve sufficient output power. However, the increased current lowers the optimal load-
pull impedance, requiring matching networks with a large transformation ratio, which
introduce significant losses [§].

One effective method to increase the output power and mitigate these issues is to use
stacked transistors. Stacking transistors allows for a higher supply voltage. However,
the design becomes more complex and must be carefully implemented to avoid reliability
problems [9].

In the following, the mathematical analysis of stacked power amplifiers is presented.

5.6.1 Stacking Transistors

In Figure a differential three-stacked power amplifier is presented. The RC net-
works at the gates of the upper transistors allow these gates to swing at AC, thereby
keeping the gate-drain voltage (Vyq) below the breakdown voltage. These networks are
also essential for establishing an equal distribution of the drain-source voltages, as will be
explained later.

To equally distribute the drain-source voltages across the stack and optimize perfor-
mance, each transistor’s drain must see the appropriate optimal impedance. The voltage
swing of the k-th transistor must be k times higher than that of the lowest transistor,
while all transistors carry approximately the same drain current. Therefore, the optimal
impedance for the k-th transistor is given by:

Zak =k - Ropt (49)

where Rgpt is the optimal load impedance for the lowest transistor.

Neglecting 74, and assuming the resistor Ry is sufficiently large, the small-signal
equivalent circuit of the k-th transistor is shown in Figure[5.23] A test voltage source v, is
applied at the source node of the transistor in order to calculate the impedance seen from
the drain of the (k—1)-th transistor, defined as:
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Figure 5.22: Three-stacked power amplifier
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Figure 5.23: Small-signal equivalent circuit of the k-th transistor

Vg
Zd,k—l =

l (50)

Applying node voltage method to the small-signal model yields the following linear
system of equations:

SCgs,k + Im,k _SCgs,k — 9m,k 0 Uy Z:p
~Cose Cpr+ Cgak + Cysi |Gk ug| = {0 (51)
—9mk Im.k — 5Cqd k -t sCyak | |uq 0
4k

The voltage u, as a function of i, can be obtained by solving this system using Cramer’s
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rule. Therefore:

Znt = Vr _ Crr(1+5Cyq1Z4k) + Cys i + Coar(1 + CoarZak + 9miZak) (52)
R (gmge + 5Cgs.1)(Cr (1 + sChanZak) + Cydk)

Furthermore, assuming that wCgq xZ4r < 1, which is valid at the operating frequency
of 7.76 GHz and even at mmWave frequencies, the previous expression can be simplified
as:

Znt = Cyk+ Cos i + Coa k(1 + gk Za) (53)
’ (g + 5Ces o) (Cr + Coa k)
Moreover, assuming that wClgg 1, < gy k, Which is also valid at the operating frequency

of 7.76 GHz and even at mmWave frequencies, we get:

Crr+ Cos ik + Coa k(1 + g Zak)
Imk(Crr + Coa k)
The impedance Zgj_; is purely resistive. Assuming also that Ry is purely resistive
and substituting Zg; = k- Ropt and Zg,—1 = (kK — 1) Ropt, we obtain:

Zajk—1= (54)

Cf p = Cgs,k + ng,k(l + gm,kRopt) (55)
7 (k - 1)gm7kR0pt -1
With this method, the drain-source voltage is equally distributed at AC. By appropri-
ately adjusting the DC voltages at the gates of the upper transistors, equal distribution of
the drain-source voltages across the stack at DC can be achieved.
Under optimal conditions, the gate-drain voltage of the kth transistor is given by the
following expression:

1+ 9m.k Ropt

Vs 56
gm,kRopt d ( )

Vod ke = —

Therefore, in order to prevent Vg4 from exceeding the breakdown voltage, the transistor
must be sufficiently thick. It is also advisable to avoid large values of the capacitor Cy , so
that the gates of the upper transistors can swing adequately and ensure that V4 remains
below the breakdown voltage.

It is worth noting that at mmWave frequencies, the amplifier performance degrades
due to parasitic effects. These parasitics draw part of the current, preventing the full
current from reaching the load. In addition, they cause phase misalignments in the voltage
waveforms. The most common technique to address this issue is the insertion of a shunt
inductance between two transistors in the stack.

