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Iepidnyn

H Evponaikm [Inyn Zkédaong Netpoviov (ESS) eivor pia dlemotpovikn €pguvntikn
€YKOTAGTOON OV KATOoKEVALETOL 6TO0 AovvT Tng Xoundiag kot Ba gival o o 16YLVPOS YPOLL-
LIKOG ETLTOYLVTNG TPMTOVIOV TOV £XEL KATOOKEVAOGTEL TOTE OTAV OLOKANP®OEL 1] KOTOGKELT.
[Taporo mov to ESS Ba cuuPdiel onuaviikd otn peAlovtikn £pgvva, 1 eykataotaon Oo eival
€VOG HEYAAOG KOTOVOAMTNG EVEPYEWNG HE ONUOVTIKO TEPIPaAiloviikd avtiktumo. Emouévac,
TpaypotorotovvTol TepParioviikd Prooiues eEeMEelg pe otdyo TNV VIoBETNON PEATIOUEVDVY
EVEPYELONKA OTOJOTIKMV Tpoceyyicemv. 'Eva moapdoetypa avtig g tpocsyyiong 0a ivar to
véo cvotnua mov Ba gpapuootel yio v Tpo@odocio 26 kotlotH TV spoke. Ot KOIAOTNTES
Spoke eivar 10 TPMOTO GTASIO TNG VIEPAYADYIUNG EMITAYLVONG GTOV YPOLUUIKO ETLTOYLVTY|
(LINAC) tov ESS, amotehovpevol amd 26 dumhéc kohotnteg spoke, pe amaitnomn 1oyvog
400kW avd 0dlopo yuo va Asttovpynoovv. To véo cvotnua givor évac Evioyvtng Ioybdog
Y1epedg Katdotaong (SSPA) mov Ba avtikataotioel ToOug EVIGYLTEG TETPOOOV AOY® TNG V-
YNNG KATovVAA®GONG 1Y 00G TOVC.

Avti 1 SIMAOUOTIKY EPYOGT0 ETIKEVIPOVETOL GTOV GYEOIAGHO, TPOGOUOIMON KOl Kol
tackevn evog Evioyvt Ztepedg Katdotaong (SSPA) edd mpocaprosévoy doTe va Agt-
ToVpYel MG TO TPMTO 6TAO0 TOL 0dNYOV pésa 6To cvotnua Tv 400kW SSPA mov Ba eyka-
taotadel Yo va TpoQPOoSOTEL TIG VIEPAYDYILES OIMAEG KOIAOTNTEG spoke otnv Evpomaikn IIn-
M Zxédaong Netpoviov. Avti 1 pedém Eexwva pe pa €1 fabog avdivon tov amoitioemv
TOV GUGTIUOTOG KOl TOV AEITOVPYIKOV TOPUUETP®V OAOKANPOL TOV GLGTNUOTOC, EVTOTILOo-
VvToG PACIKEG HETPIKES amOO0ONC OTTMG M oY1 €£0J0V, 1) YPOUUIKOTNTO KO 1] 0TOS0TIKOTNTO.
Méoa and evtatiky] TpocopoimoT Kot BEATIGTOTOINGN e TN YPNON AOYIGHKAOV £pYOAEimV
(Advanced Design System (ADS) kot Altium Designer), avantOGGETOL Pio OPYLTEKTOVIKT
SSPA, wavn val IKOVOTTOMGEL TIG QVGTNPEG TPOJALYPAPES TOV ATOLTEL 1] EQAPULOYT EVA LE-
Tpradel {NTNHOTO OTTMOG 1 OPLLOVIKY] TOPOUOPP®GCT Kol 1) amoywyn 1oxvoc. [dwitepn tpocoyn
dtvetar onv emhoyn kot oAokANpwon tpaviictop, SIKTHOV TPOGAPUOYTG EUTEONONG KOL G-
oTNUATOV YOENS MOTE va O1cPaAloTel I BEATIOTN ActtovpykOTNTO Kol pokpolmio vid pe-
tafailopeveg ouvOnkeg Asttovpyiog. Emumiéov, mpaypatomoleitonl TEPAUATIKY EMTIKVPMOON
T0V GYESGUEVOL TpwTOoTVTTOV SSPA, 1 omoio meptlapPdvel oAOKANPOUEVEG dOKIIES Kot
YOPOKTNPIGUO 6€ OAO TO €VPOg Aettovpyioc. Ot HETPIKES amOO0ONS, GUUTEPIAAUPAVOLEVOV
™G 16Y00g €£000V, TG ATOJOTIKOTNTAG, TNG OMOKPIONG GLYVOTNTAG KOl TNG YPOLUIKOTNTOG,
a&lohoyohvtar H1eE001KA, ATOJEIKVOOVTAG TNV AMOTEAECUATIKOTNTA KOl a&lomioTio Tov TPo-
TEWOLEVOL GYEJAGLLOV.

Aggarg Khewond: I'pappkoc Emtayvving, ESS, Xteped Katdotaon, Evioyvtig
[oyvog, padtocuyvotta , spoke KOOTNTa, S10TAEN TVTOUEVOL KUKADUOTOG,
KaTaoKeLn, perpnoes, LDMOS, pkpotavio, Tupnvikr gUGIKN



Abstract

The European Spallation Source (ESS) is a multidisciplinary research facility that is
being built in Lund, Sweden and is the most powerful linear proton accelerator ever built.
Even though ESS will contribute greatly to the future research, the facility will be a large
power consumer with significant environmental impact. Therefore, environmentally- sustain-
able developments are undertaken towards the adoption of energy savings and improved en-
ergy-efficient approaches. One example of that approach will be the new system that will be
implemented to power 26 spoke cavities. The Spoke cavities are the first stage of supercon-
ducting acceleration at the ESS linear accelerator (LINAC), consisted of 26 double spoke
cavities, with 400kW power per cavity requirement to operate. The new system is a Solid-
State Power Amplifier (SSPA) that will replace the tetrode amplifiers due to their high-power
consumption.

