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“Fall in love with some activity and do it!
Nobody ever figures out what life is all about, and it doesn't matter.”

Richard P. Feynman

ZToug alayamnToug YOVE(S Hov,

Tdoo kat Mapiaven






Evyaplotieg

Fpnyopa mov Tépace o Kapodg! Tav xteg pov @aivetar o PAgfdapng oOTAV
mpwto@taocape oto Villach kat fpikape Ta TAVTA GTOALCUEVH KATAAEVKA aTTO TO X1OVL Ot
EUTIELPIEG TTOV €{noa oTA TAALCLA TNG EKTIOVONG TNG SIMAWUATIKNG LoV gpyaciag Ba pov
petvouv yla mavta agexaotes. To va SouAéPw oty etatpeia Infineon Technologies tav ywx

HEVA EVO OVELPO TIOU TEALKA Bynke aAnOwvo.

[MpwTa amd 6AovG elpal VTTOXPEWUEVOS VA ELXAPLOTNOW TOV KaBNynT pov lwavvy
[Tamavavo ylx v kabodnynor Tov e 6A0 To SLIAGTNUA EKTIOVIONG TNG SITAWUATIKNG LoV
epyaciag, Kabwgs kat ™ ouvexn wbnom mov pov Sivel. EKTIHw amiotevta TV eukalpia tov
LoV €8WOE VA EPYACTW OTO TEPLBAAAOV ULAG TOGO PEYAANG KL OTLAVTLKTG TIOAVEOVIKTG, OE
EVA YWPO OTIOV ETAYYEAUATIEG UNYOVIKOL TIAPAYOUV AVTAYWVIOTIKA TPOIOVTA, UE KATIOLEG

QATtO TIG TILO CUYXPOVES KOl EVTUTIWOLUKEG TEXVOAOYIES.

Oé\w emiong va evXAPLOTIIOW OAOVG TOUG GUVEPYATEG UNXAVIKOUG TIOV pe Borbnoav
VA AVOW TIG ATIOPLES POV, PE TIG GUINTIOELS TIOU KAVOUE TTAV®W O€ SLAPOPA TEXVIKA {NTNUATA.
El{pat evyvopwv otov Franz Dielacher mov pov é8woe tnv evkaipia va epyact® oty opada
Tov. Kat akopa meploodTteEPo 6TOUG (Pidoug Kol cuvadéA@oug pov Xprjoto Owpo, Kwotavtivo
F'aAavomovAo, Simone Scilabra kat Mapio TUTJAGKN YLo TIG OLOPQPES OTLYUES TTOV {1|OAE

nadli Toug TEAeVTALlOUG PN VEG.

[Slaitepa TIPETEL VA EVYXAPLOTIIOW TOV PIAO KL GULPOLTNTT Lov BaciAn Alakwvn v
TN CUUTIAPACTAOT KL UTIOLOVY] TIOU HOU €8€l€e 0TO SLAOTNUA TWV TEAELTAIWY PUNVWV.

ETtiong 6A0ug Toug atdikous pov @irovg, tov Kwota, Tov I'iavvn, ™ Mapia, tn Ocodwpa.

Ta ovopata Twv avlpOTWV TOL TPETEL VA EVXAPLOTHOW SEV EXOVV TEAELWNO, XAAQ
amd 6A0VG TOUG, T TTOAV Eexwpi{ouv 0L YOVEIG OV TIOV pE aTmioTEVTN SUvaun e oTnpilovv
yw@ va otékopat 6w Tov Bplokopal. Agv VTTAPYXOUV AOGYLX YL VO TOUG EKQPACW TNV

EVYVWUOGUVT IOV VIWO .






Tyeduaypappa

Avtikeipevo ¢ SIMAWUATIKNG pov epyaciag eivat ) oxedlaom evog evioxuTr) lox0og
TOmov Doherty pe kevtpikny cuxvotta Aettovpyiag ota 40GHz, xpnoomolwvtag otadia
LoxV0G ouvdeapoAoyiag kowngs Baong. Ot e@apuoyEg a@opolv Ta LEAAOVTIKA TIPOIOVTA TG

aocvpuatng texyvoroyiag 5G.

Y10 KeE@AAL0 1 TTeEpLypAPETAL 0 OKOTIO TNG Epyaciag, KaBwg kat 1 B€on Tov Bpilokel

OTA EMEPXOUEVA TIPOTOVTA KLV TWV ETIKOLVWVLWV 5G.

IT0o KeE@AAQO 2 ylveTal (o TEPUANTITIKI] AVX@OPA OTA OTOLXEIX TNG KAAOLIKNG
Bewplag TwV eVIoXUTWV oXVOG TIOV Elval amapaltnTa ylax TNV vTtoAotnn gpyaocia. Tivetal
aVa@OPA oTa BACIKA HEPT EVOG €VIOXUTN LOXVOG, OTIS BAOCIKEG TTAPAUETPOVS ETISOONS
KabBws kat otig ovvnbelg kA aoelg Asttovpyliag. TéAog, yivetal pa BewpnTikn) avaivon

OXETIKA UE TN XP11OT TNG OLVEEGHOAOY G KON G BAONG WG EVIGXUTH LOXVOG.

Yto Ke@AAao 3 YylveTal MO TEPUANTITIKY AVA@OPA OTIG TEXVIKEG emavENomg
amddoong. Alvetal TeplocOTEPT EUPAOT OTIG SVO TEYVIKEG TOU XPTCLUOTIOLOVVTAL 0T
oLYKeKPLUEVN epyaoia. ‘Ocov apopd v apyltektovikn Doherty, Sivetat ép@acn t0co oty
Bewpia, 600 koL 6TI§ peBdSovg vAoToinone. H avopbwon pedpatos 6to 6tadlo kowvng faong,
oV eival 1 devtepn HEB0SOG TTOU XPNOLLOTIOLEITAL OE QUTH TNV Epyacia, Elval pia Kavolpyla

UEB0S0G IOV AVEKLIE APKETA TIPOCPATA.

Yto Ke@dAawo 4 ylvetal g cOVTOUN OUL)TNON OXETIKA HE TIG EMISOCELS TNG
TEYVOAOYLNG TIOU XPMOLUOTIOLEITAL KABWGS ETIONG KAL TX HOVTEAX TIOV XPTOLUOTIOLEL Yl TX

oTolyelot 0 TPOGOUOLWTNG.

Yto ke@dAato 5 eEnyeitain peBodog vAomoinong Tov evioyu Ty LoXVOG KAl EEnyovvTal

T BHATA LE ETAPKN AETITOUEPELQ.

1o Ke@AAalx 6 kal 7 @aivovtal Kot cuINTOVVTAL ATIOTEAECUATA TIPOCOUOLWOEWY

TIAVW OTNV VAOTIOLEVT] APXLTEKTOVIKT).



Outline

Object of this thesis is the design of a Doherty RF Power Amplifier operating at a center
frequency of 40GHz, by utilizing a Common Base configuration for the power stages. The
applications that this thesis targets are future products of the fifth generation (5G) of cellular

mobile communications.

In chapter 1 the task of this thesis is described, as well as the position that it finds in the

upcoming future 5G products.

In chapter 2 a brief reference is made on the elements of the classic RFPA theory that are
important for this thesis. A reference is made on the basic building blocks of an RFPA, the basic
performance parameters and the usual modes of operation. In the end of the chapter, a theoretical

analysis is made on the use of a Common Base configuration as a power amplifier.

In chapter 3 a brief reference is made on back-off efficiency enhancement techniques.
Emphasis is given on the two techniques used in this thesis. Concerning the Doherty architecture,
the theory of operation, as well as implementation details are described with detail. The Current
Clamping in a Common Base Stage is the second technique used and it is a new technique that

emerged recently.

In chapter 4 a short discussion is made on the device parameters of the technology that

directly affect the design, as well as the device models used by the simulator.

In chapter 5 the implementation method is explained, and the design steps are shown in
detail.

In chapters 6&7 the simulation results of the designed architecture are shown and

discussed.

Key words: Power Amplifier, Doherty, Current Clamping, 40GHz, SiGe, BICMOS
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Extetapevn lepiinym

To kuplwg kelpevo autng ™G SIMAWUATIKNG Elval YPAUUEVO oTA ayyAlkd. Auti n
EKTETAUEVT TIEPIANYT cLUTIEPAAUBAVEL L€ GUVOTITIKO TPOTO TA TLO CNUAVTIKA OTUEI TNG
SIMAWUATIKNG. AVTIKE(LEVO TNG SIMAWUATIKNG eival 1) oxediaon evog evioyu T LoxVoG TUTIOU
Doherty pe kevtpikn cuyxvotnta Aettovpyiag ta 40GHz, Tov 6TtoxeVEL 0€ EQAPUOYES KV TWV

ETIKOLVWVLOV TEUTITNG YEVLAS (5G).

Ta cvotuata mmWave méumtng yevias (5G) Ba xpnooTo6ouV apXLITEKTOVIKEG
massive MIMO yia va BeATiwoouvv TIG €MISOCE TWV AOVPUATWV (evEewv Toug Ot
QAPXLTEKTOVIKEG QUTEG XPNOLUOTIOOVV TOAAATAOVUG evioxuTtég LoxVog (PAs) pe tov kabe
evioyutn va Aettovpyel oe petplralovoa oyl €€06ov. H evepyelakn amodoon twv PA eival
ATOPACLOTIKNG onpaciog yia t Oepuikn Slayeiplon kat tnv Stapkela {w1G CUGKEVWY TOV
Aettovpyovv pe pmatapia. EEatiag g xpnong oxnuatwyv Stapdp@wons pe vPmio PAPR,
Omw¢ VPMANG taéng QAM kat OFDM, téoo 1 péylotn amodoon 6co kol 1 amodoon o PBO
elval kploes. Qoto600, Yl va emitevxBolv Gb/s puBpol petadoong pe ovvOeTa oxnuaTa
Stapoppwong, ot evioxutég Tumov EER kot ET Ba xpetdlovtav Stapdp@won tpo@odooiag
VYNANG TaxvTNTAGS Kat akpifelag. Ao v aAAn, evioxvutég TOTov LINC og Gb/s e@appoyég,
AT TOVV YLO TN AELTOUPYIX TOUG UTIOAOYLOLOUG VPMANG TaxVUTN TS 0T Baoikr) (wvn. Eeldn
elval SUOKOAO VA KATAOKELAOGTOUV QTOSOTIKOL HETATPOTEIS oYVOG Yl Slapop@waon
TPO@OS00inG, EVW ATMALTEITAL EMIMAEOV VAIKO YlA UTOAOYLOHOUG otn PBaocikn {wvn, 1
mapovoa epyacia otpé@etal otnv TeYVikn Doherty ywa BeAtiwon g evepyelaking

amddoong.

H Aettovpyia tov DPA potpaletal oe 500 “povonatia”, tov Main PA kat tov Auxiliary
PA. O Main PA elvat moAwpévog ocav éva ocuvnon ypappko evioxutn kAaong B, evw o
Auxiliary PA €xeL pia oxetikd mio moAUTAokn Aettovpyia. ‘Eva otoiyelo-kAeldl yia
Agttovpyla Tov DPA, elval To madntiko Siktuvo €€0660v To 0Tol0 OXL ATAWG TIPOCHETEL TNV
LoxV €§060v Tov KABe pOVOTIATIOU HE TIG EAGXLOTEG SUVATEG ATIWAELEG, AAAA TAVTOXPOVA

emiteAel ) Stapdpwon @optiov TOTov Doherty.
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RF out

Vdc Vdc
Al O ] [ O Main

On-chip output network
(Doherty power combining)

A A A A
Aux. l _.-}'Main J
PA A OPA N
r T r W
Dynamic L S Main
Biasing bias
On-chip input network
(phase shift & power split)
RF in
Ewéva 1 Mmlok Sidypapua ths apxitektovikic Doherty
Zi
lh _ 2 _ s
Gen 1 "4 R Gen 2 Main R Vi Aux

Ewova 2 Apiotepa: Avo mnyéc onuartog potpalovtat to iSto poptio (active load-pull)
Agé&ia: diktvo €660v yia Staudppwon goptiov tomov Doherty

Tevikd, n Stapop@won @optiov umopel va mapatnpnBel 6tav §vo (1] TeEPLOTOTEPES)

TNY£ES onpatog potpadovtal to 6o @optio R. T'a mapddetypa, av dvo mNyeg mapayouvv
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pevpata (§lag cUXVOTNTAG KL PAOTG, KAl U {810 TTAGTOG I, TOTE TO TTAATOG TNG TACNG OTX
dkpa Tov @optiov Ba eival Vi, = 21k R, wote kdBe TNy onpatog BAETeL otV £8080 NG
@optio Vpi/L, = 2R, 6nAadn OumAdoo @optio. Xpnowomolwvtag emmAfov  Evav
AVTLOTPOPEX EUTESNOTG TNV ££080 TNG HLAG TTNYNS, £vag SITTAACGLAG OGS TOU (POPTIOL YLa TN
Ue TNyn Umopel va @avel cav LToSIMAAGLAcHOG @opTiov ywa TV &AAn Tmyn. ‘Etol
Aettovpyel kat 1 Stapop@won @optiov Doherty. Xpnowomoleital pia Ypappun LETAPOPAS
A/4 cav avtiotpo@éag eumédnong kat pe N Aettovpyia touv Auxiliary PA pmopel va
Slapop@wvetal To @optio otnv €€080 Tov Main PA. Etol, kabw¢ aviavetal 1 oxvg e€650v
tov Auxiliary PA, To @opTtio mov BAémeL o Main PA pewwvetal [Ipémel TéAog va onpelwOel ott
oL LoyYVG amd TouG SV0 EVIOYVUTEG TPEMEL VA 0LVOVACGTOUV EVIOXUTIKA, OTIOTE TPEMEL TA
onpata e§680V TOUG VA VAL CUHPACIKE TAVW 0TO @opTio. ETeldn 1 ypauun A/4 mpokaiet
Staopa @daong 90° oto onua tov Main PA, xpnowomoteital éva Siktuo €lcd8ov To omoio
notpadet e€loov pHeTadV TV §V0 EVICXLTWV TO OTUA EL6OS0V KAl TAVTOXPOVA TTPOKAAEL OTNV

eloodo tov Auxiliary PA Siagopda @aong 90°.