5.6.2 Cascode Differential Power Amplifier in 22nm CMOS
FD-SOI

A cascode differential power amplifier was implemented in 22 nm CMOS FD-SOI tech-
nology. The circuit is shown in Figure Ideal baluns were used at both the input and
output. The neutralization capacitors were again selected to maximize the u-factor. Their
value is indeed very close to the gate-drain capacitance (Cyq) of the bottom transistors.
The RC network at the gates of the upper transistors along with the input resistor that
was added between the gates of the lower transistors ensure unconditional stability over a
wide frequency range [0, 100 GHz|.
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Figure 5.24: Cascode differential power amplifier

The gates of the lower transistors were biased near the threshold voltage, enabling Class
B operation. The gates of the upper transistors were biased in such a way as to achieve
an equal distribution of the drain-source voltage (Vpg) under DC conditions. Finally, the
load resistor was set equal to the optimal load-pull impedance. The results are presented in
Figure and summarized in Table The output power and gain have approximately
doubled. On the other hand, the Power-Added Efficiency (PAE) decreased slightly due
to the added parasitics of the upper transistors, which draw a small portion of the drain

current and prevent it from fully flowing through the load.

Table 5.6: Performance comparison between differential and cascode differential

power amplifiers

Parameter Differential | Cascode
Supply Voltage (Vpp) 0.8V 1.6V
Gain 13.22 dB 16.18 dB
Saturated Output Power (Piy) 20.55 dBm | 23.11 dBm
1 dB Compression Point (OPyqp) 18.83 dBm | 21.64 dBm
PAE at 1 dB Compression Point (PAFE4p) 59.12% 58.14%
Maximum PAE (PAFE.x) 61.46% 60.55%

5.7 'Two-Stage Power Amplifier

In some cases, the power provided by the stage preceding the power amplifier is insuffi-
cient to drive it at its 1 dB compression point. In such cases, a driver stage must be added
before the power amplifier to deliver sufficient input power. A two-stage power amplifier,
consisting of a differential driver and a differential PA stage, is shown in Figure A
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Figure 5.25: Gain and PAE versus output power for the cascode differential power
amplifier in Class B operation

balun is used at both the input and the output, while a transformer is inserted between
the two stages to achieve interstage matching.

TS W

Figure 5.26: Two-Stage Power Amplifier

o RF out

However, the driver stage degrades the overall Power Added Efficiency of the amplifier.
The Power Added Efficiency of the driver stage is given by:

Ppr — P
PAEpp =-28_"mn (57)
Ppc.pr
The Power Added Efficiency of the PA stage is given by:
Py — P,
PAEp, = -~ — DR (58)
Ppc,pa
From equation , the output power of the driver stage can be written as:
Ppr = PAEpR - Ppc,pr + Pin (59)

Substituting into equation , we obtain the total output power:

Pyt = PAEpa - Ppc,pa+ Ppr = PAEpa - Ppc,pa + PAEpR - Ppe,pr + Pin (60)
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Therefore, the Power Added Efficiency of the two-stage power amplifier is:

Pout — P; _ PAEpR- Ppcpr+ PAEpa - Ppo,pa

PAF = =
Ppc,pr + Ppc,pa Ppc,pr + Ppc,pa

(61)

Since it generally holds that PAEpr < PAEp4, the overall PAE of the two-stage
power amplifier lies between PAEpr and PAEp4.

In this work, a two-stage power amplifier was implemented in 22nm CMOS FD-SOI
technology. The central frequency is 7.76 GHz, while the bandwidth ranges from 7.125 GHz
to 8.4 GHz. The following chapter presents the design of the PA stage in detail.
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Chapter 6

Design of the Power Amplifier Stage

6.1 Topology

The circuit of the power amplifier stage is presented in Figure[6.1] The topology of the
power amplifier is a differential three-stack, chosen due to the advantages of both stacked
transistors and differential amplifier configurations. The central frequency is 7.76 GHz,

while the bandwidth ranges from 7.125 GHz to 8.4 GHz.

X

—0-=—n

|
[
V+ v+—l—1 M1 Mg |F——V-  vgs

RF In

Figure 6.1: Power amplifier stage

6.2 Design Flow

Vg2,5 Vg3,6

Vg2,5 Vg3,6

The Power Amplifier was biased in Class B, since it offers the best trade-off among all

considered performance metrics, as concluded in Chapter [5.4.5
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6.2. DESIGN FLOW

6.2.1 Transistor Sizing

Figure [6.2] presents the maximum output power at the 1 dB compression point and the
peak Power-Added Efficiency (PAE) as a function of the total gate width of the transistors.
The output power increases with the gate width, while the PAE reaches its maximum at
350 pm and decreases for larger widths due to increased parasitic effects.