This thesis focuses on designing, simulating and manufacturing a Solid-State Power
Amplifier (SSPA) tailored specifically to serve as the first stage of the driver within the
400kW SSPA system that will be installed to power the superconducting double spoke cavi-
ties at European Spallation Source. This study begins with an in-depth analysis of the system
requirements and operational parameters of the entire system, identifying key performance
metrics such as output power, linearity and efficiency. Through rigorous simulation and op-
timization using software tools (Advanced Design System (ADS) and Altium Designer), a
robust SSPA architecture is developed, capable of meeting the stringent specifications de-
manded by the application while mitigating issues such as harmonic distortion and power dis-
sipation. Special attention is given to the selection and integration of high-power transistors,
impedance matching networks, and cooling systems to ensure optimal functionality and lon-
gevity under varying operating conditions. Furthermore, experimental validation of the de-
signed SSPA prototype is conducted, involving comprehensive testing and characterization
across the entire operational range. Performance metrics including output power, efficiency,
frequency response, and linearity are thoroughly evaluated, demonstrating the efficacy and
reliability of the proposed design.

Key Words: Linear Accelerator, ESS, Solid-State, Power Amplifier, Radio
Frequency, spoke cavities, layout, manufacturing, measurements, LDMOS, mi-
crostrip, nuclear physics



“Every great and deep difficulty bears in itself its own solution.
It forces us to change our thinking in order to find it.”

Niels Bohr

“Life can only be understood backwards;
but it must be lived forwards.”

Seren Kierkegaard
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Extevn) Hegpiinyn ota EAAnvikd/ Extensive Summary in Greek

O emttayvvtéc couaTdiov amoteAovy OepeMddn epyodeio TG oOyYpPOVNG ETIGTHUNG
Kot teyvoroyiag. IIpdkettar Yoo cLGTANOTO KOVE VO ETITOYOVOLV POPTICUEVE. GOUOTIOW OE
VYNAEG TOYOTNTES, XPTOLLOTOLOVTOS NAEKTPIKA Kol LoyvnTIKG TTedio. ZAHEPA LITAPYOLV Y1-
MAOEG eMTALVTEG GE AEITOVPYIO TAYKOOUI®G, Ol omoiol Ppiockovv epapuroy 6€ Eva €vpv
eaopo Tedimv: amd T PacIK £pEVVA GTI PLGIKT VYNADY EVEPYELDY KL TNV TUPNVIKY QUG-
K1, £0G TNV W0TPIKN amekovion Kot Oepomeia, ) Prounyavio kot Tig T€VoA0Yieg vMK®v. H
TapoHoo SMAMUATIKY epyacio Tov vrofAnOnke oty ZyoAn HAektpordymv Mnyoavikdv kot
Mnyovikev Yrorloyiotov tov EBvikod Metoofiov TTolvteyveiov exkmoviOnke pe Paon v
epyacia Tov ovyypaeéa oto European Spallation Source (ESS) to didotmpa Mdaptiog 2024-
Avyovotog 2024. To European Spallation Source 1 Evponaikn [Inyn O@pvppaticpov Oo aro-
TEAEGEL TOV 1GYVPOTEPO TOL €100VG emTaLVTY OTAY 0OAOKANPWOEL 1 KaTaokevn Tov. TIpoKel-
TOL Y10 VO £VOV YPOLUIKO EMTOYLVTH OOV TPOTOVIO LEG® NAEKTPOUAYVNTIKOV TTEdiV €ml-
TOYVVOVTOL KOl GUYKPOVOVTAL HE £vav 6TOYXO0 LOAVPOOV, pe To. okedalOUEVH VETPOVIO. ETELTA
VO GLAAEYOVTAL KO VAL YPNGLOTOI0VVTOL Y10 T TOIKIAM TEWPAATO TOV GTEYALEL TO EPELVN-
TIKO KEVTPO.