Imax/2 Vdc
Vm
Im,Ia Vm,Va
A A
Im
Va
Ia
0
0 0.5 1.0

> \in

Ewxova 3 ®aivovtal Ta pevuata kat oL tacels e€66ov Twv Main & Auxiliary PAs. O x-aéovag sivat To vopuaiouévo aonpa
eto66ov Vi, Na Vi, < 0.5 paivetar n mepioyn xaunAng toxvogs kat yia Vi, > 0.5 n meproxn vpnAig toxdog. To onueio
Vin = 0.5 eivat to onueio 6dB PBO.
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H Aertovpyia Tov DPA ywpiletal oe dU0 TepLloyEG avaloya e TV Lox¥ €660V, 6TV
TeEPLOXM XAUNANGS oxvog pe PBO meplocotepo amd 6dB kat otnv mepLoyr] vPmAnG Loxvog pe
PBO amé 6dB éwg 0dB. Ztnv meploxn xaunAng oxvog e€66ov, o Main PA Asitovpyel cav
oLvVN NG YPAUULIKOG EVIoYLTNG KAdong B. O Auxiliary PA elvat ToAwuévog pe té€tolo tpoTo
WOTE VA PNV apayeL .oxL, omtote Sev Aapfavel xwpa Stapdpwon @optiov touv Main PA. To
@optio Tov BAémeL o Main PA €xel otaBept) Tiun, Tétola wote oto onpelo 6dB PBO to mAdTOG
™G Tdong e§680v va peylotomoteital ‘Etol, oto onueio 6dB PBO o Main PA peyiotomotel to
TAATOG TAONG €§080V TOU KL KATA GUVETELA TNV ATTOS001] TOV. TNV TEPLoXN VYPNANG loxVog,
o Auxiliary PA mapdyet 1ox¥, evepyomolwvtag v Stapdpwon @optiov Doherty. KaBwg
auEavetal To onNpa l0060v, To pevpa €§680v Tov Main PA audvetal YpapupuKA, evw To
EOPTIO LELWVETAL [IE TETOLO TPOTIO WOTE GE OAN TNV TEPLOXT] VPNANGS LoyxVOG 1) TAon €§080v
TOU va pével otabepd oto péyloto mAatog. ‘Etot, o Main PA mapapével og péylom anddoon,
evw o Auxiliary PA eoutiag ™G kAdong Aertovpyiag touv £xel vYPmAn amoédoon Otav
OUVELOPEPEL ONUAVTIKO PEPOG LoxVOG. ETeldn) kat Ta U0 povomatia Slatnpovv BeEATIwUEVT
amddoon, n amddoon €£€660v Tov evioxuTh Doherty eivatl og 6An v Teployn vPMANS Loy VoG
avénuévn. EmmAgov, kabwe to onua e€68ov kabopiletal amod to pevpa e€66ov Tov Main PA,
TO oTtolo Statnpel Ypappikn oxéon Pe To oNua L0080V 0€ OAES TIG TIEPLOXES AELITOLPYIAG, O

DPA &ival OewpnTIKA YPAUULKOG.

10dB 548 P

max

Ewxéva 4 Amédoan &66ov Tov evioyvti Doherty
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OewpnTikd, Aotmov, o DPA elvat évag ypapupikog evioxu T, HeE BEATIWHEVT amtoSoon
otV meployn amd 6dB PBO £éwg 0dB PBO. Eivat Suvatodv, emiong, o DPA va yapaktnplotel wg
TEXVIKN YPAUULKOTIOMOTG, KABWS 1 ypapuukomta Tov kabopiletat amd tov Main PA mov
AelTovpyel o€ ypapplkn kAdaon, evw o Auxiliary PA pmopel va elval €vag evioxuTtng Ue
ONUAVTIKEG UN-yYpappkotntes. Emiong, o DPA emituyydvel 0Aa Ta mapamdvw £XOVTaG pLa
eCalpeTIKA amAn Acttovpyla xwpls eEwteplkd €Aeyxo 1 €§wTikd otolyela. H mpaktiki

vAomoinor tov DPA emipuAdooel, woTd00, CNUAVTIKA EUTTOSLL.

To mpwTto onueio SuokoAiag OV cuvavtatal katd ™ oxediaom evog DPA, eival n
vAoToinom TG ocuvaptnong peta@opds tov Auxiliary PA. O Auxiliary PA Ba mpémel va
Tapdayel undeviko pevpa péxpt to onpeio 6dB PBO kat petd to onpeio autod Oa mpémel va
auénoeL TaxVTATA TO PELUA TOV, WOoTE 0to onpeio 0dB PBO va mapdyetl 1600 pevpa 660 o
Main PA. ZT1¢ TpwTEG TOAV TAALEG VAOTIOUOELG LE AVXVIEG KEVOU, 1 SLAYWYLLOTNTA KL TO
HEYLoTO pevpa €§080V NTaV guKoAA eAEYEueg TapapeTtpol. H vAomoinon pe ovyxpova RF
transistor elvat HOVO TPOCEYYLOTIKI KL GUVIOWG EMTUYYXAVETAL TTOAWVOVTAG TIG CUCKEVES
tov Auxiliary PA o€ kAdon C. Qot600, e§aitiag Touv xapnAov kEpSoug TTou xapaktnpilel tnv
kAaon C, eav xpnopomomBovv cuokeveg (Slov peyéBoug yia toug Main kat Auxiliary PAs,
oto onueio 0dB PBO to pevpa e€660v tou Auxiliary PA Ba elvat onpavtikd xapunAotepo amo
To pevpa €€06ov tou Main PA. ‘Evag ouvrbng TpOTOG QVTIUETWTIONG Elval v
xpnowomomBovv peyadltepeg ovokevég ywx tov Auxiliary PA wote va avinbel
SLYWYHOTNTA KAl OUVETWS TO KEPSOG, woTtdco autd Ba €xel ouvveémelwa to PUF twv
ovokevwVv Tov Auxiliary PA va sivat apketd xaunAo. Emiong, eav avinbel 1o péyebog twv
ovokevwv tou Auxiliary PA, n eumédnon ewo06dov tov Ba pewwbel kat autd pmopel va
odnynoelL oe pelwomn tov kEPSoug Tou Tponyovpevou otadiov evioxvons. ‘Evag Sebtepog
TPOTIOG AVTILETWTLONG elval va totoBetnBel évag attenuator otnv €lcodo tou Main PA,
HELWVOVTAG TO kKEPSOG TOL Kal Sivovtag otov Auxiliary PA éva eplBwplo yia va mpoAafet va
(OTACEL TO HEYLOTO peLUA €060V TOL. AkOpa Kal av EexaoTel To TPOBANUA TOU PELWHEVOU
KEPSOUG TIOV CULVETIAYeTAL ) TOAwOoT Tou Auxiliary PA oe xAdaon C, vmtdpyovv emmAov
TPOPAUATA TIOU OUVSEOVTAL WPE TNV TEXVOAOYIX TIOU XPNOLUOTOLE(TAL OE QUTH TN
StmAwpatikn. Emeldn kata v moAwon oe kAaon C 1 fdon twv HBT moAwvetat oe moAv

XaunAo Suvvapikd, m €vwon oLVAAEkTn-Baong Ba avaykaotel va LTOOTEL TACELS TOU
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TANOL&ovV eMKIvOUVA TNV TACT SLACTIAOTNG TNG, EMOUEVWS Elval avayKkn va toToBetnOel

emmAéov mpootacia otnv €€0do tov Auxiliary PA, Bdlovtag emimAéov VAIKO 6To SiKTLO

€€080V Kal PELVOVTAG TNV Tadn Tk amodoor] Tov. Ealtiag, Tng cueowpevLOoN§ TTPAKTIKWY

TPOLANUATWY IOV CUVETIAYETALT) KAGoT C, 6€ auTi) TNV Epyacia xpnolomomtnke pia tpitn

EVAAAQKTIKT AVOT, 0 SUVILIKOG EAEYXOG TNG TAOTNG TIOAWONG, TTOL Ba TpovcLaoTEL o€ Alyo.

Aélomiotia
MeBobdoAoyia MmAok Sldypappa Képbog ZUOKELWV
LoXV0gG TOU
Auxiliary PA
> Main PA ‘;@l—,\—)v RFout ,
-3d8 Amouteitat
0 deg.
Avénon XapnAo eCWTEPLKN
RFin @etwork
peyeboug > (<kAdom AB) | mpootacia
GUOKEVMV e -
90de Aux. PA F
> RFout ,
a8 Attautettal
g.
Elcaywyn j XoapmAo eEWTEPLK
RFin @etwork
Attenuator (<xAdaon AB) | mpootacia
-3dB
90 deg.
> Aux. PA -
, > Main PA M4 Tline g > RFout
Avvapikog -3dB Agv
0 deg
EAEYXOG NG YymAo amatteitol
, RFin —)@elwork , ,
TAong j (xAdomn AB) | eCwtepkn
TOAWONG | 00 dog. ) TPOCTACL

Hivaxag 1 MeBoboAoyieg viomoinong tov Auxiliary PA
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To 8evtepo onpeio SuokoAiag Tov cuvavtatal katda tn oxediaon evog DPA eival n
KATAOKELT TOL TabnTikoV SikTtuov €€060v. To KAaokd SikTvo €080V, OTIWG cu{NTHBNKE
TIPONYOUUEVWG, TEPAAUPBAVEL TN YPOUU HETH@OPAS A/4 Tov emitelel To pOAO TOU
AVTLOTPOPER EUTIESMOMG, TIPOCOETOVTAS TIS LoXUG £€060V TwV Main kat Auxiliary Pas emdvw
o€ eva poptio. To @optio avtd Ba €xel pa BEATioTn TN, 1 oTola kaBopileTal amd TOUG
TIEPLOPLOUOVG HEYLOTNG TAOTG Kol pEVHATOG TwV §V0 PAs. [IpokelEVOL v HETATYUATIOTEL
To efwTteplkd TEPPdAAov Twv 50Q oto BEATioTo @optio Tou DPA, xpnowwomoleital pa

SevTEPT YPAUUT LETAPOPAG A/4 e KATAAANAN euTtEST OM).

To kAaowod Siktvo €€060v €xel V0 pelovekmuata. To TPWTO eival oTL N TIPWTN
YPOAUUY) HETAPOPAS ETITEAEL peydAovg petaoxnuatiopoVs eumédnong (ITRs). Ta
TAPASELypa, o€ OAN TNV TTEPLOXT) XUUNATS Lo VoG, To ITR = 4. AmodewvieTal oTL e€xttiag Tov
ueydiov ITR 1 apxitektovikn Doherty amokta to otevo €0pog {wvng yla To otolo eivatl
yvwot. To 8e0Ttepo pelovekTnua ival 1 xapunAn amdédoon tou TabnTikoy SIKTUOU OTNV
TEPLOXN XAUNANG LoxVOoG, 6ToV SovAevel povo o Main PA. Emeldn) ) 1oxVg touv Main PA €yet
OTO LOVOTIATL TNG KL TIG V0 YPUAUUES LETAPOPAS, EXEL TIAONTIKES ATIWAELEG KL ATLO TIG V0,
UE aMOTEAEOUA 1) OLVOALKT BeATiwon ¢ amdédoong oto 6dB PBO va eival meploplopévn.
[Ipokelévou va amo@evxBolv Ta UEOVEKTHUATA TOU KAaolkol Siktov &fddov,
xpnowomombnke pa  Sl@opeTik)  TomoAoyia. XTnv epyacia [10] ewonxbn pa
TpoTmoTompévn TomoAoyia DPA, mov pmopel va Aettovpyel o€ V0 KOVTIVEG umtavtes. Me faon
aQUTH TNV €pyacia, SNUOCIEVTNKE TIPOCEATA [6] UK OAOKANPWUEVN TOTOAOYIA TOU
tpomomompévouv DPA, Baciopévn otn xpron 600 HETACYNUATIOTWV KoL EAGYXLOTWY GAAWY
TAONTIKWV oToLXEIWV Yla To SikTvo €€680L. O Tpomomoiuévos DPA meTtuyaivel onuavTiknyg
BeAtiwon amodoong oe oVYKPLON UE TNV KAAOLKI] VAOTO(NOT, 0 OAEG TIG TEPLOXES
Asttovpylag. EmimAéov, metuyxaivel éva evtumwolakd evpog {wvng Asttovpylas. TéAog,
e€altiag g xpnong Alywv mabntikwv otolxelwv, To TpomoTompUéVo SikTLo £§680V pmopel

va 0AokANpwBOel o€ TTOAD pikpo epPadov.

17



Zo1, N4 Zoa, N4

£90° £90°

TL,
RL

D I 2]

Ewova 5 Aptotepa: kAaotko Siktvo e€66ov Doherty
Agé&id: vdomoinon tov tpomomomuévov Siktvov €68ov Doherty e xprion UETACYNUATIOTWY

‘Exovtag vmoywv tov 1poémo Aettovpyiag tov DPA, kabw¢ kal Tig SuockoAieg mov
ouvavTOnkay Katd TN VAOToinon Tou, umopovv va efnynbovv Ta Prpata Tov
akoAovBnOnkav katda ™ oxediaorn tovu. [lpwto Pripa amoteAel n oxedlaon tov Main PA.
Zuvnbwe, Yot To 0TAS10 LloXVOG XPNOLUOTIOLEITAL TOTIOAOY (X KOLVOU EKTIOUTION, AAAQ O€ oUTN
™V epyacia xpnowomombnke TomoAoyia Kowng Bdaong, mpokeluévou va epeuvnbovv ta
TAEOVEKTIHATA TOU. ATOSEIKVVETAL OTL TO OTASI0 KOowng PBdong umopel va Tapdyel
TEPLOCOTEPN LOXV ATO TO OTASIO KOWOU EKTOUTIOV Kal To omnpelo ocvumieong 1dB tou
KEPSOLG elval TTOAD KOVTA 0TNV LoXV KOPEGHUOV, TAPEXOVTAG LK TIOAD TILO EKTEVT] YPAUULKN
meploxn. Emiong, éva @awvopevo mou eival povadikd otn ouvvdeopoloyila kKowng Baong,
yvwot6 wg Current Clamping elvat Suvatov va xpnoomomBel yia fedtioon g anddoong
tov Main PA [7]. To pelovéktnua tov otadiov kowng Baong lval To Pikpod KEPSOG LoXVOG
Tov. Xpnowomombnke emiong push-pull cuvdeoporoyla, mpokeévou va eEadelwBovv ot
CUYEG APUOVIKEG KoL TAUTOXPOVA va amo@evyxBoUv TpoPfAnuata tomov common-lead. To
otadlo oyVog Tov Main PA oxeSldotnke katd Ta GAAa pe cLVNOELlS TEXVIKEG oXeSIAONG
eVIoYLTWV LoxVog¢. To BEATIoTO opTio Tov Bpebnke xpnoipomolwvtag loadline match avti
ylwa conjugate match. T'ix tqv odnynon tov otadiov woxvog xpnowomomBnke driver pe
ovvdeopoloyia cascode, TTPOKELUEVOL VA LOOQAPLOTEL TO YaAUNAO KEPSOG TOL GTASIOV KOLVNG
Bdong. EmumAgov, 1 vPmAn amopdvwon tov otadiov cascode emétpePe va oxedlaotoVV
Eexwplotd To 0TAdL0 LloxV0o6 kal To Siktuvo el00dov Tov DPA. Tl TV Tpocapuoymn tov driver
Kal Ttou otadlov oxvog xpnowomombnke £évag petaoxnuatioTtng interstage. ‘Evag
AKOUO LETACXNUATIOTNG XPTOLLOTIOMONKE Yl TIPOCAPHOY| TG EUTESNONG €Ll6O80V TOV