The transistors’ width was selected to be 400 pm in order to provide a high current
capable of delivering sufficient output power. Additionally, at this width, the optimal load-
pull impedance is very close to 50 €2. Thick transistors were also chosen to ensure that the
gate-drain voltage V4 remains below the breakdown voltage, as discussed in Chapter w
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Figure 6.2: Maximum output power at 1 dB compression point and maximum PAE
versus total gate width

6.2.2 Neutralization Capacitors

The values of the neutralization capacitors were selected to maximize the p-factor.
Figure [6.3] shows the u-factor as a function of the capacitor C,, while Figure presents
the maximum gain and the maximum stable gain (MSG) also as functions of Cj.

It is observed that both MSG and the p-factor are maximized when C, = 73 fF. This
value is very close to the gate-drain capacitance Cyq of the bottom transistors in the stack,
as theory predicts (see Chapter [5.5.1)).

Furthermore, it is noted that the overall stability was improved through the inclu-
sion of RC networks on the upper transistors, the addition of an input resistor, and the
implementation of a real balun at the output.
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Figure 6.3: p-factor versus C,.
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Figure 6.4: Maximum gain and maximum stable gain versus C}.

6.2.3 Load Pull Simulation

Load-pull simulations are performed for a specific input power level.
order to accurately determine the optimal load impedance, the optimal input-referred

1 dB compression point must be known.

As a first step, using load-line theory and the IV curves, the optimal Class-A load
impedance of a single transistor with width 400 pm was estimated. Then, the optimal
load impedance for the differential three-stack topology operating in Class A is eight times
larger than that of the single device. In Class B, the optimal load is theoretically twice

the Class-A value, according to equation in Chapter .
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Using this value as a first estimate of the load resistance, an initial approximation of the
optimal input-referred 1 dB compression point was obtained. A first load-pull simulation
was then run using this input power. By performing successive load-pull simulations while
adjusting the input power accordingly, the optimal input-referred 1 dB compression point
was accurately determined.

Figure shows the result of the load-pull simulation for an input power equal to the
final optimal input-referred 1 dB compression point.

T T~ —— PAE=358.50 %
- —— PAE=62.31 %

e Y —— PAE=66.03 %
Ve AN —e— PAE=60.75 %
/ 75 \ Pout=21.57 dBm
0‘2!‘. ///'_ \.5 Pout=22.17 dBm
/ i Pout=22.76 dBm
‘.‘ ° o (z L \ Pout=23.36 dBm
DI W U] : 4] o0
\ 71
\ /
\ 7
-0.2 \ / -5
\\ /
-0.5\“\_\ -2

Figure 6.5: Load-pull simulation at the optimal input-referred 1 dB compression
point

6.2.4 Output Balun

The output balun is shown in Figure It is implemented as a stacked transformer
with two turns on both the primary and secondary windings, aiming to achieve a high
coupling coefficient and minimize insertion losses. The inner diameter is 130 pm, and the
metal width of both windings is 10 um. The detailed balun characteristics are provided in
[A2]

A capacitor C,, was included to ensure proper input matching. Taking this capac-
itor into account, the input impedance of the balun is shown in Figure while the
corresponding insertion losses are depicted in Figure [6.8]

6.2.5 RC Networks

As a first approximation, the resistance values of the RC networks were chosen to be
relatively high, initially set to 1 k€. The initial estimates for the capacitances Cyo and
Ct,3 were derived using the analytical expression presented in Chapter However,
in order to improve the performance and ensure reliable operation, the final component
values were somewhat adjusted from their theoretical values. The final values used are
nyz = 640 fF, Cf73 =215 fF, and Rﬁg = Rf73 = 360 Q.

Figure shows the drain voltages across the stacked transistors in the absence of the
RC network, while Figure [6.10] presents the corresponding voltages when the RC networks
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Figure 6.6: Stacked output balun layout
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Figure 6.7: Input impedance of the output balun including the matching capacitor
Cm,

are included. It is evident that the voltage distribution across the stack is significantly
more uniform in the latter case, and the Vg of all transistors remains safely below the
breakdown voltage.