13522l MHzC————— > <, 704.42 MHz

Dogleg Target
€«25m—> €4bm> €«40m-> €3BIm> €«59m> <—767m—> <« 1789 m —

mf\m D4 »-:f* D& ;4

75 keV 3. 6 MeV 90 MeV 216 MeV 571 MeV 2000 MeV May 2020

To oympatikd ddypapo Tov ypappkov emnttayvven tov ESS, Mdwog 2020

g auTd TO JUCTNUA 1] OUASO TOV TNYADV PASIOGLYVOTNTMV SlEVEPYOVGE GLUVEPYAGia
ue 1o mavemotiuo Uppsala University (UU) yio tnv dtepehvnotn EVOALOKTIKGOV TNY®V TPO-
(0d0TNOoNG TV spoke KOOtV TOL Ypopptkoy enttayvvin. To ESS Ba anotedéost kopPfo
avamtuéng kot épgvvag yuoo v Evpann, éxovtag opmg peydiec evepyelokés avaykes. Amo-
pociotnre va dtepeuvnoldv eVOALOKTIKOL TPOTOL TPOPOSOTNGNG TOV UITOPOVV VO CLVTIKOTO-
OTHCOVV TIG LLAPYOVCESG AVGELS He AALeG amodoTikdtepec. EmAéyOnke va ypnopomomBei n
TEYVOLOYIO EVIGYLTOV 16Y00G GTEPEAS KOTAGTAONS KOOGS GuvILALovv VYNAT AmodoTIKOTNTA
nov Kopaiveror oto ddotnua 50 pe 80 % oe younAés avdykeg TPOEOSOGING. ZVYKEKPIUEVD,
Yo v KaAV@OoUV 01 EvePYELOKES avAYKeS TV spoke KothotT®V, Yo kée o amd avtéc Ha
KOTOOKELOOTEL £fval GOGTNA EVICYLTAOV 10YV0G 6TEPEAS KaTAoTaonS (SSPA) pe 1oyd e£600v
400kW. H vmépyovoco A0oM NTOV Ol EVIGYVLTEG TETPOO®VY, UE ATOOOTIKOTNTO TEPITOL GTO
50%. 'Evag akdpa Adyog yio TV GTpoQY| 0TV TEXVOAOYIN 0TEPENS KOTAGTAONG Elval TmG Ye-
VIKOTEPO 1| TEYVOAOYIO OTIC UIKPOKVUOTIKEG GUYVOTNTEG GTPEPETOL TPOG EKEIVI TNV KOTED-
Buvon. Kabag to mAdvo tov ESS givar Agttovpyia yuo tovddyiotov 40 ypdvia sivor avaykaio
va &yovv Ppebel Aoelg mov HBa emTpémovy TV OHOAY AELTOVPYIC TOL EMTOYVVTY| LE TEYVOLO-
vieg mov e€glicoovtal TapdAAnia 6TV ayopd.

To Tp®TO KEPAAOO TNG OIMA®UATIKNG £XOVTOG EICAYEL TOV AVAYVMDOTN GTO EYXEpNUQ
v Bertioon g evepyelakng anddoong tov ESS, napabéter kot avorvel v Avon mov emt-
AéxOnke. Zvykekpiuéva, n tomoroyio Bo amoteleiton amd mWOAAG TOPAAANAO Kol GE GEPA
otadw evioyvong pe ovveyn emifreym g Swdwociog and e£mTEPIKE GLGTAUATA YO, VO
dtcalotel 1 opoAr Agttovpyioa.
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Driver

In parallel PA

Pre Driver Driver PA

Tomoloyieg evioyvTadV 16)00G

YKOTOG TNG SIMAMUOTIKNAG ALTAG €ival 0 GYESACUOG KOL 1] KATOOKEDT] EVOG EVIGYVTN
1oYvo¢ 6mov o Aettovpyel MG TPAOTO GTASGIO TOV 00N YOV GE OVTN TNV GAVGida pe TG €ENG
npodwypapés: 352,21 MHz cvyvomta Agttovpyiog, amodotikodtnTa peyaAvtepn amd 50%
Kot 1oyvg €£0d0v SOW. Méow avtng g epyaciog diveTat n SLVOTOTNTO VO TOPELGPPNCEL O
oLYYPAPENS GTOV KOGUO TNG oYediOoNg padlocLYVOTHTOV OTov ovalnTteital 0 WovikKOg GUL-
Bacudg avdpeso ota Bacikd xopaKTnploTIK £vOg evioyuty): B0pvoc, 1oyvg, cuyvotta,
KEPAOG, TAOT) TPOPOJOGTING KOl YPUUUKOTNTA.

210 6e0TEPO KEPAAOLO TapatifeTon To amapaitnto Bewpntikd vrodfabpo wote va yi-
VOUV avTIANTTT T, fripaTo Tov akoAovdnOnkav yio Ty oyedioon.

Y10 1pito KePdAao avaiveton To cvatnua SSPA tev 400 kW, 10 omoio mpoopileTon
Yy Vv Tpo@oddtnon tv 26 spoke kotlotntmv tov ypoupkov emitoyvven (LINAC) tov
ESS, xafepia ex tov onoimv arartet 1oy0 400 kW ota 352.21 MHz. [Tapovoidletor n apyt-
TEKTOVIKN] TOV GUGTNUATOG, Ol AOYOL EMAOYNG TNG CLYKEKPIUEVNS TOTTOAOYI0G, KOOMG Kol M
Aertovpyio KoL EMAOYN TOV ETUEPOLS VITOSLOTNUATOV Kot &aptnudtey. Emmiéov, ntapov-
oldleton 1 CLUPOATY TOV GLYYPOEEN GTN SIOUOPPMOT TOV KaToAdyov vAkadV Bill of Materi-
als ka1 otV avdivon KOGTOLG TOV GUGTNLOTOC, LE TIS TIHEG VO, OVTIOTOLXOVV G6TovV Ampilio
Tov 2024.

400kW Amplifier block
diagram

......

To umlox diaypoyuo e toroloyiog 400kW SSPA
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H tomoloyio Tov cvotiuatog amoteleiton amd TEVTE S1O0Y LKA GTAdIOL EVIGYLONG:
TPOEVIGYLTN, PLOUICT TAATOVS KO PAoNS, 10 6TAd10 00NY0D, 20 GTAOI0 001 YOV Kot KOHPLO
EVIGYVLTN 16%0V0G, T OO0 AEITOVPYOVV G TAPAAANAT SLATAEN e TOAAOVG EVICYLTES Yo AO-
youg aélomiotiag kot fedtiotonoinong g €£6dov. Kab’ 6An ) dadpour tov 6NpHotoc, Ko-
tevBuvtikol cL{evKTEG TAPEYOVY TANPOPOPIES YO TNV KATACTOGT AEITOVPYING, EMTPETOVTOS
TNV TOPOKOAOVON oM Kot TPOoTAGio TOV GLGTHHOTOC. To 6TAd0 €160d0V TEPIAAUPAVEL EVov
ovlevKTn Yoo TNV TopoKoAoHON o™ NG 10Y1OC 16000V, Evav dtokomtn tomov SPDT yu mpo-
oTacio amd VIEPPOPTMOON, £VOV TPOEVIGYLTN Kol Evay Olaywplotn 1oyvog 1:4. komdc Tov
elval n apyikn| evioyvon tov onuatog ard 1 mW oe 10 mW kot 1 dtavopun| Tov og téocepa
TOPAAANAL KOVOALOL.