Driver oto mepifaArov Twv 500 Tov Siktvov elc6S0vL.
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Ewdéva 6 Lynuatiké tov Main PA. AT6 ta aptotepd mpog Ta Seéid paivovial, 0 HETATYXNUATIOTIS YIA TTPOCAPUOYH TNG
euméSions et.oddov ata 500, 5o harmonic traps ovvtoviouéva otn SeUTEPN APUOVIKT, TO KaoKodLKG aTddio Tov Driver, o
UETaoYNUaTIOTIC interstage padl pue U0 TUKVwTES ouvToviouol MIM, kat To 0TddL0 Loxog Kowi¢ fdong

['la ) oxedlaon tov Auxiliary PA xpnowomowmOnke 1 texvikn tov Dynamic Biasing.
AvaxukAwBnke 1 TomoAoyla TOU OXeSLACTNKE TPONYOUUEVWS Yl Tov Main PA kot
XPNOLUOTIOONKE LK TTPOCAPUOGTIKY] LETABOAT] TN G TAON G TTOAWOTNG TOVL oTadiov Loxvog. Me
Alya A6yLa, 1) Tdomn OAwong Tov otadiov woxvog Tov Auxiliary PA e€aptatal amd To onua
€L0OS0V, LE TETOLO TPOTIO WOTE VA VAOTIOLEITUL 1] CUVAPTNOT LETAPOPAG TIOV TIPETEL VA EXEL
bavika o Auxiliary PA. Ztnv meplox xaunAng toxog, tTo otadio oxvog touv Auxiliary PA €yel
UL otadepn-xaunAr Tdon TOAWON S WOTE VA UnVv Tapayel Loxv. Amo to onueio 6dB PBO kat
KaBw¢ aviavetal To onpa .6080v, 1) Ton TOAwoN aviavetal Xto onpeio 0dB PBO 1 taon
ToAwoNG tov Auxiliary PA yivetat {on pe v tdon moéAwong tov Main PA, omdte kat
Tapdyovv To (Slo pevpa e§68ov. 'ETol, xpnoomolwvtag tnv TeXVIkN tou Dynamic Biasing
To MPOPANua vAomoinong touv Auxiliary PA oxedov AUvetal apketa gvkoda. Puoikd, 1
1EB0S0G auTn aalpel amo TV amAdTNTA Tov KAaokoU DPA, kabw¢ amattel éva eEwTepiko
onua eAéyyov. Qotoco, Sev elvat SUOKOAO €vag oUYXPOVOG TIOUTIOC VX TIAPAYEL EVAl OTUA
avaAoyo g mepBaAAovoag Tou oNuatog oL "BEAel” va ekTEUPEL, TO 0TIolo UTopEl dpeca

va xpnowomomBel cav onpa yio tn Suvapikni TéAwon ywa tov Auxiliary PA.
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Mévouv ol oxedlaoels Twv SIKTOWV €l6080v Kat €£06ov. INa To mMaBNTIKO SikTvO
eloodov, oxedlaotnke éva differential quadrature hybrid. To Siktvo aUTd avikel oty
YevikoTepn Katnyopia twv Siktdwv quadrature hybrid, ta omoia Aapfavouvv pia woxv
€l068ov amod éva port Kat TNV woopolpdlovv petaty SVo ports pe Swa@opd @daong 90°
(umopovv va xpnotpomomBovv Kat ylx v avtiotpoen Asttovpyia). To quadrature hybrid
IOV OXESLACTNKE O€ AU T TNV gpyacia xpeldletal va elval Sta@opikd, SnAadn va tapdyet oL
SV0 aAAG TéooEPLS PAOELS, ETELST N TOTOAOYIX TWV EVIOXUTWYV €lval €mMiong SLa@oplkn
(push-pull). H oxediaon tov Siktvou BplokeTAl CUVOMTIKG OTNV TAPAYPAPO 5.2 Kol
Baoiletat oty epyacia [8]. TéAog, yix To SikTLO €§680V XPNOLHOTIOMONKE 1) TPOTIOTIOLNUEVT)
tomoAoyia Siktvov €€66ov Doherty mov @aivetat otmv Ewkova 5. Ot vtoAoylopol yax ™
oxedlaon tov Siktvou €€060vL PplokovTal AVOHAUTIKA 0TV TapAaypa@o 5.3.2 auTng g

epyaocioag.

RFin_plus . e .theta_p\us_Qﬁ
E g
k] LZ 4
theta . ‘ ‘
CB__L
com .
< C1T
theta_minus_186
E g
&L L3 O
RFin_rminus . .theto_minus_@ﬂ
w_n

Ewova 7 To Stapopikd vBptdiko Siktvo et.o66o0v
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Ag§Adyo MepiAnymg

Auxiliary PA

Current Clamping

Common lead effects

Conjugate match

Cascode

DPA

Driver

Dynamic biasing
EER

ET

HBT

ITR

Interstage

Loadline match

LINC

0 BonBnTKOG evioxL TG WoYVOG OV amoTeAEl Eva amd Ta §Vo
“novomatia” touv DPA.

M£B0606 avopBwomnG peVUATOC, TAPOUOLA PE TN YVWOTH HEBoSO
avopbwong TAong, XPNoLLoTolwvTag M 6iodo kat Evav
TIUKVWTT). XpNOLoToLE(TAL 0€ 0TASLA LoxVOG KON BAomng yia
™ BeAtiwon g anddoong oe PBO [7].

doawvopeva egattiag g ovvdeong Twv TPavilotop O MNYES
Tpoodooiag, TOAwONG 1 TN YelwOoT, HEGW KATIOLOU CUPUATOG
TO 0To(0 YapaKTNPIeETAl ATIO KATIOLA TTAPACLTIKI] QUTETAYWYT.
H ovvdeoporoyia push-pull, efaitiag ™G Slx@popikng
Aettovpylag NG, elvatr amoaAdayuévn omd TETOOL €ldoug
TpoBAnuata.

ATo amAn Bewplat KUKAWUATWY TPOKVUTITEL OTL YA PBEATIOT
HETAPOPA LoYVOG ATO UL TINYT TIEMEPACUEVNG EUTIESONG OE
éva popTio, To opTio Ba TpEmeL va €xel epmédnon lon pe
oLQLYT T TNG EUTTESN 0T G TINYN.

Kaokodikn cuvdeoporoyia dUo tpaviiotop

Zuvtopoypa@ia yia Doherty Power Amplifier

To KOKAwPA €VIOXUTH TOV TAPAYEL TNV LOXV €L0OS0V Yyl va
o8nynBet éva otadlo Loxvog.

MéBodog Suvapikng moOAwong Ttwv Tpaviiotop. Mmopel va
Xpnowomom el ylx S1a@opeTIKoUG 0KOTOUGS, AAAA O€ QU TY) TNV
gpyacia ypnoomoumnke yla tnv vAomoinon tov Auxiliary PA.
Tuvtopoypa@ia ywx Envelope Elimination and Restoration mov
elval pa amo T oAV yvwoteg pefodovg PeAtiwong g
amdédoong oe PBO aAAd KoL YpOUUIKOTIOMONG.

Yuvtopoypapia ywa Envelope Tracking. Baciletat otnv 16éa
tov EER, aAAd eivat pa tedeiwg StaopeTikn Texvikn BeATiwong
™m¢ amodoong o PBO.

Yuvtopoypa@ia ywx Heterojunction Bipolar Transistor, 1
KATNyopla EVEPYWV GUOKEV®V TIOV XPNGLUOTIOLOVVTAL OE QUTH
™mv epyacia.

Yuvtopoypa@ia yia Impedance Transformation Ratio. Ot
YPAUUES UETAPOPAS A/4 oLUXVA XPNOLUOTOLOVUVTAL YL TO
HETAOXNUATIONO epumeédnong O A0YoG Twv eUMESNCEWY TOL
BAémouv ota dkpa tovug eivat to ITR.

Inpaiver  “evlldpeca  oe otdda” kat xapoaktnpilel To
HETHOXNUATIOTH HETAdV Twv otadiwv driver katl 1oyx0oG, Tov
XPMOOTIOLE(TAL VLA TNV TIPOGAPOYT] TOUG.

H mpooappoyn avt) AapBdavel utoPtv Toug TTEPLOPLOUOVGS EVOG
TpavlioTop Yylr TNV TAOM KAl TO peUpHa €080V, WOTE Vo
mapaxBel n pé€ylotn Suvat oxvg e€6Sov.

Yuvtopoypa@ia ywa Linear amplification by Non-linear
Components. Eivat ploa amd T MOAD yvwotés pebodoug
BeAtiwong g anddoong oe PBO aAAd Kot ypoppikooimong.
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mmWave

massive MIMO

Main PA
OFDM
PA
PAPR
PBO

Push-pull

QAM

Katnyopila epappoywv pe ovxvotnteg Asttovpylag peTaly
30GHz kot 300GHz.

0 6pog MIMO ava@épetat oTn XPNoTN TOAAATIAWY KEPALWV
EKTIOUTNG Kot ANYPNG vl TNV ad€nom NG xwpnTKOTNTAS UK
acvpuatng (evéng. H texvoroyla massive MIMO otnpiletal oe
aQuTH] TNV L€, XPNOLUOTIOLWVTAS HEYAAEG OLOTOLYIEG ATIO
KEPULEG Yl TNV  TAUTOXPOVY €EUTMNPETNOT  TOAAATIAWY
QUTOVOLWV TEPLATIKWV.

0 kUplog evioxuTng Loxvog, eva amd Ta Vo “povomatia” Tov
DPA.

Orthogonal Frequency Division Multiplexing

Power Amplifier, evioyutg loxvog

Peak to Average Power Ratio A0yog NG pHEyLotng mPog ™ HEo
Loxv

Power Back-Off vmoxwpnon amdé v wox0 KOPEGHOU NG
oTlypLaiag TIung s toyxvog eE68ov.

TuvdeopoAoyia ov xpnopomolel éva {evydpl amd TpaviioTop,
T oTIolx EVAAAAE TtapEyouv peVA, 1] ATIOPPOPOVV PEVUX ATIO
éva @optio.

Quadrature Amplitude Modulation yvwotn pé6odog Ymeiakng
Sltapdpewong.
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1 Introduction

The design and measurements of a Power Amplifier with a Common Base power stage
is presented in order to investigate the advantages and drawbacks of that configuration. The
designed Power Amplifier is then used as a building block for the design of a Doherty
architecture to demonstrate the effectiveness of the Doherty technique in mmWave

applications.

1.1 Motivation

Worldwide commercial launch of 5G is on the horizon and the first phase of 5G
specifications has already started, with the ITU IMT-2020 standard and the more recent
3GPP Release 15 standard. Early roll-outs of 5G in Europe and Asia will likely use sub-6GHz
bands, while in the USA operators will mainly start with high bands (above 24GHz) for 5G
and reuse some 4G low bands. In the IMT-2020 the peak & user experienced data rate, area
traffic capacity, latency, spectrum efficiency and network energy efficiency are specified as
key capabilities of high importance. For the first three, the use of the high bands is a
necessity, however due to spectrum efficient modulations, with high peak-to average power
ratios, both PA (power amplifier) peak efficiency and power back-off efficiency are critical.
To achieve Gb/s data rates, Envelope Tracking requires high speed supply modulators and
Outphasing requires high-speed baseband overhead for computation, both of which are
difficult to implement in practice. Until recently DPAs (Doherty power amplifiers) suffered
from limited PBO (power back-off) efficiency enhancement and narrow bandwidths of
operation. However recent work [6] has resolved both issues, achieving a very impressive

-1dB bandwidth of operation covering the entire 28-to-42 GHz (40%) band.
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1.2 Task Description

The objective of this project is to design a DPA and demonstrate back-off efficiency
enhancement due to the Doherty operation. Given the increasing interest for 5G applications
in the 40GHz band, it was decided that the operation of the DPA must be centered at 40GHz.
There are no specific design goals concerning the bandwidth or the linearity of the DPA,
however care was taken during the design, so that the operation stays within reasonable
limits for the target application. Given that 5G applications will extensively exploit MIMO
structures, using multiple PAs with moderate power capabilities for each element, the power
capabilities of each individual PA can be moderate. In this thesis the saturation power was

chosen to be over 20dBm.

There were no readily available PAs to use for the main and auxiliary PAs, centered
at or close to the intended frequency of operation. As a result, a major part of this project is
dedicated to the development of those two PAs using a SiGe BiCMOS technology which was
made available thanks to Infineon Technologies. A stumbling block during the design was
the implementation of the auxiliary amplifier. It was decided to develop the power stages of
both PAs using a Common-Base configuration, since it offers certain advantages in back-off

efficiency according to recent work [7].

Finally, due to the work needed in order to develop the two PAs, as well as develop
and demonstrate the operation of the full Doherty architecture there was no time to develop
and simulate the inductors and transformers using an EM simulator. Models with realistic
parameters (inductance, quality factor and coupling factor), in relation to the operating

frequency, are used instead.
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2 Power Amplifier in Theory

This chapter is intended to be an introduction into the theory of RF power amplifier
design. It discusses a linear RF amplifier in theory, a conceptual structure of a generic power
amplifier, definitions of the key figures, usual modes of power amplifier operation and a

short investigation on the advantages and drawbacks of a Common Base power stage.

2.1 Linear RF amplifiers in theory

In RF design, it is difficult to employ traditional methods for network parameters such
as Y-, Z-, H- and G-parameters, because they require open-circuit or short-circuit conditions
for their measurement, which are difficult to realize in RF and mmWave frequencies. To face
these challenges, RF designers use S-parameters, which are measured under controlled finite
impedance conditions. Using S-parameters, the basic results of matched two-port linear RF
amplifiers were first derived over 50 years ago. The key results can be illustrated by

examining the schematic in Figure 2.1.