6.2.6 Input Resistor

Without the input resistor, the input impedance of the power amplifier is Z;, = 5.4 —
j124 Q. This extremely low real part and highly capacitive imaginary part make interstage
matching very difficult. Moreover, such an impedance severely degrades the bandwidth.
Figures[6.11] and [6.12] illustrate how the amplifier’s performance and input impedance vary
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Figure 6.8: Insertion loss of the interstage balun including the matching capacitor
Cm
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Figure 6.9: Drain voltages without the RC network

as a function of the input resistor value.

The output power remains nearly constant regardless of the input resistor value. How-
ever, the gain increases as the resistor value increases, since less current is drawn from the
input resistor. Consequently, the Power-Added Efficiency also improves due to the higher
gain.

The input resistor value was selected to be 80 €2, where the gain is satisfactory and the
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Figure 6.10: Drain voltages with the RC network included

input impedance is Z;, = 57.03 — j36.84 €.

55
—& —>
N '/’/"H ® -
£ 451
m
=
< 40-
a
E 35 - —8— Gain
= —8— PAF148
T 30 OP 148
a
[o]
= 25
B
c
£ 20
]
15 4
lD_ T T T T T T T T
25 50 75 100 125 150 175 200

Input Resistor ()

Figure 6.11: Performance metrics versus input resistor value
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Figure 6.12: Input impedance versus input resistor value

6.3 Results

6.3.1 Nominal

When the source impedance is set equal to the complex conjugate of the input imped-
ance of the power amplifier stage at the center frequency, the performance results are
illustrated in Figures[6.13] [6.14] and [6.15] and are summarized in Table [6.1]

Table 6.1: Summary of the power amplifier stage performance

Parameter Value
Supply Voltage (Vpp) 24V

Gain 16.62 dB

Saturated Output Power (Piy) 23.31 dBm

1 dB Compression Point (OPyqp) 22.04 dBm
PAE at 1 dB Compression Point (PAFE:4p) 51.34%
Maximum PAE (PAFE,.x) 51.51%
Difference Between I1P; and IP4p 6 dB
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Figure 6.13: Gain and PAE versus output power of the power amplifier stage
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Figure 6.14: Stability factors p and p’ of the power amplifier stage

6.3.2 Corners

Figures [6.16H6.18] illustrate the performance of the power amplifier stage under various
process and temperature corners. In some corners, the output power at the 1dB compres-
sion point decreases while the gain increases. In others, the opposite occurs, and in some
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Figure 6.15: S-parameters of the power amplifier stage
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Figure 6.16: Gain performance across process and temperature corners for the power
amplifier stage

cases, the behavior is very close to the nominal. In the first case, the amplifier operates
closer to Class AB due to a reduced threshold voltage (V;), while in the latter, it shifts
toward Class C operation as a result of an increased V.

The performance of the power amplifier in cases where the threshold voltage is lower
than nominal can be improved by reducing the DC gate bias voltage of the lower transistors,
so that the amplifier operates closer to Class B. On the other hand, in cases where the
threshold voltage is higher than nominal, the back gate of the lowest transistors should not
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be connected to ground. Instead, it should be biased with a sufficiently high DC voltage
to reduce the threshold voltage.

It should be emphasized that one of the advantages of the technology 22nm CMOS
FD-SOI is that the back gate of each transistor is not connected to the substrate; instead,
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Figure 6.17: Output power at 1dB compression point across process and temperature
corners for the power amplifier stage
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Figure 6.18: PAE at 1dB compression point across process and temperature corners
for the power amplifier stage




6.4. LAYOUT

each transistor has its own back gate whose DC bias can be adjusted arbitrarily. This
allows us to improve the performance of the power amplifier under certain corners.
Figures and illustrate how adaptive back gate biasing and adaptive gate
biasing steer the amplifier to the desired Class B operation.
Lastly, the power amplifier stage is unconditionally stable in all corners.
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Figure 6.19: Adaptive back gate biasing
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Figure 6.20: Adaptive gate biasing

6.4 Layout

The layout of the power amplifier stage is presented in Figure [6.21]
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Figure 6.21: Power amplifier stage layout

The technology provides eight metal layers, of which the top three—Metal 6, Metal
7, and Metal 8—are thick. Among them, Metal 7 exhibits the highest conductivity. To
minimize conduction losses across the transistor stack—from the drain of the bottom-most
transistor to the drain of the top-most one—and to maximize the power delivered to the
output, a combination of Metals 6 and 7 was employed for both the drain and source
interconnections.