To 6tdd10 00N Y0V OmOTEAEL TO KUPLO AVTIKEIUEVO TNG SIMAMUOTIKNG EpYacioc. ATote-
Aettar amd pvBuiom) mAdTovg, puOBcT) Edaong, dwpétn 1:4, To TPDOTO Kot dEVTEPO GTASLO
gvioyvong tov 0dnyov, kabm¢ kot Evav cuvovaotr toyvog 4:1. Tpeig katevBuvtikol cvlev-
Kteg TomofeTovvTal oE Kaiplo onpeia yia Eleyyo g evioyvong Kot aviyvevon mbovov onom-
Aewwv. H ypnon pvBuotadv mhdtovg kot daong eEacpaiilet tnv opb mpocapoyr| Tov nie-
KTPOLLOYVNTIKOU KOUATOG KOt TV OTOoPLYN SCTVONPIoU®VY 1 aoTo(ldV Katd T Asttovpyia. To
KOP10 6Tdd10 evioyvong elvar To TEAELTOLO KOl IGYLPOTEPO TUNLLA TNG CAVGIOAS, LTTEVOVVO Yo
N HEYIGTOTOINON TNG GLVOAIKNG TTapayorevns 1ox0og. Ot dtanpéteg Kot cuVOVAGTES 1G6YVOGC
OV 6Tadiov aVToL &xovv oyediaotel and o [Mavemotio g Ovydarag, Kabng dev datibe-
VTOL OVTIOTOL( 0L EUTOPIKA EEOPTAILOTA TTOV VO, KAADTTOLY aTd To Enimeda 1oyvoc. To otddto
e£0dov meprAapPavel téooeptlg oVLEVKTEG YO TV TOPAKOA0VONGN NG 1Yo Kdbe KOpLov
evioyut Kot évav TeMKO cuvovaot 4x100 kW. 'Evag 1oyvpog telkdg culevktng tonobetei-
TOL TPV OO TNV KOTAOTNTO Y1 TNV TAPOKOA0VON O™ Kol TPOooTacia EvavTtt TOE®V.

[MopdAinia, eetalovtal Ta GLOTHHATO TOPaKOAOVONGNG, Ta cLGTHATE YOENG, KO-
MG KoL TO VTOGTNPIKTIKO LAKO TOVv cuoTiHaToc. Ot TAnpogopieg amd Tovg cuievKTES EMe-
Eepyhlovtar amd To GLGTHHATO TapakoAoVONoNS Tov avanticcel | opdda RF Sources, evd
N omaymyr OepuoTNTOS EMTVYXAVETOL LEG® TOL VOPOYVLKTOV GLGTILOTOS TOL EPYUCTNPIOV
RF. To vroompiktikd vAkd mepapfdvel cuvdetpeg tOmov N, Tukvetéc mpocstaciog, 1-
Kplopoto Kot KoAwolwoels. Téhog, mapovoidletar avarvtikd o Ilivaxag YAikov (BoM), o
omoiog koTapTionke MoTe vo eKTUNOEl T0 GLVOAKO KOGTOG TOV £pyou (534.024,79 €), va
opyoavmBodv o dedoUEVA TNG OPYLTEKTOVIKNG Kol vo amoktnOel Pabvtepn katavonon twv RF
eCOPTNUATOV KOl TOV TEYVIKOV TPOIAYPOUPDV TOVC.

210 T€T0pTO KEPAANLO avarveTOL 01€£001KA 1) dradKaGio 6YEdIOGNG TOL TPADTOL GTO-
dtov Tov 0dN Y0V TOL gvicyLTY oTEPEdS Katdotaong (SSPA) twv 400 kW. Z16)0¢ oL 6TOdi0L
etvar 1 evioyvon Tov oNUATOG E1GOO0V GTO ATAPALTNTO EMITEN 1GYVOS DGTE VO OONYNOEL LE
acQAAELl To ETOpEVO GTAdIO TG 0ALGIOaG evicyvone. H dwadikacio mepthapavel tnv emtio-
M KotdAAnAov tpaviictop, ™ PeATicoTomoinon TOV TACEOV TOAMONG, TN OLUUOPP®OT TOV
KUKAOUATOV TOA®GONG, KOOMOS Kol TN d1epedivnon NG WAVIKNG EUTEONONG E160J0V Kol E£GO0V
oL B0 TOPOVGLUGTEL GTOV EVICYLTY, OALA KOt TNG OTAOEPOTNTAG TOL EVICYLTH LEG® TPOGO-
LOUDGEMY UIKPOV Kol peydAov onpatog oto Aoyiopikd Advanced Design System (ADS) tng
Keysight.