Zo [s S’ S22’ M Zo
[S]
| ] ] S
= ==
I B s R
Input Port Input tuner Active Device Output tuner Load

Figure 2.1 Schematic for 2-port gain and stability analysis

An active device is represented as a two-port S-parameter matrix. The input and
output impedances (or equivalently reflection coefficients) presented to the transistor can

be adjusted using conceptual tuning devices. Since these tuners are realized using passive
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circuitry, the reflection coefficients I and I}, at the input and output device reference planes

are restricted to the range of 0<|[5; |<1 in magnitude.

Much of the complexity of the behavior of the system in Figure 2.1 is due to the
relative magnitude of the product s;,.s,;. The key equations are quite straightforward and
represent the change in the input reflection from s;; to s;;’, due to the output plane being

presented with the output load reflection I;:

Input Match:
' S21-S12-11
Su=Suty 5o T (2.1)
Output Match:
, S31-S12. 1
S22 =St T . FS (2.2)
'S
And for a conjugate match:
si1 =13, Sz32 =11 (2.3)

Inserting (2.3) in (2.1), (2.2) gives two equations which can be solved for I and I;.
And in general, this solution exists, however an additional constraint must be put for the
magnitudes of I; and [} in order to ensure the stability of the two-port amplifier and this

constraint is Rollett’s Stability Factor or k-factor. The k-factor is calculated as follows:

Kk = 1+ 1511.522 = S21.S121% = Is11]? = 522/
2[s11ls22]

(2.4)

The simple k>1 rule is undoubtedly a good guideline to follow, since it is a necessary
condition for stability at a given frequency for a two-port device. There are also other
measures for the stability of a two-port amplifier such as the B1-factor, stability circles and

others.
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2.2 Diagram of a single stage power amplifier

A very simplified diagram of a single stage PA can be seen in Figure 2.2. It is very
similar to Figure 2.1. An active device is used as the amplifying element with two ports, input
and output. A passive network is connected to each port, a passive input network and a

passive output network.

low power side amplification ~ high power side

CAMAMA

T
— VL ﬂ'\ L rYTVTYTL
\ ‘ «
assive mput . . assive output
P P active device P P
network network

Y

Figure 2.2 Very simplified diagram of a single-stage power amplifier

2.2.1 Active device

The active device is the workhorse of a power amplifier, being the component that
performs the amplification of the input signal. In a general sense, it converts power provided
by a DC source into RF power, so that the output signal is essentially a higher power version
of the input signal. Typical examples of active devices used in RF power amplifiers are BJTs,
MOSFETs, HEMTs and HBTs. The choice of device for an application is based on criteria such

as operating frequency, maximum output power and cost.

The active devices used for the design in this thesis consist of arrays of HBTs
connected in parallel. In particular, the HBTs used are devices of the B11HFC 130nm SiGe
BiCMOS technology. Although the active devices are the heart of the power amplifier, they
are not the main concern of this thesis, as the designer is given freedom to affect only few of

their parameters.
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2.2.2 Passive network
The engineering of the input and output passive networks is the essential part of the

PA design. Their function includes:

Matching: The impedance levels at the ports of the active device, must be transformed to a

desired interface level, e.g. 50 Q.
Filtering: The out-of-band spectrum components must be filtered in both directions.

Waveform shaping: The impedances the passive networks present to the active device,
partake in the shaping of the current and voltage waveforms, allowing a particular mode of

operation.

Biasing: The biasing of the active device determines together with the wave shaping the

class of operation and therefore figures as linearity, efficiency and gain.

Stability: The passive network must ensure and maintain stability of the amplifier, usually
for defined load and source impedances. For a single-stage two-port power amplifier,
potential instability is caused when the terminating impedance on one side of the device, can
be transformed through the device so that the device presents negative impedance at the
other port. This can often happen on either or both ports. Typically, the situation does not

happen across all frequencies and often it does not happen in the design band of interest.

2.3 Definitions of the figures of interest

2.3.1 Gain, Power and Efficiency

The illustration in Figure 2.3 shows a PA connected to a signal source, a power supply,
a bias supply and an RF load. The Gain of the amplifier is simply defined as the amplification
of the available power P, at the input port to the power Py ,; delivered to the load resistance
Rioad- Pger is calculated by the fundamental components of the load current I;,,4 and load

voltage V;,,4 as shown below.
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Figure 2.3 PA schematic

Pdel
G = (2.5)

Pavs

1 *

Pger = Ereal(Vload- Load) | p=7, (2.6)

The dissipated dc power consists of two contributions, one being the power supply

(V44 times I;4), and the other being the (less significant) bias voltage source (Vj;,s times
Ipias)-

Pac = Vpias- Ipias + Vee- Iec (2.7)

An important thing to spend time on in a power amplifier design, is achieving a good

efficiency 7, i.e. the ratio between the delivered power at the fundamental frequency and the

dissipated dc power. Furthermore, taking into account the amplification capability of the

amplifier, the power added efficiency (PAE) can be defined:

Pger
n= (2.8)
Pdc
Pyo — P 1
PAE = 100% -2 — 100%. 7. (1 - —) (2.9)
Pae G
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2.3.2 Linearity

A first way to describe linearity is defined in a straight forward manner, as the
derivative G" of the gain G where perfect linearity stands for zero. If G at higher power levels
starts to deviate from zero, compression (G'<0) or expansion (G'>0) occurs. However, this
definition is a pure amplitude to amplitude analysis at the design frequency and does not
take into account anything like bandwidth or phase shift. Later in this thesis, the bias point

that creates a maximally flat gain is found.

dG
dP;

G = (2.10)

Another, widely prevalent definition is based on a two-tone signal analysis. Two sine
signals (f; and f,) separated by a very small frequency offset (f, — f; < fi ;) and amplified
by a nonlinear amplifier produce frequency components lying very close to the signal
frequencies. These components are caused by third and fifth order term of the (nonlinear)
transfer function and are called third and fifth order intermodulation products (IM3 resp.
IM5). The telecom industry is highly interested in keeping them as low as possible since for
a modulation incorporating frequency multiplexing, the intermodulation products fall into
the neighboring channels. The IM3 suppression (IM3S) is now the ratio between the
two-tone powers and the power of the intermodulation products. All powers in the equation

below are referred to the output:

Pr, + sz

IM3S = (2.11)

P2f1—f2 + szz—f1
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2.4 Different modes of operation

A short summary of the classic modes of amplifier operation are presented and the
important tradeoffs are pointed out. Detailed treatment of the topic can be found in [1]. In
general, a distinction is made between two major types of power amplifiers: transconductor

type amplifiers (Classes A, AB, B and C) and switching type amplifiers (Classes D, E and F).

2.4.1 ClassA

The Class-A amplifier is often described as “Linear” or as the bias point at which the
amplifier works linearly. However, a Class-A power amplifier does not always have to work
linearly, and highly linear amplifiers can also be designed using other modes of operation. In
a classical manner, the Class-A operation point is defined as the bias condition at which the

quiescent current of the device is half of its maximum current.

T Imax

T Imax/ 2

Output Current

Class-A bias point

Input Drive Signal

Figure 2.4 The class A bias point on the transfer characteristic of an active device

If the RF input drive signal is sinusoidal and small enough, then the output current
will also be sinusoidal with insignificant harmonic content, while as the input signal
increases, weak nonlinearities will appear at the output current. It is however necessary to

swing the device through the increasingly nonlinear parts of the transfer characteristic in

34



order to reach the hard-clipping limits. In this case, the output current will have significant
harmonic content. The signal level must not exceed these two limits in order to avoid
clipping. In general, however, one can expect greater linearity from a Class-A than a Class-

AB amplifier.

The act of setting an amplifier at a Class-A bias point has the advantage that the design
can be reduced to a linear design problem. The input matching network can be simply
designed using s-parameter methods and the output matching network can be designed
using loadline techniques. However, the major drawbacks of the Class-A amplifier cannot be
ignored. First of all, by setting the bias point exactly in the middle of the linear region, the
theoretical maximum efficiency is limited to 50%. What is more, even at standby the
amplifier dissipates the same dc power. As a result, at back off powers the efficiency of the

Class-A will drop very fast:

2
N = —2— * 50% (2.12)

1max

where [; is the amplitude of the sinusoidal output current.

This means that at the 6dB power back-off point the theoretical maximum efficiency
will be an alarming 12.5%. Power wasted in such a manner causes two problems. First, in
battery-operated equipment, it has a severe impact on the battery life time and should
therefore be avoided. Second, the power wasted in the circuit will be dissipated in the active
devices, increasing their operating temperature and increasing their failure rate. The modes
of operation presented later on will sacrifice the linearity of the Class-A mode in favor of

efficiency.

2.4.2 Reduced conduction angle modes

The conduction angle is defined as the part of a period during which currentis flowing
through the transistor. For Class A, the conduction angle is 27 since the transistor is switched
on during the whole period of a sine wave. By lowering the bias point, the swing of the input
signal brings the input voltage temporarily below the cut off voltage, the transistor switches
off for a part of the period and the conduction angle is reduced consequently. It is also

necessary to increase the input drive level and to provide suitable impedance terminations
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at the harmonics of the signal frequency. Increasing the input level by maintaining the output

level signifies lower gain.

The dc current component will of course decrease as the conduction angle is reduced,
resulting in higher efficiency. However, it is less obvious what happens to the fundamental
component; furthermore, harmonics will be generated. A Fourier analysis of the current

waveforms is done in [1]. The magnitude of the nth harmonic is

a

I, = lfi Im—axa [cos(@) — cos (%)] cos(nd) dé (2.13)

mJ-21— cos (7)

The fundamental term is given forn = 1.

The mean current, or DC component, is given by:

a

1 (2 I
Iy = Ef_;#::(%) [cos(@) — cos (%)] do (2.14)

The Fourier components of the emitter versus a sweep over the conduction angle is plotted
in [1].

_ Lnax Zsin (%) —acos (%)

Idc - 2T 1 — cos (%) (2. 15)
_ Imax a —sin(a)
L= — (%) (2.16)
a . na
CoS |5 )SsIn | ——
L I

T n—-1Dn+1) (1 — cos (%))

All harmonics of the output current are assumed to be shorted and generate no
voltage, so the collector emitter voltage is a pure sine wave whose magnitude will be set by
the load resistor value to generate the maximum permissible voltage swing, in a fashion

similar to the previous consideration of a Class A amplifier. The output signal power and the
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dissipated dc power are therefore calculated by the following equations, the efficiency n and
the PAE are given by equations (2.8) and (2.9). The RF output power and the efficiency

versus a sweep over the conduction angle are shown in [1].

Vdc 11
P,=—— (2.18)

YVZV2
Pac = Vaclae (2- 19)

2.4.2.1 Class Band AB

For class B, the bias voltage is set close to the cut off voltage, resulting in a conduction
angle of half the period and an output current waveform that resembles a half-way rectified
sinusoid. An exact 50% conduction angle is a mathematical point, of course, so true class B
amplifiers do not actually exist. Class B amplifiers are usually built in a push-pull
(differential) configuration of two transistors, since by using that configuration, the even
harmonics cancel out from the output current. In contrast to the class-A mode, much less
current flows at zero input signal. The maximum theoretical efficiency is 78.5%. A very
important advantage of the Class B amplifier is the much improved efficiency at back off

powers:

Iy

n=785%

(2.20)

11 max

This means that at the 6dB power back off point the output efficiency will be 39.3%.
For the ideal case, all odd current harmonics are zero, so shorts have to be provided only for
the even harmonics. A small bias adjustment around the Class B point can be considered to
be a viable method of controlling the precise level of the third harmonic component. This
results in a good linearity as no odd order intermodulation products appear (IM3 and IM5).

Notice that the fundamental current has the same magnitude as the Class A.

A conduction angle somewhere between 50% and 100% is typical for class AB being
the mode for most practical power amplifier implementations with high linearity

requirement.
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2.4.2.2 ClassC

If the bias is arranged to cause the transistor to conduct for even less than half the
period, Class C operation is obtained. For a conduction angle shrinking towards zero, the
efficiency can approach 100%. An easy and hence popular way is to connect the base to
ground resulting in zero bias current. Large efficiency can be achieved at the cost of reduced

power-handling capability, gain and linearity.

2.5 Conjugate match vs loadline match

Conjugate match is often used in RF design to obtain maximum power transfer from
a source with finite impedance to a load. However, the conjugate match does not take into
consideration the factors that limit the power performance of a device. In order to achieve
maximum output power, it is necessary to reach maximum voltage and current amplitude at
the same time. This is why in RF power amplifier design, the output network does not
perform a conjugate match but a power match. This means that the output of the amplifier

is presented with the optimal impedance R,,; at which it produces its maximum power.

A usual tactic to find the optimal impedance is by performing a load-pull
measurement at several points of compression. However, it is possible to predict the optimal
impedance. For this, it is important to consider the point at which the device produces its
maximum power. At the point of maximum power, both the voltage and the current will
swing over their full range. Then the fundamental voltage will have an amplitude of V; ;45
and the fundamental current, an amplitude of I ,,4,. For this to happen the optimal

impedance must obviously be:

Vl,max

Ropt = (2.21)

Il,max
For example, in a Class A or Class B the maximum voltage amplitude will be V. (equal

Imax

.~ As a result, the

to the supply voltage) and the fundamental current amplitude will be

optimal load will be:

Rope = = (2.22)
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A small correction can be made in the above equation in order to compensate for the

knee voltage V.. of the device:

_ 2(Vdc B anee)

opt —

(2.23)

Imax

As afinal note, at the output of the device there might exist parasitic capacitance, extra
capacitance placed on purpose, or both. This extra capacitive reactance exists in parallel with
the optimal impedance and will transform it. For this purpose, some added inductive
reactance will be needed to cancel out the capacitive reactance, so that the device will see on
its output only the optimal impedance calculated above. However, this enters the discussion
about output network design and is beyond the scope of this paragraph. An extended

analysis can be found in [1].
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2.6 A power stage with a Common Base configuration

Usually RF engineers prefer the common-emitter configuration when designing
power amplifiers. However, the common-base configuration has some significant
advantages to offer in comparison. For example, devices of a specific size can, from a
theoretical perspective, produce more power in a C.B. (common-base) configuration rather
than in a C.E. (common-emitter). This and other advantages of the C.B. stage in a power

amplifier are investigated below.

2.6.1 Increased output power and efficiency
By simply connecting the same device in a C.E. and then a C.B. configuration, and the

running some DC simulations an important advantage of the C.B. stage can be revealed.

Common }I’l__ Common
Emitter (C.E.) Base (C.B.)

200 ]
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300 E| _/
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00 01 02 03 04 05 06 07 08 09 L0 L1 12 L3 L& L5 16 L7 18 1§ 20 1.0 05 0.0 0.5 1.0 15 20 25 30
VCE

Figure 2.5 I-V curves for the same device in a C.E. and a C.B. configuration

The C.B. seems to have a significantly larger usable collector voltage range. The [-V
curves are much flatter due to a less pronounced Early effect and the breakdown seems to

happen at a higher voltage.