Metal 8 was not utilized due to its significantly greater minimum thickness and more
restrictive Design rules, which would have made the layout less compact and more difficult
to implement.

Due to layout limitations and restricted access to higher metal layers for routing, the
first four metal layers were used to route the gate signals. While this choice was necessary,
it introduced increased resistive losses, resulting in a slight degradation in gain.

Additionally, the current flowing through the drain and source terminals is consider-
ably higher than that through the gate. Therefore, thick metal layers were employed for
the drain and source interconnections to satisfy electromigration rules and minimize con-
duction losses. This design choice is critical, as conduction losses increase proportionally
with current for a given resistance introduced by the layout. If not properly managed,
these losses can significantly degrade the overall performance and efficiency of the power
amplifier.

The capacitors at the gates of the transistors in the second and third tiers were split
into two equal parts to achieve a more compact layout.

Furthermore, due to modifications introduced by the interconnects, the capacitances
of the capacitors in the second and third tiers had to be increased in order to enhance
performance and achieve a more uniform distribution of the drain-source voltages (Vpg)
across the stack. Additionally, reducing the resistance at the gates of the transistors in the
second tier was necessary to improve both performance and voltage balancing.

However, voltage swings still appear on the gate terminals of the transistors in the
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second tier. As aresult, the gate-drain voltage (Vi p) remains below the breakdown voltage,
as required. These swings are caused by the non-zero resistance between the gate nodes
and the DC voltage source, which is inevitably introduced by the interconnect metals.

6.5 Post Layout Results

The post-layout results are presented in Figures [6.22] [6.24] and [6.23] and are sum-
marized in Table where they are compared against the schematic-level results. It is
evident that the layout has slightly degraded the overall performance of the power am-
plifier stage in terms of gain, output power, and efficiency. However, the linearity has
improved, as indicated by the increased separation between the 1dB compression point
and the third-order intercept point.
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Figure 6.22: Post-layout Gain and PAE versus output power of the power amplifier
stage
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Figure 6.23: Post-layout stability factors p and u' of the power amplifier stage
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Figure 6.24: Post-layout S-parameters of the power amplifier stage
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Table 6.2: Performance comparison between schematic and post-layout results

Parameter Schematic | Post-Layout
Supply Voltage (Vpp) 24V 24V

Gain 16.62 dB 15.66 dB

Saturated Output Power (Piy) 23.31 dBm 22.45 dBm

1 dB Compression Point (OPyqp) 22.04 dBm 21.03 dBm
PAE at 1 dB Compression Point (PAFE14p) 51.34% 43.93%
Maximum PAE (PAFEax) 51.51% 44.10%
Difference Between I1P; and I Pig4p 6 dB 10.18 dB
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Chapter 7

Design of the Driver Stage

7.1 Topology

The circuit of the driver stage is presented in Figure[7.1} The driver cell is implemented
as a differential amplifier, incorporating neutralization capacitors and an input resistor. In
the following section, the rationale behind the selection of this specific topology for the
driver stage will be discussed.

Vin+—
RF In . Vin+ Vin- — Vout+ . +
Cmi Cm 2% % PA Stage
Vin- Vin+ — Vout- =
- Vin- —

Figure 7.1: Driver stage

7.2 Design Approach

To design the driver stage, it must be taken into consideration that the driver’s gain
should remain linear at the input-referred 1 dB compression point of the power amplifier
(PA) stage. Consequently, the driver’s output-referred 1 dB compression point should be
at least 3 dB higher than the PA’s input-referred 1 dB compression point. Additionally,
the driver’s output-referred 1 dB compression point should not be excessively high in order
to minimize degradation of the overall PA’s power added efficiency.