H npdt @don tov oxedlacpod agopd TNV €MAOYN TG KOTOAANANG TEXVOAOYiOG
tpoviictop. MeketiOnkoav ot dtaBéotpeg nuaydyyleg teyvoroyies, Pacel g oxéong cuyvo-
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ToG ArTovpyiag Kot mopayOpevns woyvos. Metd and cvykpion, emAEYONke N TE)VOLOYia
LDMOS (Laterally Diffused Metal Oxide Semiconductor/ I[TAevpikd Aidyvtog Hpuoymyodg
O&ediov Metdhdov), 1 omoia TPOSEEPEL EEAUPETIKN YPOUUIKOTNTO, VYNAN OO0 KoL ov-
OekTikdTTa 08 Bepikég Ko NAeKTPKEG Katomovioels. Emumiéov, eivar n mhéov mpun te-
xvoroyia Yo epapUoYES VYMANG 1oyvoc oty epoy] Tov VHF kar UHF, koAvrtovtag min-
pwg ™ ovyvotnta Asttovpyiog Tov 352.21 MHz tov emitoyvvt ESS. Qg evepyd otoyegio e-
mAéyOnke to tpaviiotop ART3SFE tng etoupeiog Ampleon. H emthoyn avty €ywve Aoym g
VYNANG amddOooNS, ToL peydAov teptBmpiov Aettovpyiag oe VYNAELG Beprokpacies Kol TAGELS,
KOl TNG €YYUNUEVNG LOKPOXPOVING dtafesoTnTOC, 0ToLYEl0 KPIGIo Yoo Bropmyovikd Kot &-
PELVNTIKA €pya peydAng dwapkelag O0nmwe 1o ESS. To tpaviictop d100£Tel OVOUOGTIKY 10YD
e£0dov 35 W, tomikd képdog 30 dB kar amodotikotnta 70% ota 108 MHz, yeyovdg mov to
KaO16TA 100VIKO Y10 Yp1oN ®OG TPDOTO GTAGI0 031 Y0V, TPV TO KVPLO GTAS0 1GYVLOS TOV YPNCL-
pomotei to peyorvtepo tpaviictop ART2KOFEG g idw0g etapeioc. H cvuvdvacuévn ypnon
avTOV TV dVo Tpaviictop eEac@arilel BEATIOT peTa@OPE 1GYVOG HETAED TOV GTUSIMV Kot
VYNAT GUVOAIKT] OITOJOTIKOTITAL.

AoV emhéyOnke 10 evepyd oTOLYKELD, 1| ETOUEVT] PAGT] TOV GYEOAGHOV NTOV 1) PErTL-
oTomoino”n TV T0ceV TOAmons. ['a tov okond avtd mpaypatoromniov DC npocopolmd-
o€1g oto mepPdrrov Tov ADS, mpokeévou va kabopiotel to onpeio Asttovpyiog mov mpo-
o@EpEL TOV KOADTEPO SLUUPIPAGHE HETAED 16YVOC €050V, am0d0TIKOTNTOG Kot BEpLUKNG GTO-

OeponTag.
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Amoteléouoto IPooopoImTEDY Yi0. ECAPTHON THS 010D YLUOTHTOS
e TNV TAoN TOV drain ko1 Tov gate

ATO TIG TPOGOUOIDMGES TOV PEVUATOC G cuvdptnon g tdong moing (ID-VGS)
TPoEKLYE OTL N ayOYoTNTa TOV Tpaviictop Eekva YOopw ota 2 Volt, eved n péyiotn dayom-
yomrog emruyydvetor kovid ota 2.9 Volt. Me Baon avtd ta amoteAéopata emAEYONKE
1dom moAwong moAng VGS = 2.5 V, tun mov eEac@alilel Aettovpyla 6N YPOLUKY TEPLOYN
LEe eMapKY| TEPODPLO Y10 SIUKVUAVOELS. LTI GLVEXELN TPOLYLOTOTOWONKE AVAAVOT TNG Y0P
KTnpotikng kapmving ID-VDS, npokeipévon va kabopiotet  tdom drain. Meretmdvrog Tic
KOUTOAEG POPTOL KOl T AVTIGTOLYO oNueio Aettovpyiog Yo S10pOPETIKES TYES TAOTG, EMAE-
yOnke VDS =70 V. H tyun avt) vrepPaivel ELa@pads TV OVOUOGTIKN Téon Tov TpaviicTtop
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(65 V), adda yivetan expetdAievon g avénuévn avlektikotnra g ospdc ART ko emi-
TpEMOVTOG TN MEYIoTN duvatn 1oy €£0060v. Ot TPOGOUOIDGELS E01E0V OTL e OVTEC TIG GUV-
Onkeg 10 tpaviictop Aettovpyet oty 16ENn AB, emttvyydvovtag amodotikotnTa TEPimov 54%
Kot 1oy0 €£6d0v yopw ota 53 W. H cvykekpiuévn tdén Aettovpyiog mpocseépet Evav PEATIOTO
GLVOLOCUO OTOOOTIKOTNTOG KOl YPOUUIKOTNTAS, KOOMG To TpaviicTop dyel Yo meEPIGGOTEPO
Ao TN Hot| mePiodo TOV GNUOTOC.