The breakdown of the /.5 happens due to avalanche. A short investigation in a good
undergraduate book [3] will reveal some empirical formulation about the reverse current

Iz 4 during an avalanche breakdown process:

IRA = MIR
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Where the multiplication factor is defined as:

1

Ve \"
1-(gh)
Vk is the reverse voltage that theoretically never reaches the BV. At the breakdown
voltage reverse current will become infinite, which practically means “very large”. In a C.B.
configuration, at I; = 0, the collector-base junction undergoes breakdown for a reverse

voltage BV go. The effects of the breakdown on the collector current can be modeled using

the avalanche multiplication factor:

1
I = —algM = —al; ————— (2.25)

V
1— CB
The effects due to avalanche breakdown are slightly more complicated in the case of

a C.E. configuration. The current due to avalanche is amplified in a sense, by the transistor.

By the Kirchhoff current law, the base current can still be calculated as:
The equation (2.25) from the C.B. case still holds. By replacing it in (2.26) we get:

Ma

I, = I
C71-Ma'B

(2.27)

The breakdown voltage happens when I — oo so we can get BV, by solving:

Vep=VcE a

Ma=1—= ————=1 (2.28)
1— (BVCEO)n
BVc¢po
BV, o BV,
2rcE0 _ v =g 8 gy, = 2CBO (2.29)
BVcpo W
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Equation (2.29) proves that the BV, will be significantly lesser than BV p,. In the
target technology, a slightly different measure is used for the base-collector breakdown.
Instead, the shorted-base breakdown voltage BV s is measured, when the base is shorted

to the emitter.

2.30 Setups for the measurement of the collector-base and collector-emitter breakdown voltages

However, BV gy = BV gs so itis expected that the above conclusions should still hold
true. Indeed, in the target technology BV s = 5.3 V at the worst case, which is significantly

larger than the BV o = 1.5 V.

The above results have important implications about the maximum deliverable
power by a C.B. stage. The output voltage swing of a C.E. is restricted by the BV.g, and the
C.B. by the BV gs, which in the worst case is 3.5 times larger, meaning 3.5 times more
deliverable power for the same device size. What is more, the increased output voltage swing

of the C.B. will reduce the effects of the knee voltage, possibly improving the output

efficiency.
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2.6.2 Small signal analysis
The C.B. configuration will in practice have a decreased power gain compared to the
C.E. The reason for the reduced power gain can be evident after a small-signal analysis of the

two stages:

2.31 Small signal equivalent of a C.E. stage

Current sources are used to supply the input signals, modeling in a simplified manner
the output of a previous transistor stage. The analysis of the small-signal equivalent of the

C.E. can be done in a straightforward manner, resulting in a voltage gain 4,, of:

Vout
Ay = Uo.u = —gm(|IRL) = —gmR, (2.32)
in

And a current gain of:

(2.33)

2.34Small signal equivalent of a C.B. stage

Due to the topic of this thesis, the C.B. configuration will be investigated in a bit more

detail. First of all, the input resistance is calculated:

=7, (2.35)
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Since 7, has usually a value between a few Ohms and a few tens of Ohms, the input
impedance of the C.B. stage will be relatively small. An interesting note is that due to a

positive feedback that the Early resistor r,, causes, R;, is slightly increased.

The output resistance of the C.B. is calculated:

T'O+T'e 18
Royt =———— =~ — 2.36
out a+1 2 ( )

which is very large, similarly to the output resistance of the C.E. stage. The voltage gain and

the current gain of the C.B. is calculated as follows:

_ (Togm + DR,

~ R 2.37
aR;)||r,
Ai::E——lQlLE-z a (2.38)
R,

The last equation shows that indeed the C.B. has an almost unity current gain. This

results in an inferior power gain compared to the C.E.:

Gep, _ ImRLB E
Gep. 9gmRra a

(2.39)

The reduced gain of the C.B. is not an immediate problem. A driver stage can be used
in order to compensate for the low gain of the C.B. power stage. The problem with the low
gain is that the extra power provided by the driver stage will result in a reduction of the PAE
of the C.B. stage. So the advantage in output efficiency due to the increased output voltage
range that was found out in the previous section, is effectively canceled out by the reduced

gain.

On the other side, § is not a constant but varies with current. Under high currents, the
value of 8 gradually drops due to the Kirk effect. The result is that mmWave PAs based on
C.E. stages will suffer from “soft saturation” meaning that the output power at 1dB gain

compression (OP1dB) will be remarkably lower than the saturation power (Psat) where

efficiency peaks. On the contrary, the current gain of the C.B. is very linear, because a = %

is close to unity relying on the fact that 3 is large, and as a result o will not change much, even
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as 3 starts to drop. This means that in a C.B. stage the OP1dB will be very close to Psat,

allowing operation very close to the point of maximum efficiency.

Finally, in recent work [7] a new technique has emerged, that can be used to
significantly improve the efficiency of the C.B. stage at back-off powers. This new technique
is called Current Clamping and will be overviewed in another section. The fact that the C.B.
stage can produce more output power than the C.E. stage, in combination with the current
clamping technique that improves back-off efficiency, where in the end the decisive factors

in choosing the C.B. configuration for this application.
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3 Efficiency Enhancement Techniques

A central goal of this thesis is to maintain efficiency over a wide signal dynamic range.
This chapter is intended for the analysis of some of the most popular techniques currently
used for back-off efficiency enhancement. Special care is given on the two techniques used

in this thesis, the DPA and the Current Clamping.

3.1 The Doherty Power Amplifier

3.1.1 Active load pull using two signal generators
Before introducing the classic Doherty Architecture, it is important to understand the
concept of load modulation, by introducing the technique of active load-pull. Referring to

Figure 3.1 generator 1 “sees” a load resistance of R if generator 2 is to give zero current.

h 12

> <

Gen 1 "4 R Gen 2

Figure 3.1 Active load-pull using two signal generators

Using Kirchhoff’s current law, if generator 1 produces a current I; and generator 2

produces a current I, then the voltage across the load resistance will be:
VL = RL(Il + 12) (3 1)
So, the effect at the terminals of generator 1 is the same as if there were a simple
passive resistor connected across it that has a value of:

L+1 I
R1=RLM=RL (1+—2> (3.2)
L L

Simultaneously, the effect at generator 2 would be the equivalent to a resistor having

a value:

L +1,

2
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In this form, the equations show the possibility of changing, or “pulling” the load seen

by generator 2, by simply setting a constant ;—2 ratio. What is more, the above equations can
1

be extended to AC circuits by simply using complex notation. So, for example instead of R;
we have:

i
Z, =R, (1 + —2> (3.4)
I

By controlling the magnitude and phase of the current I, it is possible to transform
the impedance Z; to a higher resistive value if I, is in phase with I;, or to a lower resistive
value if I, is out of phase with I;. Consequently, if the two generators are now considered to
model the output transconductance generators of two separate RF transistors, having co-
phased input signals, the effective output impedance seen by one device can be modified by

the other.

3.1.2 Quick overview of the Doherty operation

The conceptually important parts of the Doherty operation can easily be “lost” in the
formulation. A brief overview will be made here as a guide, before the formulation is
introduced. The “classical” Doherty PA architecture can be seen in Figure 3.2. The operation
is divided between two “paths” the Main PA and the Auxiliary PA. A key part for the operation
is the output network that performs the combination of the output powers of the two “paths”
with minimum losses, as well as the Doherty load modulation which is unique to the
architecture and is similar to the active load-pull that was introduced in the previous
paragraph. In the Doherty load modulation scheme, as the output power of the Aux. PA

increases, the load “seen” by the Main PA decreases.
The operation goes as follows:

e At deep power back-off the Aux. PA is turned off and does not produce any power.
Only the Main PA is in operation and produces power, with a resistive load two times
larger than the optimal.

e At 6dB power back-off the Main PA is reaches its maximum collector voltage swing,

since its load is double the optimal. As a result, at that point the Main PA is performing
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at maximum collector efficiency. However, if left as is, the Main PA will start
compressing when the input power increases further.

e Torelieve the Main PA from its high resistive load, the Aux. PA starts producing power
after the 6dB power back-off point. As a result, the Doherty load modulation is
activated, and the load of the Main PA is reduced, keeping its collector voltage-swing,
as well as the collector efficiency at maximum.

¢ At maximum output power, both the Main and the Aux. Pas “see” at their outputs their

optimal load and as a result they operate at maximum power and efficiency.

Zm ZmT Za

"Z" inverter

M4, Zo

Main Vim R V. Aux.

Figure 3.2 Schematic for the analysis of the Doherty amplifier

As seen from the operation overview the Main and Aux. PAs behave quite differently,
despite the fact that the input signal is equally split between them. The Main PA may be
simply a transistor biased for a linear gain, like an AB or B class amplifier. However, the Aux.
PA has a very non-linear behavior: at deep PBO it produces zero power, however at the 6dB
point it abruptly turns on, starts producing power and with 6dB more input power, it
produces just as much power as the main device. The design of a PA that fits this model may
be challenging and will be discussed in a following paragraph. As a final note, despite the
non-linear gain of the Aux. PA, the overall gain of the Doherty architecture is exclusively

determined by the Main PA and as a result it is linear.
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3.1.3 Formulation

The simplified schematic of the “classical” Doherty PA in Figure 3.2 models two active
devices as the Main and Aux. Pas that have a DC supply V,;. and a maximum collector current
Lnax, @an impedance inverter and a load resistor R. The impedance inverter can be considered
conceptually to be a simple quarter-wave transmission line, whose terminal characteristics

have the form:
] 0 jZz
B o5
—Jjlo — 0 |l '
JZo

The active devices are assumed to produce current amplitudes I,,, and I, at any given

signal amplitude v;,,, where:

Im = fnin), 1o = fa(Vin) (3.6)
As a result we have:
V, = Zyl,, (3.7)
Iy = 1 |75 (3.8)
Zy

and from Kirchhoff’s current law the remaining circuit relation is:

JVa

~jlo = jla =" (3.9
by replacing (3.7) and (3.8) in (3.9):
Zo
Vin = Z (Elm — Ia) (3.10)

Now, v;,, is normalized between 0 and 1. For a “classical” Doherty configuration:
finWin) = Iy Vin, 0<v; <1 (3.11)

0 ,0 < v, < 0.5

fa(vin) = { 2w, — 0.5)y, 0.5 < vy, <1 (3.12)
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J— . . .
where I}, = % is the maximum current amplitude for each device.

And from (3.7, 3.11) and (3.10, 3.11, 3.12) we get respectively:

V, = Zoly. Vi (3.13)

Zo=2 Iyin, 0 < Dy < 0.5
V, = 2 (3.14)
Zo (2 Iy vin — 2(Win = 0.5)Iy ), 0.5 < vy < 1

At v;,, = 0.5 the Main device reaches its maximum voltage swing V,,, = V.. Thus:

Zyl
VdC =Z0EO7M (315)

At vy, = 1 the Main device has remained at its maximum voltage swing. Thus:

Z 0 Vdc Vdc

VdC :ZO (? IM _IM> = ZVdC _Z()IM = ZO = -

=—=< =R 3.16
Ly  05Lpg,  °FF (3.16)

Ropt
2

(3.15,3.16) > R = (3.17)

From (3.16) and (3.17) the impedance of the quarter-wave line and the RF load can be

calculated.
Finally, from (3.13,3.16) and (3.14,3.15):

V, = Vi Vin (3.18)

ZVdC'vinﬁ 0< Vin < 0.5

Vn = { Vac, 0.5< Vin <1 (3 19)

The fundamental current and voltage amplitudes against input voltage amplitude, as
defined by (3.11), (3.12), (3.18), (3.19) can be seen in Figure 3.3. The key feature is the Main
PA voltage amplitude V;,,, that is kept at a constant maximum in the upper 6dB region. This
will result in high efficiency for the Main device over the entire extent of the upper 6dB

region and a much better efficiency/backoff characteristic than would be obtained from a
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conventional design. Also, from (3.13) the voltage V, across the load is proportional the input

voltage v;,, and as a result the gain of the Doherty power amplifier is linear.

Imax/2 Vdc
Vm
Im,Ia Vm Va
A A
Im
Va
Ia
0
0 0.5 1.0
> \in

Figure 3.3 Classical Doherty PA; current and voltage (fundamental amplitudes) characteristics
for main and peaking devices plotted against input drive signal amplitude.

In order to determine an expression for overall efficiency an assumption must be
made for the output efficiency of each path. Assuming that both Main and Aux. PAs have an
output efficiency similar to a normalized Class-B (a common assumption to make when
analyzing the “classical” Doherty PA) the efficiency of each amplifier will drop
proportionately with the output RF voltage amplitude:

Vin Va
Nout,m = NMmax 3, Nout,a = Nmax 7, (3- 20)
Vdc Vdc

Ignoring the passive losses of the Doherty combining network, it is now possible to

determine the output efficiency of the Doherty PA.

e For the low power region, only the Main PA is on:

Nout = Nmax-Vin» 0 <V < 0.5 (3- 21)

e In the upper 6dB region, both amplifiers are active.

The composite RF power is:
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P — V;az — Vo%c 1.7-2 — Vdclmax U-Z
COMP 2R Ropt m 2 n

The DC power consumed by the main device is:

V.1
p — PRF,M — mZm — Vdclmax v
bem nout,M 77 V_m 477max "
max VdC
The DC power consumed by the aux device is:
V.1 VieVin. L v;,, — 0.5
p _ Prr 4 _ aza _ detn maaé( - ) _ Vaclmax(Win — 0.5)
be.a 77out,A n i NmaxVin anax
max VdC

The total DC power consumption is:

Vil
dcimax (va _ 1)

Ppctotar = Ppem + Poca = 1
nmax

As a result the output efficiency in the upper 6dB region is:

Pcomp 217i2n
=—= ——, 05<vy;,<1
Nout PDC,total Thmax (3vin - 1) i

10dB 5d8 P

max

Figure 3.4 Efficiency versus input power back-off

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)
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From (3.21) and (3.26) the overall efficiency can now be plotted as a function of
power back-off in dB Figure 3.4. The efficiency rolls off at the low power region similarly to
a conventional Class-B PA. The efficiency reaches its maximum value 7,,,, at the 6dB and
0dB power back-off. The small dip in the middle of the upper 6dB region is due to the lower

efficiency of the Aux. PA, where it does not display a full rail-to-rail RF voltage swing.