The input-referred 1 dB compression point, both in schematic and post-layout, is ap-
proximately 6.4 dBm. As a first step to simplify the design and improve overall perfor-
mance, the PA stage operation was shifted closer to Class C by reducing the bias Vg by
0.01 V. This adjustment increased the output power at the 1 dB compression point and the
PAE at this point, but resulted in a reduction of gain. Simultaneously, the input-referred
1 dB compression point increased to approximately 7 dBm.
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To design a differential pair driver stage delivering an output power of 11 dBm at the 1
dB compression point (11 and not 10 because this value will drop when actual components
and layout are introduced), while ensuring that the PAE at the 1 dB compression point
is close to the maximum PAE, the transistor width had to be small. This resulted in
insufficient gain and required a relatively large optimal load-pull impedance.

Therefore, to increase the gain, the transistor width of the differential pair was set to
200 pm. Additionally, two driver cells were connected in parallel. In this configuration, each
cell sees twice the impedance of the interstage transformer input along with the matching
capacitor, facilitating easier interstage matching since the optimal load-pull impedance is
relatively large, as will be shown later.

With this topology, the 1 dB compression point of each cell had to be at least 8 dBm,
since the PA will receive double the power that each cell delivers. We want 8 dBm and
not 7 dBm because potential losses from the actual components and layout will reduce the
power.

The 1 dB compression point contours of the driver cell are presented in Figure [7.2]
From these contours, it can be concluded that the driver cell must see an impedance close
to 150 Q or smaller. Therefore, the input impedance of the interstage transformer, along
with the matching capacitor, should be 75 £ or smaller.

Additionally, an input resistor was added between the gates of each driver cell for the
same reason it was included in the power amplifier stage.

—— OPi45 = 10dBmn
——— OP\4p =9.14dBm
—— OPyyp = 8.29dBm
—— OPyp = 7.86dBm
OPigp =TdBm
OPyyp = 6.143dBm

Figure 7.2: 1 dB compression point contours

7.3 Interstage Transformer

The interstage transformer is shown in Figure [7:3] It is implemented as a stacked
transformer with two turns on both the primary and secondary windings, aiming to achieve
a high coupling coefficient and minimize insertion losses. The inner diameter is 130 pm,
and the metal width of both windings is 10 wm. This is exactly the same component as
the output balun of the power amplifier stage.

A capacitor C),s was included to ensure proper input matching. Taking this capacitor
into account and terminating the transformer at the input resistance of the power am-
plifier stage at the central frequency, the input impedance of the transformer is shown in
Figure [7.4], while the corresponding insertion losses are depicted in Figure [7.5
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Figure 7.3: Stacked interstage transformer layout
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Figure 7.4: Input impedance of the interstage transformer including the matching
capacitor Ci,s

7.4 Input Balun

The input balun is shown in Figure It is implemented as a stacked transformer
with two turns on both the primary and secondary windings, aiming to achieve a high
coupling coefficient and minimize insertion losses. The inner diameter is 110 pm, and the
metal width of both windings is 6 pum. The detailed balun characteristics are provided in
A3
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Figure 7.5: Insertion loss of the interstage transformer including the matching ca-
pacitor C,,o

A capacitor C),; was included to ensure proper input matching. Taking this capacitor
into account and terminating the balun at the input impedance of the driver stage, the Si;
scattering parameter of the balun is shown in Figure[7.7, while the corresponding insertion
losses are depicted in Figure|7.§

Figure 7.6: Stacked input balun layout

7.5 Layout

The layout of the driver stage is shown in Figure [7.9] The transistor interconnects
were designed in the same manner as those in the power amplifier stage. Additionally, the
matching capacitor Cy,1; was split into two equal parts. At the same time, capacitor Ci,2
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Figure 7.8: Insertion loss of the input balun including the matching capacitor C,,;

was ultimately removed, as its absence improved the gain, albeit with a slight reduction
in the overall PAE.
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Figure 7.9: Driver stage layout
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Chapter 8

Two Stage Power Amplifier

The design of the driver and power amplifier stages was completed, so it was time to
evaluate the performance of the two-stage power amplifier.

8.1 Schematic Results

The schematic results of the final two-stage power amplifier are presented in Figures
and and are summarized in Table[8.1] It is evident that the output power was not
affected by the insertion of the driver. At the same time, the gain increased significantly,
while the PAE was slightly reduced and linearity also worsened.