A@o¥ xabopiotnrav To onueio TOA®ONG, TO EMOUEVO P TAV 1) GYEOINOT TOV K-
KAOUATOV TOA®ONG. XKOTOG TOvg ivar 1 otafepn TPoPodocia Tov TpaviicTop UE CUVEYES
pevpa yopic va emnpedleTon n padlocvyvoTnTo TOL GNUATOG. Ta KUKAMUATO OVTA OTOTELOV-
VIOl 0o TUKVOTEG amocVLEVENG, TukvmTEC ovlevéng kot mvia RF choke. Ot mukvwtég amo-
oLlevENg cuvdEovTal TOPAAANAQ LE TIS YPOUUES TPOPOSOGING MOTE va “yelmvouy” ke ave-
mBvunto AC onpa, egacpariloviag otabepr| TOAmON Kot omoeLYn Tohavidcewv. H cvume-
pPLPopa Tovg eaptdtal £VIova amd T GLYVOTNTA GUVIOVIGHOV Kol TV E0CMTEPIKT TOVS OVTi-
oTOoT, YU OVTO YPNOCLUOTOLEITOL GLVOVACUOG TUKVAOTAOV SUPOPETIKAOV TILMV Y10, TN PeATim-
omn g andkpiong yopw amd to 352 MHz. Ot mrukvetég 60levéng, avtioToly, ENLTPETOVY T
dérevon ¢ RF woyvog eved amopovavovy ta DC kukiopata tov otadiov petafd tove. I-
dwitepn onuacio 600nke kot oty emhoyn tov RF chokes, mov eumodifovv m d1éhevon g
RF 1oy00¢ mpog v mnyn tpo@odocicg emtpénoviag mopaiinio TV anpOGKONTTY HEAEVOT)
tov DC pedpotoc. v (6060 TOV KUKADUATOG XPNOUOTOMONKE aVTIGTOOT VYNANG TING
avti yo Invio, 6edopuévou 0Tt To pevA TOANG Eivorl TPAKTIKG UNdeViKo. Avtifeta, oty £6o-
00 amotteitan ETAYMYIKO GTOYEID LYNANG TOLOTNTAG KOl avTOYNS, KaBmG To peda Tov dap-
péel o tpaviiotop eOAvel og emimeda apketdv aunép. H emloyn tov katdAinAiov mnviov
Baciotnke 6TV AvAALGY TOL GLVIEAEGSTY TOLOTNTOS, TNG UEYIoTNG TG RMS pedpotoc kot
NG GLYVOTNTOS GLVIOVICUOV, AOGTE Vo eEacpaAloTel oTafep GLUTEPIPOPE GTNV TEPLOYN
Aertovpyiog.

INo va emPePormbel n Oeppikn kot NAEKTPIKN avOEKTIKOTNTA TOV GYESIAGLOV, TPALY-
patomomOnkay emmAéov vroloyiopoi Bacicpévorl oto gpyaieio aglordynong e Ampleon.
Orvroloyiopotl améderav 0Tt yia Tig emdeyuéveg ouvinkeg Aettovpyiag (VDS =70 V, ID = 1
A) o pécog ypovog actoyiog tov tpaviictop vrepPaivel ta 18 €1, eved n puéyrotn Bepuoxpa-
olo ovvoeong eBavel otovg 99°C, Tipég mov emPePardvouv 1 PLOGILATNTO TOL GYESACUOD
pe v tpobmdbeon vapENg ETOPKOVS GLGTIULATOG YOENG.

21 ovvéyela mpaypotonomOnkav load-pull Tpocsopoidoelg, pio omd TIG OMNUAVTIKO-
TEPEG OLOOIKAGIEG GTO TYEOIAGLO EVIGYVTAOV 1G6YVOG.

PAE and Deliverad Power Contours

To owypopua Smith ue tg ypopixés e PAE ka1 s 1cydog e€odov tov eviayvth
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Ol TPOCOUOLDCELS AVTEG EMTPETOVY TNV EVPECT] TOV PEATIOTOV TIUOV EGOS0VL Kot
€£000V 6HVOETNG aVTIOTOGNG TOV LEYIGTOTOLOVV THV ATOdOTIKOTNTA Kot TNV 1)1 €£650v. Me
™ ypnon tov gpyaieiov load-pull tov ADS, capddnkav ot aviiotdoelg 16600V Kot 5000V
KoL TopaTtnPNONKaV To oVTIGTOL0 TEPLYPALLOATA 1GYVOS KOl OTOS00NG TAV® GTO S0y POLLLLOL
Smith. Mg avtoév Tov TpdTO TPOGIOPIGTNKAV O TIUEG AVTIGTAGE®V OV TOPOVGIALOVY GTO
tpaviiotop ™ BEATIOTN POPTION V1o TIC EMOVUNTEC EMOOCELC.

H tehucn odon tov oyedocpov meptiapBdvel T HeAETn otafepdTnTOC TOV EVIGYLTN.
E&etdotnke 1000 N otafepdTnTa pLikpod oNUATOS OGO Kot 1) 6TafepdTNTO LEYAAOV GNLLOTOG.
2V TPpOTN TEPIMTOOT, TPAYUATOTOMONKE TPOCOUOI®ON S-TapaUETP®Y Yo YOUNAT oYY
€16000V, TPOKEYWEVOD VO, S1ACPOALGTEL OTL 0 EVIoYLTNG dev Ba Tahavtdvel. H avdlvon £dei&e
OTL 01 KOUTOAES oTAfEPOTNTOC KOADTTOUV OAOKANPT TNV TEPLOYN TOL dlarypdppatog Smith,
eva o mapdyovtog Rollet (K-factor) vrepPaivel T povada, vwodekvhoviog Gvev Opwv oTo-
Oepodmta. o 1 devtepn mepintwon, mpaypatoromOnke Tpocopoimon HeyaAng 1oybog e
avdAvon aplovikng toopponiag, mote vo eniPefoarmbel n otabepdnTa axoun kot € cuvon-
Keg kopeaov. Ot vroroyiopol tov tapapétpov K kot A, kabohg kot tov topaydviov otade-
poTNTag TNYNG Kot @optiov W, emPePaincav 4Tt 0 evioyLTHg Tapaptével 6Tabepdg 6e OO TO
€0pog Aettovpyiag.