3.1.4 Auxiliary amplifier configurations

As discussed previously, the design of an amplifier that fits the model of the Aux. PA
can be challenging. The usual approach is to follow the original implementation and use a
Class-C bias. The gain expansion of the Class-C PA creates a useful approximation of the Aux.
PA characteristic; however the peak output current will be lower than that of the Class-B or
AB biased Main PA. An obvious solution would be to scale-up the periphery of the Aux.
device, however this would result in a reduced power-utilization factor of the Aux. device.
Another solution would be to reduce the gain of the Main PA using an attenuator, however
this would result in a reduction of the overall gain of the Doherty PA and gain is an important
resource at the target frequency. This is not the last of the problems that come with the Class-
C bias. The voltage stress of the Aux. PA can also be an important issue, because of the low
bias voltage of the base and external protection is required in order to protect the Aux.

device, creating additional overhead at the output of the Doherty PA.

Fortunately, it is possible to avoid the cascade of practical difficulties that come with
the simple Class-C bias. Given the growing use of DSP to linearize RFPAs in modern
telecommunication systems, it is reasonable to assume that accurate control signals and
adaptive bias voltages can be provided with relative ease. Clearly, at the system level the
transmitter “knows” everything about the signal it inputs to the RFPA, so it is fair to assume
that it will not be much of an extra burden for the system processor to generate, for example,
a signal proportional to the RF envelope. Such a signal can be put to immediate use in a

Dynamic Biasing scheme of the Aux. Device ant the Aux. PA problem almost solves itself.

It is also possible to create a standalone PA solution, using some form of envelope
detector circuit to provide the dynamic bias. However, the envelope detector will probably

need several cycles to perform a measurement, reducing the RF bandwidth. Fortunately, the
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precision needed in this kind of application is very forgiving and a small number of cycles
will probably be needed for each measurement. Finally, the control of the Aux. PA could be

implemented using RF control elements such attenuators and switches.

3.2 Current Clamping in Common-Base

Conventional efficiency enhancement techniques adopted at RF, such as supply
modulation for envelope tracking and linearization of switching PAs, are difficult to
implement in mm-Wave applications. The current clamping technique was introduced in
recent work as a method of back-off efficiency enhancement for E-band RFPAs (80GHz
center frequency) [7]. A Common-Base power stage is used that implements a current-mode
version of the well-known diode voltage clamper. The DC current of the active devices tracks
the envelope of the input signal current, achieving reduced current consumption and

improved efficiency at power back-off.

Figure 3.5 Circuit for the analysis of current clamping

By observing Figure 3.5, the basic operation of current-clamping in a common-base
configuration can be illustrated. Firstly, the parasitic capacitance of the base-emitter junction
is assumed to be zero (Czg = 0). At the same time, Ly is assumed to be a relatively big
inductor at the frequency of operation. The bias voltage V), at the base of Q; is set for a small
quiescent current (ideally zero, in practice a I; = 0.1 I,;,4y is used). A sinusoidal input signal

current is assumed:
Iy = Ly cos(wot + @) (3.27)
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Figure 3.6 Current waveforms for Cgg = 0; blue is I;y; green is I ; red is Ig

Initially, the input source is off. During the first quarter-cycle, the input drive signal is
trying to “push” I;y (t) current through Lg, as well as the base emitter junction (Jzg) of Q4 but
in a reverse fashion. The reverse current of course cannot flow through the reverse biased

JgE; as a result, Q; remains in cut-off. All of I;y flows through L until /. charges up to a

maximum value of I,.

During the second quarter-cycle, the input current starts decreasing form its
maximum value of I,,. However, Lg is very big and it is difficult to change its current; I,
stays approximately constant. Instead the input current has found another path; a forward
current with a value I, — I;y starts passing through Jg biasing it forward. As a result, @,

turns on.

From that point on, Q; does not have to turn off any time. The current of Ly has

ensured that/;, — I;y = 0, always, so the /g is always forward biased. Even if the amplitude
of I;y varies slowly over time, I, will track its envelope. Thanks to the inductor Lg, the
power amplifier can control its bias current adaptively, tracking the envelope of the input

signal without any external help.

From the above discussion, it is clear that the collector current of Q; will be in the

steady state:
Ic = Iy =1 + I; cos(wyt + @) (3.28)

The collector current swings from 0 to 2/;. At its maximum value the amplitude of the

collector current will be I11,0x = Lnax/2-

55



The collector voltage will be:
Ve = Vye + V; cos(wot + @) (3.29)

The collector voltage swings from V;. —V; to V. + V;. At its maximum value the

amplitude of the collector voltage will be V; 00 = Vye-

The optimal impedance is:

Rope = 9% — (3.30)

The DC power dissipated is:
Pac = Vach (3.31)

The RF power produced is:

P, =—= 3.32
1 2 2 Opt Imax ( )
Resulting in an output efficiency of:
Imax
P1 ]1 Ilmax=T [1
Pdc Imax 1max

The output efficiency is limited to a theoretical maximum of 50% similarly to a class
A. This does not come as a surprise, since the Current Clamping C.B. is many ways similar to
a class A. The collector current is completely sinusoidal and does not contain any harmonics.
However, at power back-off the PA behaves in a completely different way from the class A.
The current consumption tracks the envelope of the input signal and backs-off as well, with
positive effects to the efficiency. As a result, the efficiency rolls-off at the back-off

proportionally to the current amplitude. This is very similar to a class B PA.

However, the parasitic capacitance of /g5 has still not been taken into consideration.
At high frequencies Czp plays a key role and a number of problems arise if L is kept at a
large value in a practical application. To solve these problems, the Lg is simply chosen to

resonate with Cp at the fundamental. The basic operation can be seen in Figure 3.7.
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/ T \/ \ \/

Figure 3.7 Current waveforms for finite Cgg; blue is I;y; green is I ; red is Ig

For the purpose of realistic results, the inductor was assumed to have a finite Q = 15.
The waveforms seen are very similar to the case where Czz = 0 was assumed. The inductor
current rises quickly and after a small overshoot it reaches steady state in two cycles only,
tracking in approximation the input current envelope. The high impedance of the tuned pair
Cgg — L forces the ac component of the emitter current to be equal to the input current thus
achieving a constant current gain up to amplifier saturation. Cz also sets low impedance at
the emitter, thus allowing input harmonics to appear at the collector current, but the latter

may be simply filtered out by the output matching network of the amplifier.

In conclusion, one could say that the Current Clamping C.B. PA adopts the positive
characteristics of both conventional classes A and B. The output current is very sinusoidal
and ideally does not contain harmonics, yet the efficiency rolls off slowly at back-off powers.
An efficiency roll-off, this similar to a conventional class B, is very difficult to achieve at mm-
Wave applications in any other way. In practical design, one can expect very similar results

to the ones calculated above with the ideal model of Czr = 0.
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3.3 Chireix’s outphasing

The outphasing technique is also known as LINC (linear amplification by nonlinear
components. It was invented in 1935 by Chireix. The main idea of this technique is to

decompose a non-constant envelope signal into two constant envelope signals.
x(t) = A(t) cos(wot + (p(t))
= cos(cos™1(A(1))) cos( wot + @(t))

= x1(t) + x(¢)

Where  x;(t) = cos(wot + ¢(t) + cos 1 (A()))

x5(t) = cos(wot + ¢(t) — cos™1(A(1)))

Note that in the above decomposition, A(t) is always assumed to be less than one,
otherwise a normalizing factor has to be used. This decomposition can be depicted as in
Figure 3.8. It can be seen that by phasing the two unit vectors x; (t) and x,(t) properly, the

resultant vector can be of any phase with an amplitude between zero and two.

Figure 3.8 Outphasing decomposition
Since x4 (t) and x,(t) both have constant envelope, two nonlinear amplifiers can be
used. A block diagram is given in Figure 3.9. Even though this technique seems very
attractive, there are practical difficulties in combining the output powers of the two

amplifiers. What is more, the generation of the drive signals and inevitable DSP corrections,
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require extra overhead and have been something of a detraction from the Chireix outphasing
system, in comparison with the other techniques described in this chapter. Nevertheless,

useful performance can be obtained using a basic uncompensated combining structure.

7

Signal Power
separator combiner

7

Figure 3.9 Block diagram of the outphasing technique

3.4 Envelope Elimination and Restoration (EER)

The EER technique, also known as the polar modulator, has been of much interest in
recent years. Figure 3.10 shows a block diagram of an EER. EER separates the input signal
into two paths, the amplitude path and the phase path. The phase portion of the signal can
be obtained by using a limiter. It is then amplified a nonlinear PA. The amplitude portion of
the signal can be obtained by using an envelope detector. This envelope detector is then used
to modulate the power supply of the PA via a DC-to-DC converter, thereby getting the
amplitude information back at the output of the PA.

Envelope DC-DC
detector converter

Modulate

S power supply
RF in Limiter 4i f RF out

Figure 3.10 Block diagram of an EER power amplifier

The output voltage of the DC-to-DC converter must be able to change quickly enough
to track the envelope of the signal. Since it is very difficult to design an efficient DC-DC

converter with large bandwidth, this technique is generally limited to applications with
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relatively small bandwidth. Another important characteristic that makes this technique unfit
for applications with large bandwidth is that the phase delay of the two dissimilar signal

paths cannot be easily matched.

3.5 Envelope tracking (ET)

This technique is similar to EER, in that the supply voltage is varied to conserve
power. The block diagram of an ET RF PA system is shown in Figure 3.11. An envelope-
derived modulation is applied to the supply voltage of the conventional linear RF PA. The
supply voltage is increased in proportion to the increasing drive voltage envelope. As a result
a result, maximum efficiency is maintained since the output voltage always swings at its full

range (from 0 to 2V;.) and the output power increases linearly with input drive power.

DC-DC
converter

power control

Modulate
power supply

RF in V RF out

Figure 3.11 Block diagram of an ET power amplifier

DC

DC-DC conv.

o

Switch drive

RF IN RF OQUT

Figure 3.12 ET system using a two-level switched supply
The supply voltage does not have to track the input signal envelope with great
accuracy, which makes ET much more appealing than the EER technique. Even better, the
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efficiency enhancement process is not dependent on the RF matching in contrast to the
Doherty and Chireix techniques. In a simple case, only two supply voltages are used, and a

supply switch selects between the two as in Figure 3.12.
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4 Target Technology

4.1 General Information

The technology used in this thesis, is provided by Infineon Technologies. It is a
400GHz/130nm SiGe BiCMOS process with copper metallization for analog mixed signal
mmWave applications which provides high performance at low power consumption. The
intended applications include Automotive Radar MMICs, RF ASICs and high bit rate wireless
datalinks. In brief, the technology includes three types of HBT NPN devices in several sizes
and contact configurations, metal film resistors, MIM capacitors, several types of varactor

devices, PIN diodes and different types of RF transmission lines.

4.2 NPN SiGe Heterojunction Bipolar Transistors

4.2.1 High speed npn
High speed npn devices are available for:
¢ Minimum emitter mask widths of 0.22um

¢ Maximum emitter mask lengths of 10um
e Several contact configurations such as single-base, double-base etc.

The technology library also offers devices with two or more npn transistors in

parallel. The highest transit frequency fr is obtained for a current density of about 11.5 ;::2.
mA
2

um

However, the current density must not exceed an average root mean square value of 13

for time scales longer than 1us for long term reliability and parameter drift reasons.

The following table contains some important parameters for a high speed npn device

of specific size are, at a temperature of T = 25°C.

Parameter Unit Min. Typical Max
Ag mask pm? 0.22x2.80
Ageff um? 0.13x2.71
BVcEo \ 1.2 1.5
BV¢gs Vv 4.7 5.3
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BVizo Vv 0.8 2
Viarty v 100
Maximum fr GHz 250@j; = 11.5 :::2
Maximum frax GHz 345 370 400

4.2.2 Medium speed npn
Medium speed npn devices are available for the same sizes and contact configurations
as the high-speed devices. The following table contains some important parameters for a

medium speed npn device of specific size , at a temperature of T = 25°C.

Parameter Unit Min. Typical Max
Ag mask um? 0.22x2.80
Ag erf pm? 0.13x2.71
BVcEo \Y 1.9 2.5
BV¢s \ 9.5 14
BVgpo \ 0.8 2
Varty v 100
Maximum fr GHz 80@j, = 1.8 :Z‘
Maximum frax GHz -

4.2.3 High voltage npn
High Voltage npn devices are available for the same sizes and contact configurations
as the high speed devices. The following table contains some important parameters for a high

voltage npn device of specific size , at a temperature of T = 25°C.

Parameter Unit Min. Typical Max
Ag mask pm? 0.22x2.80
Aperf pum? 0.13x2.71
BVcko \ 2.5 4
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BVgs Vv 10 14.5
BVeo v 0.8 2
Varty v 100
Maximum fr | GHz 55@jc = 0.925
Maximum fax GHz -

4.2.4 Simulation models

4.2.4.1 Default model

The default model for the high speed, medium speed and high voltage npn transistors
is currently Spice Gummel Poon. However, this model does not currently simulate some
effects which are important for the design of RFPAs such as high current effects and
saturation effects. Since these effects are not modeled, the simulation results may diverge
significantly from the measurements. In order to test the extent of this, the transit frequency

fr with relation to the current density of the collector j, was simulated.

fT(Hz) vs Jc (A/um~2)

Figure 4.1 Transit frequency vs collector current density using the default model

According to the measurements, as j. increases the f; also increases. At some point
however, the f reaches a plateau, a maximum and then starts decreasing. However, in the
simulated results the f; continuously increases without reaching a maximum. Further
simulations revealed that the default model also does not simulate breakdown, making it

unsuitable for the simulations in this thesis.
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4.2.4.2 HICUM

A preliminary HICUM model is also available for the high speed transistors. After
discussions with experts it seems that the HICUM model is well fitted with the measured data
and does model high current effects, saturation effects, self-heating and breakdown. Running

the same simulation for f7 yields results that agree with the measurements.

fT (GHz)) vs Jc (A/um”2)

Figure 4.2 Transit frequency vs collector current density using the HICUM model

The simulations for the breakdown voltages were also in agreement with the
measured data. As a result, the HICUM model seemed much more reliable and was used for

the simulations in this thesis.
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4.3 MIM capacitors

The MIM capacitor model takes into account their frequency dependency. The quality
factor seems from simulations to be inversely proportional to frequency and capacitance. In
Figure 4.3 and Figure 4.4 a frequency sweep of the quality factor for two characteristic

capacitance values can be seen.