Table 8.1: Summary of the two-stage power amplifier performance

Parameter Value
Supply Voltage 24V
Gain 29.1 dB
Saturated Output Power (Pyy) 23.22 dBm
1 dB Compression Point (OPy4p) 22.19 dBm
PAE at 1 dB Compression Point (PAFE145) 47.57%
Maximum PAE (PAFE,,..) 47.81%
Difference Between I1P; and I P 4p 4 dB

8.2 Corners

Figures illustrate the performance of the power amplifier stage under various
process and temperature corners. Similarly to the power amplifier stage (Chapter ,
in some corners, the output power at the 1 dB compression point decreases while the gain
increases. In others, the opposite occurs, and in some cases, the behavior remains close to
the nominal. In the first case, the issue is addressed by reducing the gate biasing of both
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Figure 8.1: Gain and PAE versus output power of the two-stage power amplifier
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Figure 8.2: Stability factors u and i’ of the two-stage power amplifier

stages, whereas in the second case, it is mitigated by applying a positive back-gate bias to
both stages. Lastly, the two stage power amplifier is unconditionally stable in all corners.
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Figure 8.3: S-parameters of the two-stage power amplifier
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Figure 8.4: Gain performance across process and temperature corners for the two-
stage power amplifier

The layout is shown in Figure[8.7] At each center tap of the baluns and the transformer,
capacitors were added, with one terminal connected to the center tap and the other to
ground. This was done to eliminate the inductance introduced by the center tap and
thereby improve the overall performance of the circuit.
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Figure 8.6: PAE at 1 dB compression point across process and temperature corners
for the two-stage power amplifier

The post-layout results are presented in Figures and 810} and are summarized
in Table B:2] where they are compared against the schematic-level results. It is evident
that the layout has slightly degraded the overall performance of the power amplifier stage
in terms of gain, output power, and efficiency. However, the linearity has improved, as
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indicated by the increased separation between the 1 dB compression point and the third-

order intercept point.

Table 8.2: Comparison between schematic-level and post-layout simulation results

Parameter Schematic | Layout
Supply Voltage 24V 24V

Gain 29.1dB 27.74dB

Saturated Output Power (Pyy) 23.22dBm | 22.66 dBm

1 dB Compression Point (OPyqp) 22.19dBm | 21.26 dBm
PAE at 1 dB Compression Point (PAFE4p) 47.57% 41.38%
Maximum PAE (PAE ) 47.81% 41.76%
Difference Between I1P; and OP,4p 4dB 7.55dB

Figure 8.7: Layout of the complete two-stage power amplifier

102




8.3. POST LAYOUT RESULTS

50

— Gain
— PAE
40 A

30 4

20 +

Gain (dB), PAE (%)

10 ~

0 T T T T
0 5 10 15 20

Pout (dBm)
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Figure 8.10: Post-layout S-parameters of the two-stage power amplifier
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Chapter 9

Conclusions and Future Work

The power amplifier is one of the most critical stages in the transmitter of a telecom-
munication system. It is the most power-hungry block of the entire system and must
deliver sufficiently high output power with high Power Added Efficiency (PAE) to ensure
efficient power management. At the same time, the power amplifier must exhibit high
gain so that the preceding stages can effectively drive it to its 1 dB compression point.
Moreover, good linearity is essential to maintain high link quality and to support modern
dense high-order modulation schemes with varying envelope signals, which are commonly
used in contemporary digital communication systems.

In this work, the power amplifier was implemented in Class B operation, one of the
four classical amplifier classes, which provides a balance between output power, gain, ef-
ficiency, and linearity. To address the limitations of modern silicon technologies—namely,
the low nominal drain-source voltage (Vpg)—a differential power amplifier topology was
adopted, utilizing stacked transistors. This approach enables sufficiently high output power
while careful design choices ensured that both Vpg and Vgp remain below the breakdown
voltages, maintaining device reliability. Furthermore, a driver was added to increase the
gain.

Dense high-order modulation schemes with varying envelope signals demand excellent
linearity. Therefore, the power amplifier is often required to operate under Power Back-Off
(PBO) conditions—typically 3, 6, or even 9dB below the 1 dB compression point. However,
PAE tends to decrease significantly in back-off conditions. Consequently, the next research
step is to develop a power amplifier architecture that improves efficiency during PBO. The
most widely adopted technique for this purpose is the Doherty architecture. Nevertheless,
exploring a broader range of ideas and experimenting with alternative amplifier classes
beyond the conventional ones—such as Class J or Class F [4]—may lead to innovative
solutions in power amplifier design.
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Transformers

Integrated transformers are particularly useful, as they can be employed for impedance
matching, AC coupling, and for converting single-ended to differential signals and vice
versa. However, their design and the development of accurate equivalent models can be
quite challenging.