210 TEUMTO KEQAAOO avorveTal 61e£001KA 1) dradikacio oyediaong TG SLdTaENG TOL
evioyvt. H avantuén g ddtaéne, mov orokAnpmbnke oto Altium Designer, amotelel kpi-
OO0 6TAJ10 TNG GLVOMKNG oyediaong, Kabdg kabopilel TNV NAEKTPIKY GLUTEPLPOPA, TN Oep-
pikn otafepotnta Ko v a&lomiotio Tov kKukAopatos. Ta Bacikd fpata mov akolovdnom-
Kav €ivol 1 ETIAOYT TOL VAIKOU TOV VTOGTPOUOTOS, 1| EMAOYN TNG TEXVOAOYIONG YPOUUDY LE-
TOPOPEGS, O GXEONGHOS TOV HIKTO®MV TPOCGAPHOYNG, N AVATTLEN TOV GLGTILATOS YOENG KA,
TEAOG, 1| TPOGOUOIMOT) TG TEMKNG d1ITaENG 6T0 Aoyiopikd ADS.

H dwdwacio Eekvd pe v emhoyn To0v KATAAANAOL LAKOD Y10 TO VTOGTPOUN TOV
KukAopatog. H emioyn avt ennpedlel kaBopiotikd v amddoor, ) Bepukn copumeptpopd
Kol ™ otafepotnTa TG cvyvottag. To vAKO mov emdéyOnke eivar 1o RO3210 g Rogers
Corporation, £&vo KEPAUIKA EVIGYVUEVO VAIKO €101KE GYESIACUEVO Y10 EPUPUOYES VYNADY GL-
yvottwv. H vynAn smiektpikr| tov otabepd (10.8) emrpénel ™ oyedioon moAd copmay®v
KUKAOUATOV, KATL ToV givar Kpioipo, kabadg oto cvotnua tov ESS 0o katackevacstodv de-
KOEEL EVIGYVTEG TOL TPMOTOL GTAGIOV 00NY0D Kot 0 SBECIILOG YMPOG oTov BdAmpo ivar mte-
propiopévog. Tapdrinia, o yauniog cuvteleotig anwiewwv tov (0.0027) eEaceariler erd-
YIOTES OMAOAEEG 10YVOG, GUUPBAALOVTOS GTN GLUVOAKT EVEPYELNKT arod0TIKOTNTA Tov SSPA.
E&icov onpavtikd poro mailer ) Bepikr) copmeptpopd tov VAKoV. O BeppiKds GUVTEAEGTNG
™G OMAekTpikng otabepds (-459 ppm/°C) onuaivel 0Tt T0 VAKO Tapovotdlel pukpn petafo-
M TOV NAEKTPIKOV YOPOKTNPIOTIKOV UE TN Oeppokpacio, yeyovog 101aitepa GNUOVTIKO G
EQUPUOYES VYNANG 10YVOG 6oL TO Beprikd poptio eivar onuavtko. H Oepuxn ayoyipdtta
0.81 W/m/K emtpénel v amoteAecuatikn oldyvon g mapayouevng Beppdtmroc, evo oe
oLVOLOCUO LE TO cvoT YOENG Tov Ba avorvBel mapakdtw, eEacparilel ) otabepn Aet-
TOVPYie TOL EVIGYLTN.

AoV kabopictnke 10 VAKO Tov PCB, axolovbnoce 1 emloyn g texvoroyiog YpoL-
pnov petapopds. EEetdotnkav ot Tpelg KOPLeg Te(VOAOYIES, LIKPOTOVIOKT] YPOUUY, 1| EVOO-
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OTPOUATIKY TOWVIOYPUUUN KOt 0 GUVETITESOC Kupatodnyds. H texvoroyia pikpotouviag mpo-
OQEPEL AMAOTNTA KOTACKEVNG KOl EVKOAMA TPOSPaoNg ot empavelokd eEAPTANATA, EVD O
OGULVETITESOG KUHOTOON YOG TPOCPEPEL KAADTEPO EAEYYO TNG EUTEOMONG Kol PeATiopévn Bep-
piKn dwoxeipion, KabmG o1 YEITOVIKES YEIMOES GVUPAALOVY 6Tn dudyvon Bepuodttog. H ev-
JOCTPOUATIKY] TOUVIOYPOUUY, OV KoL EEAPETIKE AMOSOTIKY MG TPOS TNV ATOUOVOOT, oontel
noAvotpopatikd PCB kot givat o dvokoin oty katackevr|. Etol, emAéybnie cuvovaoudg
UIKPOTOVIOKNG YPOUUNG KO EVOOCTPOUATIKNAG TOVIOYPOUUNG, ETITUYYAVOVTOS TOV PBEATIOTO
ocuuPBacpd peTa&d eVKOATNG KATAOKELNG, aKkpifelag epumédnong Kot amddoong.