Quality Factor
Name vis

8 Quality Factar . 10°9

[N

3,

S-Param
1 Lol

Lol
/

g
1

Lo

'T

10 1ot
freq (Hz)

Figure 4.3 Quality factor of an 100fF MIM cap versus frequency
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Figure 4.4 Quality factor of an 1.99pF MIM cap versus frequency
However the frequency performance seems to be independent of the dimensions

used to implement one particular capacitance value.
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4.4 TaN resistors

The TaN resistor models also take into account frequency dependence. Their value
over frequency seems to change as if a simple parasitic capacitance is connected in parallel.
What is more, the performance seems to be dependent on the dimensions used; larger
resistors seem to have greater parasitic capacitance. In Figure 4.5 and Figure 4.6 a frequency

sweep of the real and imaginary parts is performed on a TaN resistor of characteristic value.

S-Parameter Response 1

Name Vis

2005
2000 3

W Z11 reOhm 2

199,02 ™N
198.0 2 N\
197.0 =

196,0 =

S-Param

195.0—%
194,0—3
193.0% \
192.(1;

191.0 3 |

190.0 =

[ T T T T TT] T T T TT1T] T T T
11
freq (Hz)

Figure 4.5 Real part of a 200 Ohm TaN resistor vs frequency

S-Parameter Response 1
Name Vis

711 imonm
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\
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Figure 4.6 Imaginary part of a 200 Ohm TaN resistor vs frequency
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4.5 Inductors and transformers

Inductors and transformers are designed using electromagnetic simulation software.
However, for the simulations in this thesis realistic models were used for the inductors
instead. The inductors used have realistic values for the fundamental frequency and a quality
factor of Q = 17 was used. Finally, for the transformers, realistic coupling factors were
chosen. As a result, despite the use of models for the inductors and transformers, the

simulation results are expected to not be far from reality.
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5 Implementation

Usually, designs of commercial products are based on preceding versions built in the
same technology, meaning that the process and the design flow become more mature with
every iteration. As an inexperienced designer, it is a difficult task to acquire all the needed
information concerning the technology and its specialties in order to end up “first time right”.
Hence, to establish a design flow is like putting pieces of a puzzle together. Some traps are
specifically related to this particular process and can be avoided by learning from experience
of other designers. Subsequently, the design strategy is listed point for point. Obviously,
there was a lot of back and forth in this flow to improve, correct or change parts of the

architecture.

The following steps will extensively use simulations performed in the Virtuoso
Analog Design Environment by Cadence, using the technology libraries provided by Infineon
Technologies. It is important to note the conditions under which the simulations where
performed. First, a temperature rise from the ambient was assumed, as a result the
temperature for the simulations was set at 65°C. Second, the HICUM model was used for the

active devices.

5.1 The Main power amplifier

As discussed before, the design of the main PA is a major part of this thesis. The main
PA will consist of two stages, a driver stage and a power stage. The power stage will of course
have a common base configuration and will leverage current clamping for back-off efficiency
enhancement. A push-pull (differential) architecture will be employed to reject even

harmonics, avoid common lead effects and double the optimal impedance of the PA.

For the driver stage, a cascode configuration was chosen, since the high gain will
compensate for the limited gain of the power stage. Also, the high isolation will allow to
independently design the power stage and the Doherty input network. For the matching of
the two stages, an interstage transformer was used. Finally, to match the input of the cascode
stage to the 50 Ohm environment of the Doherty input network an input transformer was

used.
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5.1.1 Design of the power stage

5.1.1.1 The active devices

As mentioned earlier, the HBT devices leave only few degrees of freedom in the
design, namely the number of devices used in parallel, the contact configuration of each
device, as well as the emitter mask width and length. The transistors used for the power
stage are formed by 6 high-speed npn devices in parallel. The contact configuration is
CBEBEBC, meaning that there are two emitters in each device. The emitter mask area is

0.22x6.2 um? giving an effective emitter area of 0.13x6.11 um?.

The size of the transistors sets the high current limit. Current densities greater than
the high current limit will degrade the transistor’s cutoff frequencies. As a result, the high

current limit restricts the maximum possible current amplitude. According to the technology

mA
2

parameters the current density must not exceed an average root mean square value of 13 =

for time scales longer than 1us. As a result, the only current restriction used is:
limit(I¢ yms) = 6 X 2% 0.13 X 6.11 X 13 = 124 mA

The maximum possible voltage amplitude is restricted by the avalanche breakdown.
The usable voltage at the collector would be reduced to the collector-base breakdown
voltage which has a minimum value of BV s = 5.3V. However, it is not needed to bring the
devices very close to their breakdown voltages. A collector voltage swing of about 4V will be
more than sufficient to obtain the required power performance. As a result, the used power

supply voltage, will be half of the collector voltage swing (ignoring the knee voltage):
Vae =2V

5.1.1.2 Bias voltage

The decision for the bias voltage of the power stage is of great importance, since it is
one of the two design parameters that defines the mode of operation of the PA, the other
being the passive network, as discussed previously. There are a number of methods that can
be used to choose a bias voltage. In this thesis the method used is by the trade-off of gain

linearity versus quiescent current consumption.
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Figure 5.1 Simulated power gain for different bias voltages

In Figure 5.1 the gain of the power amplifier is simulated over a range of input power

levels for different bias voltages. Depending on the bias voltage, the linearity of the gain

varies. For a low bias (e.g. 750mV), initially the gain is small and shows a gradual expansion

with rising power levels, until a maximum point is reached and before the region of

compression. For a high bias (e.g. 850mV) the gain is significantly increased, however

compression starts at much lower power levels. However, using a bias point between 810mv

and 820mV a highly linear gain is achieved.
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Figure 5.2 Quiescent current consumption versus bias voltage

Since however, the main goal of this design is back-off efficiency, the quiescent
current consumption must be considered as well. In Figure 5.2 the quiescent current
(current consumption at zero input signal) is measured for different bias voltages. If
maximum gain linearity was a design goal, a bias point between 810mV and 820mV would
be sought after. However, such a bias point would result in a rather high quiescent current

and degraded back-off efficiency.
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As discussed before, in order to implement the current clamping technique in the
common base stage the quiescent current must be around I; = 0.1 X I,,4,. This means that
a low bias voltage of 750mV will be used. The power amplifier will have to live with the gain
expansion shown in Figure 5.1. The issue will be partially dealt with, using the driver stage
in a following paragraph, however, it is not the end of the world. According to literature gain

expansion can easily be treated using DPD.

5.1.1.3 Measurement of Cyg

In the discussion about current clamping in paragraph 3.2, the parasitic capacitance
Cgg was assumed to be a constant. In reality, the Cgzy varies with bias and signal level due to
varactor-type effects. The non-linear nature of the varactor type effects in the emitter-base
junction complicate not only the analysis of the circuit, but also the actual measurement of
Cgg- In this subsection, the method of measurement of the large-signal value of Cyg is

explained.

Vce

Lchoke é % Lchoke

Figure 5.3 Setup for the measurement of Cyg
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The setup used to measure Cgy is illustrated in Figure 5.3. Port 1 is used to directly
measure the input capacitance of the push-pull stage by the input admittance Y;;. The small

signal capacitance at 40GHz is measured as follows:

C. = Imag(Y1)
be ™ 2% 3.1416 x 40 x 109

Then a dc sweep is performed for V; within the linear region of the transfer
characteristic of the devices (in this case from -200mV to +200mV) and the average value of

Cpe is measured.
Cgg = avg(Cp.) = 155.1fF

This method has been very useful for the accurate measurement of Cpg. Also, sing this
method instead of a simple small-signal measurement, the insertion losses at large input
signal levels are successfully minimized. A similar method can be used for the collector-base
Ccp parasitic capacitance, although the variation of that capacitance is much smaller, and this

complicated method is not needed in that case. As a result:
Ccg = 76,5fF

5.1.1.4 Output matching

Due to the non-linear relationship of V., and I, it is inevitable that the collector
current will have significant harmonic content. This harmonic content must be filtered out
of the collector voltage waveform, so that the output power of the amplifier is not wasted on

harmonics.
In order to achieve this, the output network will ideally have two functions:

e Atthe base frequency f0, it will present at the output of the amplifier its optimal load.

e Atall the harmonics of fO the output of the amplifier is shorted to the ground
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Figure 5.4 Equivalent circuit of commonly used output networks;I; and Cy4, model the output of the active device.

Many designs of RF power amplifiers use a network that approximates these two

functions, similar to what is shown on Figure 5.4. In this network:

e Icand Cpar model the output of the active device

e (1, L1 and C2, L2 pairs form harmonic shorts. Each pair is tuned to one significant

harmonic and shorts that harmonic to ground.

¢ Finally, the inductance L0 is used to tune the network at the base frequency f0, so that

the impedance that Ic sees at f0 is equal to Ropt.
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.
S iqnd S gnd . S S and ... gmd

Figure 5.5 Equivalent circuit of output network used in this thesis; Cy absorbs Cpqy

By using harmonic shorts, it is possible to eliminate the most significant harmonics,
however they will also introduce losses reducing the output efficiency. Since the passive
components used often have Q=17 or less at the target frequency, the use of harmonic shorts
will be avoided and instead a simpler network will be used. In the network illustrated in
Figure 5.5, CO absorbs Cpar.

Xe, >
Ropt

(5.1)

In [1] extended analysis and simulations are performed on this type of output
network. As long as equation (5.1) holds, it is possible to achieve power performance similar

to the ideal.
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5.1.1.5 Fundamental load impedance
It has been discussed previously, that it is possible in usual PA modes to predict and
calculate the exact value of the optimal load impedance. The two parameters needed are the

maximum collector voltage swing and current swing.

In this design it was difficult to exactly predict the value of the optimal load, since it
is difficult to know before simulations the maximum current swing. The design parameters
only define the maximum root mean square value for the collector current and in order to
use that, the dc and fundamental components would have to be calculated, which is difficult

to do by hand.

In order to overcome this obstacle, the load impedance was defined using
simulations. A simple setup was used, as in Figure 5.6 with just the power stage and no driver
stage. The ideal transformers at the input and output are simply used for matching and to
convert single-ended to differential. At the collectors, two MIM capacitors were added in
order to satisfy equation (5.1). A sweep of the input power was performed from the 10dB
back-off point and until the saturation power is reached. The same simulation was
performed for five loads with values between 20 Ohm and 50 Ohm. The performance figures
used were the saturation power P, the power gain and the total harmonic distortion of the

collector voltage waveform.

The three figures form a tradeoff triangle. The maximum P;,; is reached at one load
impedance only and slowly degrades as the load impedance deviates from that point. The

power gain increases for higher load impedances, however the THD% will also increase.

In the end, the load impedance was decided to be around 35 Ohms. This was decided
so that at the power level where the rms collector current meets the previously calculated
constraint of 124mA, at that same level the voltage reaches its maximum output swing of

about 3,6V. As a result:

R,pt =35 0hm
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ignd.

Figure 5.6 Test setup for power stage

Using thatload impedance, the P, = 24.8dBm, close to its maximum value. The start
of the compression region is at 22.25dBm so indeed the OP1dB point will be very close to
the saturation. However due to the current restriction of 124mA, output powers greater than
22.25dBm should be avoided for timescales longer than 1us. Concerning the power gain, as
expected it shows an expansion. At the start of compression, the maximum value of 7.6dB is
reached, however at the 10dB back-off point the gain is reduced to 4.6dB. Finally, the THD%
stays under 10% before the start of the compression region and then, as expected, it rises
quickly as compression increases. However, the distortion is mainly due to even harmonics
and is rejected in the output transformer. As result, the THD% at the load reaches a

maximum of 10.5% at P;.
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5.1.2 Interstage transformer

The driver stage of the power amplifier will be a cascode stage for reasons. However,
the input impedance of the power stage is much smaller than the optimal impedance of the
driver stage. In order to achieve a power match at the output of the driver stage, a 2:1 center-

tapped transformer will be used.

Since the parasitic capacitance at the input of the power stage is approximately

Cpar=155.1fF the secondary of the transformer will be:

1

L. =
y (Z*N*f)z*cpar

= 102pH

Also, for a 2:1 transformer the primary will be:
Lp = 2% x L, = 408pH

Finally, in order to make the model of the c.t. transformer more realistic, the coupling factor

will be set to k=0.8 and the Q=17.

- to_driver_+ 4} o kE P o_ra_+
 Ea|
.....E;.uzs.....ugg.
. .-
-‘-fdc-_driver. . . gr‘ld._F‘A .
L oY KA .chg .
N R I
- to_driver_— 4} - '??1:4 - P to P —

Figure 5.7 Interstage transformer model
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5.1.3 Cascode driver stage

A cascode stage is selected to drive the power amplifier, due to its large gain and
isolation. A simpler solution, for example a common emitter stage, would lack in both of these
traits. As discussed in the previous section, the 2:1 interstage transformer is used in order to
achieve a power match between the small inputimpedance of the power stage and the output
of the driver stage. Moreover, two extra MIM capacitors will be used, in order to tune the

transformer at the target frequency.

5.1.3.1 Device size

The size of the devices for the driver stage is decided, based on the current needed to
drive the power amplifier. Since the common base stage is effectively a current buffer (I, =
Ir), normally devices of the same size would be needed in order to drive it. However, due to
the 2:1 transformer the driving current demands are halved. Consequently, the size of the

driver devices must be half that of the power amplifier devices.

The transistors of the driver are formed by 6 high-speed npn devices in parallel. The
contact configuration is CBEBEBC (two emitters in each device). The emitter mask area is

0.22x3.1 um? giving an effective emitter area of 0.13x3.01 um?.

5.1.3.2 Bias point

In paragraph 5.1.1.2 it was shown that for a higher bias voltage, the compression
region starts earlier. Therefore, by setting the driver to a high bias, it is possible that the gain
compression will partially cancel the gain expansion of the power stage, leading to an overall

more linear gain.

In Figure 5.8 the gain of the power amplifier with its driver is simulated over a range
of input power levels. By setting the bias point of the driver closer to class A, the gain linearity
can be improved, and the overall gain is increased. As a result, the bias point is set at

Vcasc0=800mV, close to class A, compromising some of the driver back-off efficiency.
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Figure 5.8 Gain of the power amplifier with its driver for different driver bias voltages versus input power

5.1.3.3 Driver input matching and filtering

The base-emitter junction of HBTs functions more like a varactor diode, rather than
a fixed linear impedance. The consequence of simply tuning-out the average input
capacitance of the driver, can be seen at the simulated base voltage waveform of the bottom
driver transistors, in Figure 5.9. The voltage waveform looks half-way rectified, which hints

the introduction of second harmonic content.