A well-designed transformer is characterized by a high coupling coefficient, low capac-
itive coupling between the primary and secondary windings, low series resistance on both
the primary and secondary sides, and minimal capacitive coupling to the substrate.

A.1 Simplified Transformer Equivalent Circuit

In Figure[A.T] a simplified transformer equivalent circuit is presented, where Cr denotes
the coupling capacitance between the primary and secondary windings |6]. The input and
output equations are:

Vin, = L1sIli + M sy (1)
Vout = M sIy + Losl (2)
Applying Kirchhoff’s current law at the output node:

Cr

Vin() 1.8 EL: SR

Figure A.1: Simplified transformer equivalent circuit
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Vou
(Vin — Vout)sCp = ~22 4+ T, (3)
Ry

Solving for I from the above equations and substituting into the previous equation
yields:

M? 2
Vout _ L1Ly (1 — L1L2> s“Crp+ M (4)
Vin  L,L, (1—%) 52CF+L§7€2<1— Lf\f;)erLl

In the special case where Cr = 0, this reduces to:

‘/out M

= (5)
Vo (1= A ) s+ I
This shows that, assuming the coupling factor k = .5 S less than 1, the transfer

function behaves as a low-pass filter with a real pole at the frequency:

—R;

Wp = (6)
M2
Ly (1-24)
The input impedance Z;, is given by:
M?s?
Zin =118 — ——— 7
in =T R Lys ()

Thus, inductance values must be chosen to ensure the input impedance is appropriate
in the desired frequency range.

The coupling capacitance C'r between the primary and secondary windings has an
opposite effect to that of magnetic coupling. This is evident when writing the numerator
of equation as s = jw:

M2
L1Lo

N(jw) = ~Li L, (1 - ) Cp? + M )

If M is positive, the numerator becomes zero at frequency:

M
M2
L1L2 (1 - m) CF

Wy, =

9)

This means that a notch appears at this frequency. However, if M is negative, the
notch may appear at very high frequencies, and the transformer behaves as non-resonant
in practical ranges. Thus, inverting transformers operate at higher frequencies compared
to non-inverting ones.

Transformers can be implemented using one or more metal layers. Typically, they are
realized in two or three layers. Multi-level transformers offer the following advantages over
planar ones:

e Smaller overall area
e Better magnetic coupling due to precise alignment of the two windings

e It is easier to achieve a turns ratio greater than one between primary and secondary
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e Multiple secondary windings can be implemented to realize combiners
However, they also have some disadvantages:

e Metal traces on lower layers have higher sheet resistance due to thinner metal thick-
ness

e Capacitance between the lower metal layers and the substrate is higher
e Capacitance between primary and secondary windings is increased

The inductance Lp of the primary and the inductance Ls of the secondary, along with
the quality factors Qp and Qs and the coupling factor of a real transformer simulated in a
electromagnetics computational solver can be determined from Z-parameters as follows:

r, = ) (10
L= Im(f”) (11)

o Im(Zn)
Qp RG(ZH) (12)

N Im(ZQQ)
QS Re(ZQQ) (13)

_ Im(le)
- \/Im(ZH) Im(ZQQ) (14)

A.2 Output Balun and Interstage Transformer

The balun is a type of transformer where one of the two terminals at the input or output
is connected to ground. In other words, the balun converts a single-ended signal into a
differential one. The output balun and the interstage transformer used in the two-stage
power amplifier are exactly the same components. Their characteristics versus frequency

are shown in Figures A5

A.3 Input Balun

The characteristics of the input balun used in the two-stage power amplifier versus

frequency are shown in Figures
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Figure A.2: Primary Inductance (L,) versus frequency for the output balun
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Figure A.3: Secondary Inductance (L) versus frequency for the output balun
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Figure A.4: Quality Factors (Q,, Qs) versus frequency for the output balun
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Figure A.5: Coupling Factor (k) versus frequency for the output balun
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Figure A.8: Quality Factors (Q,, Qs) versus frequency for the input balun
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