Using that observation, it may be possible to restore the sinusoidal waveform by
placing a second-harmonic trap as close as possible to the base. The resulting voltage
waveform at the base can be seen in Figure 5.10. The waveform looks slightly more
sinusoidal than before, however the success of the harmonic trap is limited. This happens
due to the low Q of the elements that form the trap, but more importantly, the trap does not

filter higher order harmonics.
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Input varactor effects are discussed in [1]. According to this discussion, the act of
tuning the fundamental will automatically change the harmonic environment as well, which
will in turn affect power, efficiency and linearity. However, by using the harmonic short, the
harmonic environment gains some independence (at least for the second, most significant
harmonic) from the tuning of the fundamental. This independence will in the next section
simplify the design of the input quadrature hybrid, by allowing the input of the driver to be

treated as a simple fixed linear impedance.

As a final addition, a center tapped transformer is used to convert the input
impedance of the driver to 50(2. The full circuit of the power amplifier with its driver can be

seen in Figure 5.11.

Transient Response 1
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Figure 5.9 Voltage waveform at the input of the Driver, without harmonic traps
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Figure 5.10 Voltage waveform at the input of the Driver, with harmonic traps
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Figure 5.11 Full schematic of Main power amplifier
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5.2 On-chip Doherty input network

The input network of a Doherty amplifier is usually a power splitting quadrature
hybrid. It is used to perform equal power splitting and phasing between the main and
auxiliary path. Since the power amplifier designed in the previous section has a differential
(push-pull) architecture, a differential quadrature hybrid [8] is used that creates four phases,

0°,-180° 90° and -90".

5.2.1 Single ended transformer-based quadrature generation
The simplified circuit of a single-ended quadrature generator can be seen in Figure

5.12. The input signal from portOm is split into Z; and Z, where:
. 1
Zy = jwLq||Ry, Z; = E”Rz

As a result the voltage across R1

v, =V, 4
= * —
170 R+ 2, + 7,
And across R2
Vv, =V Z2
= *—
2T 0 R+ 2, + 7,

For equal power dividing and 90° phase between the two output ports (R1 and R2) :

4] Z4
—=1<90°=j — = 5.2
v, j= g = (5.2)

Moreover, to ensure that port0 is matched to 50Q

For Ry = R; = R, = 5042 equations (5.2) & (5.3) are satisfied if X, = —X,, = 5040.
The inductor L1 can be replaced by a transformer, achieving separation between the two
output ports, as in Figure 5.13. According to [8] a high coupling coefficient (k=0.9)

transformer with a 1:1 turn ratio can be used for that purpose.
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Figure 5.12 Transformer-less single ended quadrature generator
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Figure 5.13 Transformer-based single ended quadrature generator
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5.2.2 Fully differential transformer-based quadrature generation

Differential operation can be achieved by simply placing two identical single-ended
quadrature generation blocks side-by-side and then the shunt capacitors can be combined
into one. Moreover, the constructive magnetic coupling of the two transformers can be
utilized, in order to implement them in only one inductor footprint, significantly increasing
the compactness of the design. For the performance simulations in the next chapter, the

equivalent circuit in Figure 2.1 is used.
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Figure 5.14 Equivalent circuit of differential quadrature generator
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5.3 On-chip Doherty output network

At first implementations of the Doherty architecture in this thesis, a conventional
approach was used to the Doherty output network. However, a disadvantage of the
conventional approach quickly emerged: the high impedance transformation ratio (ITR), in

power back-off (PBO):

Zo1, N4 Zop, N4

£90°

.

TL
RL

X

Figure 5.15 Conventional Doherty output network. TL1 is the impedance inverter that performs the load modulation. TL2 is
simply used to transform the R into half the optimal impedance.

The characteristic impedances of TL1 and TL2 are

RoptRL
2

Zor = Ropt»Zoz =

Rovt and TL1 transforms that into 2R ¢ (since in PBO

In PBO TL2 transforms R; into S

the aux. PA is off, and its output impedance is much larger than %). As aresult, the ITR of
TL1 at PBO is

2Rt

Ropt
2

=4

The repercussion of the high ITR is the compromised bandwidth that the DPA
architecture is well known for. Also, due to TL1 the main PA output will experience more

passive losses than the aux. PA, which means that at PBO the passive efficiency is degraded.
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n [10] a modified design is introduced Figure 5.16 that enhances the passive
efficiency in PBO and enlarges the bandwidth. What is more, a previous work has already
managed to integrate the modified design, in a broadband and low-loss on-chip Doherty

output network.

Carrier 100 Q2
’D
Pin O— — 0O ol
Peaking 500
500 70.7 €2
PA — T

—
A4 /4
|_' 100 Q

50 C)

Figure 5.16 Grebennikov's dual band Doherty PA

5.3.1 Transformer-based modified-Doherty output network

The introduced design in [6] uses a transformer-based modified Doherty output
network to implement the modified DPA from [10], in order to reduce ITRs in PBO,
improving PBO passive efficiency and broadening the Doherty PA carrier bandwidth.
Basically, the transmission lines are first approximated by lumped elements and then

absorbed into two on-chip transformers to achieve compactness.

290°] Main
o [0k

>
T.T @
&ﬁ e I 1

Figure 5.17 Approximation of quarter wave TLs with lumped elements
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5.3.2 Calculations
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Figure 5.18 Equivalent circuit used for calculations

e Transmission lines 1&2

TLs 1&2 are formed by C1, L1 and C1’. It has already been calculated in

paragraph 5.1.1.4 that C1 must have a capacitive reactance of 35(). As a result:

1
C, = ——=114fF
1 wXZTl,Z f

Z
L, = 2)1'2 = 139pH

e Transmission line 3

TL 3 is formed by C2, L2 and L2". It is known that Z;3 = 2R; = 100£2. As a result:

1
C, = = 39.8fF
z W X Zrs f

Zr3
L, =—=398pH
2 o p

89



e Ideal transformer

ZZ
TL 1&2 will transform R,,; to R(',pt = ﬁ = Ropt

2

b/
TL 3 will transform 2R, to ﬁ = 2R,
L

2R
And the ideal transformer will have n? = 7 L =286

opt

As aresult:

Cy
€] = =5 = 39.9fF
e OQutput Doherty network

£90° | Main Kk

e Ci==Lp Ls

T il= = Re §

£0° | Aux K C.:"’ )

PA ® ||_ _:_

C1==|_p§ [s ==C4 Cy==

Figure 5.19 Output Doherty network

The values for the components are:
C, = 114fF,C; = C, = C{ = 39.9fF

4

! LZ
L, =Ly +L,=278pH,k = YA 0.707,Ls = (n X k)?L, = 397pH




5.4 Auxiliary power amplifier

As discussed in 3.1.4 designing the auxiliary PA is not as simple as biasing the
auxiliary devices in Class C. A simple method to implement the auxiliary PA function is to

assume an external signal that will dynamically bias the auxiliary devices.

/

max

pavi
MainPA L~ A Aux. PA

/ / 'd"{:

- Y
.»*°| (No bias
i adapt.)

-

Drive signal amplitude (v,)
Figure 5.20 The main and auxiliary transfer functions; the dashed line is the transfer function of the auxiliary PA when simply
biased in class C

The bias voltage of the auxiliary PA is varied as follows:

e At back off powers the auxiliary PA is simply biased in class C.
e After the 6dB point, the bias is gradually increased as input power increases.
¢ At maximum input drive the auxiliary and main PAs are biased at the same point and

as a result they output the same current

In this thesis the dynamic bias is simply provided by a dc voltage source, dependent
on the input power. Apart from the dynamic bias, the schematic of the auxiliary amplifier is

exactly the same as the main PA.
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6 Performance Simulation Results
6.1 Main power amplifier performance
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Figure 6.1Power performance of main PA

The power performance of the main PA is illustrated in Figure 6.1. The x-axis is the
input power P;,, (dBm). The red line is the output power P,,; (dBm). The main PA reaches a
saturation power of 24.5dBm, easily satisfying the output-power requirements. An
impressive point is the hard transition, between the linear region and the saturation region
happening at about P;,, = 0dBm and P,,; = 22dBm. This means that the main amplifier can
utilize more of its output power without getting into compression. In comparison common-
emitter stages suffer from soft saturation, meaning that compression starts much earlier.
This advantage of the common-base was predicted theoretically in paragraph 2.6.2 and is

due to the linear current gain.
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The light-blue line depicts the insertion losses to the power amplifier. It can be seen
that the losses are very low (approx. 0.3dB) at back-off powers. The input loss reduces as the
amplifier approaches the high-power region and becomes zero at the end of the linear region,
at P;, = 0dBm. Then as the PA gets into deep compression, the input loss starts to increase
again. The input losses are minimized at the high-power region, rather than at the small
signal region, thanks to the method used to calculate the input parasitic capacitance, as

explained in paragraph 5.1.1.3.

Finally, the blue line is the PAE% of the main PA, taking into account all dc power
consumption from power supplies and bias sources, as well as the input RF power. The
maximum PAE is about 35.8%. The PAE% was also measured at the output referred 6dB
back-off point, OP=18.53dBm. At that point the PAE%=18.7. This means that the PAE has
only halved at the 6dB PBO, demonstrating the back-off efficiency enhancement that the
current clamping achieves. The efficiency halving at the 6dB PBO pointis indeed very similar
to the behavior of a class B amplifier and agrees with the theoretical results derived in

paragraph 3.2.
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Figure 6.2Normalized input current and current consumption

A great way to see the current-clamping action of the power stage is to create an input
signal of varying power and then look at the current consumption of the power stage. This
experiment is performed in Figure 6.2. The yellow waveform is the input signal, created by
two tones of equal power, one at 39GHz and one at 40GHz. The result is a periodic waveform
with varying envelope. The purple waveform is the current consumption of the power stage,
measured at its power supply. It can be seen how the average value of the current
consumption quickly tracks the envelope of the input signal. At low input power, the current
consumption is significantly reduced and when the input power rises, the current

consumption rises to cover the demand for higher output power.

94



D 2
22.5 5.0
22.0 0.0
215
-5.0
21.0
20.5 -10.0
20.0 -15.0
=
g 192 200 =
= g
= 19.0 PO: 18.7dB £
3 C 250 g
: 18.5 =
£ 180 300 &
17.5 -35.0
17.0 400
16.5
-45.0
16.0
15.5 -50.0
15.0 —BOI’J. iﬁ- _19114 _E5.0
-30.0 -26.0 -22.0 -18.0 -14.0 -10.0 -6.0 -2.0 2.0 6.0 10.0
Pin (dBm)

Figure 6.3 Gain and AM-PM distortion

In Figure 6.3 the red line is the gain of the main PA over a sweep of input power. At
back-off powers the gain is 18.7dB and as the input power rises, the gain starts expanding.
The start of the compression region can be found at the point where the gain maximizes, and

the maximum gain is 21.9dB. The total gain expansion is 3.2 dB.

The green waveform is the phase of the fundamental at the output load and can be
used to measure the AM-PM distortion. Until the start of the compression region the phase
is fairly flat and as the amplifier enters the compression region the phase starts decreasing.

At the OP1dB compression point, at P;,, = 3dBm, the AM-PM distortion is 20 degrees.
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Figure 6.4 Harmonic distortion

In Figure 6.4 the harmonic distortion of the output power over a sweep of input

power is measured. The red waveform is the power at the fundamental. Due to the

differential architecture all even harmonics are rejected, and the most significant harmonic

is the third, illustrated in the yellow waveform. The difference between the fundamental and

third harmonic powers is 30dB before the compression region. In the compression region

the third harmonic increases rapidly and at the saturation power the difference between the

fundamental and the third harmonic is 20dB. Finally, in the green waveform, the total

harmonic distortion of the voltage waveform at the load is measured. It is low before the

compression region and then starts increasing rapidly.
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6.2 Doherty power amplifier performance
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Figure 6.5 Power performance of the DPA

The performance of the full DPA is illustrated in Figure 6.5 over a sweep of the input
power. The red waveform is the output power at the fundamental. The DPA reaches a
saturation power of 26.74dBm, well over the 20dBm requirements for this thesis. The PAE%
is in the blue waveform, showing a maximum value of 32.2%. This is very close to the
maximum PAE of the main PA showing that the maximum PAE was not compromised in this
design. At the point of 7dB output-referred PBO, at about P;;, = —3dBm, the output efficiency
shows its second maximum, however that is not too visible in the PAE%, due to the power
consumption of the drivers. Finally, the green waveform illustrates the gain of the DPA. Again
the gain shows an expansion, similarly to the main PA, and shows a maximum of 20.2dB at
P;, = 1dBm. The OP1dB compression point is reached at P;;,, = 4.5dBm, very close to the

point of saturation.
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Figure 6.6 Power added efficiency improvement

The improvement in PAE% can be seen in Figure 6.6. The green waveform is the
PAE% of the designed DPA. The blue waveform is the normalized output efficiency of an ideal
class B PA. The green waveform is the normalized output efficiency of an ideal class A. The
improvement in PAE is compromised by the power consumption of the drivers which are
biased close to class A. Still at the output referred 6dB PBO point, at P;,, = —3dB the PAE is
improved by factor of 1.53 from the class B and by a factor of 4.2 from the class A.
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Figure 6.7 Harmonic distortion in the DPA
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The harmonic distortion of the DPA over a sweep of the input power is illustrated in

Figure 6.7. The red waveform is the power at the fundamental. The most significant

harmonic is again the third, illustrated in the green waveform. The difference between the

fundamental and third harmonic powers is more than 45dB before the compression region.

At the saturation power the difference between the fundamental and the third harmonic is

40dB. Finally, in the light-blue waveform, the total harmonic distortion of the voltage

waveform at the load is measured. It stays below 1% for almost the entire range.
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Figure 6.8 AM-AM and AM-PM distortion

The AM-AM and AM-PM distortion is shown in Figure 6.8. The gain expansion of about
2dB creates the AM-AM distortion shown in the red waveform. The green waveform shows
the AM-PM distortion and is very large. The AM-PM distortion should not be that large given
the fact that the main PA has very low AM-PM distortion. It is suspected that the reason for
this resultis the input termination of the main and auxiliary PAs by the quadrature generator

and more investigation is needed in order to improve it.
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7 Conclusions

In this thesis the design of a 40GHz Doherty power amplifier is presented. For the
design of the Doherty power amplifier, it was necessary to first design a main power
amplifier. Due to the common-base configuration used, the main PA was able to deliver
satisfactory output power and by using the current-clamping technique the PAE efficiency
rolls off slowly at the back-off. Consequently, it must be said that the common-base PA
designed here is a very good trade-off between design complexity and back-off efficiency

enhancement.

The DPA designed did successfully improve further the back-off efficiency and is an
overall promising solution for energy efficient 5G applications in the 40GHz band. Next steps
in this design will include implementation of the transformers and the dynamic-biasing
circuitry with components available by the technology. Further research must be made in

order to reduce the AM-AM and AM-PM distortion in the final design.
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