[Ma ™ ypopuun HETAPOpAg GYESAGTNKOY Ol OI0CTAGELS MOTE VO OLUTNPELTOL YOPOKTT)-
potikn eumedmon 50 Q, kdtl amapaitnTo Yoo TNV EANYIOTOTOINGN OVOKAGGE®MY Kol OTm-
Aewwv. To mAdtog Tov yvov kKabopiotnke pe Pdon ) dmAekTpikn otabepd Kot T0 TAYOG TOV
VTOGTPOUOTOC, EVO TPAyHOTOTOmONKay mpocopoldoel; 6to ADS yuo vo emPBefoimbetl n
owotn gumédnon. Idwaitepn pépyva d6ONKe oTNV KOVOTNTO TOV AyOY®V Vo xepilovtor ta
avapevopeva pevpata Asttovpyiog. ' to onpeio ovvdeong tov tpaviiotop pe to mnvio RF
choke, 6mov 1o pevpa ayyiler ta 4 A, n ypapp LETOPOPAS GYENACTNKE Le TAATOG 2.2 mm
MDOTE VO, ATOTPETOVTOL OUTMOAEIEG AOY® QOIVOUEVOL EMOEPLUIKOL BdBovg Kot viepBEépuavong.
H tomoBétmon tov tpaviictop omv mAaxéto amotélece kpioyo otdolo, kabmg ennpedlet
1660 TN Unyoavikn otafepotnta 66o kot ) Beppkn ayoyywomta. To tpaviictop tonobetei-
TOL EMPOVEIOKA KOL OTONTEITOL EEAPETIKG OKPIPNAG TPOGUPUOYN TOV EMPOVEIDV GVVOECTG
(pad) g mOANG kot TG amoyétevone. Ot dactdoelg tov pad kabopiotnkov ®ote vao o~
o@oAlovv BéLTioTN pETOQOPA 10Y0O0G Kol Oeppikn emar. EmmAéov, AOym TV unyovikov
TAGEWV TOL ONUIOVPYOVVTAL KATA TN Agttovpyia, mpotddnkay dvo Avoelg oTPIENG: Gueon
KOAANoN tov tpaviictop mhve oto PCB 1 yprion 3D ektumopuévov vToGTNPIKTIKOV UTAOK
and PLA mov ackobv opodpopen mieon ota pad, eEacoariloviag otabepr emapn. H devte-
pn Adon emrpénel TV €VKOAOTEPT EmAvVAyPNGLLOTOINGT ToL TpaviicTop G& EMOUEVES OOKIL-
HEG, LEWDVOVTOS TO KOGTOG. TN GLVEXELd, evoopotddnkav ot RF cuvdéoeig tomov N, ama-
POiTNTEG Y10 T GUVOEST] TOL EVIGYVTN LE TO VIOAOITO GUCTNUO HECH OHOAEOVIKAOV KAAMOi-
ov. H unyavikn toug totofétnon vroroyiotnke pe axkpifeia, ®ote vo S10cQAAGTEL NAEKTPL-
K1 GLVEYELN, 6OGTN eumédnon S0 Q ko unyaviky otadepdna.

H d1ataln twv otpoudtov yolkod ornws oyeorqotnke oto Altium
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To emdpevo o©1a010 NTOV 0 OYESCUOS TOV OIKTVWV TPOocsopuoyns (matching
networks). £10y0g Tovg givor 1 BerticTomoinom g LeTAPOPAS 16y 00G peta&d Tov tpaviictop
KOl TOV VTOAOIT®V 0TadimV TOV KUKAMUATOS, TApoLGSLAlovTag 6Ta. AKpo Tov Tpaviictop
ovluyn guméonon v Bupadv tov. Ot Tég TV PEATIoTOV gunednoewv mtponibay omd Tig
load-pull Tpocopoidoelg Tov Tponyovuevov Keparaiov. O oyxedlacpndg Eexivinoe pe amhég
JTAEELG GUVOLOGHOD HIKPOTOVIOKAOV YPOUUMV KOl SoKPITdv e&aptnudtov (Tnviov Kot
TOKVOTOV) Kot e&elMyOnke péom enavarappfovopevov BEATIOCEDV.

2V mpdN €KS00T), 0 EVIGYLTNG ToPyoye TNV emBount woxd poévo 6to Bempntikd
LOVTELO, KOOMG 0 TPOoSOULOlwTS Tov Tpaviictop Eektvovoe 0.7 mm €viOg TOL CAOUATOS TOV
eCOPTNUOTOC, LLE ATOTELEGLLOL VO UMV EMLTVYYOVETOL COGTI TPOGAPLOYT. Metd and emkovem-
via pe ToV KaTaoKevaoTn Kot 010pBmaon tov povtédov, 1 devtepn €KO00T TOPOVGINCE 1KOVO-
TOMTIKN TPOGOPUOYN Kol oTafepr] cLUTEPLPOPE. AkorovONGaV TPES aKOUN PEATIOCELC.
2V 1pitn €KS00T], Ol ALYUNPES YOVIEG TV 1YVAOV GTPOYYVAOTOWONKAV Yo va puetmbel ) To-
KvOTNTO, PEVIOTOG KO Ol OTTMAELEG, EVM Ol EMIMEDEG YEIDGEL GLVIEOMKAV YO TNV OTOPLYY
Bpoywv yelwong. Ztnv té€taptn £K6001, N LIEPOBEPLLAVOT TOL TLKVOTY GVEEVENG AVTIUETOTI-
OTNKE UE XPNON UEYOADTEPOL €EUPTNUATOG KOl TPOTOTOINGT TMV OMOGTAGEMV TOV GTOUYEL-
@v. Télog, otV méumtn €kdooT, To diKTLO ££600V AMAOTOMONKE LE Lo EVPVTEPT EMPAVELL
oUVOEDNG KOl LKPOTEPT ATOGTOOT) EEAPTNUATOV, LELOVOVTAS TIG OTMOAEIEG KOl TN OepUikn
QOPTION.
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5" kou 5.2 éxdoon

Aol ohoxkAnpoddnke 1 niektpikn oxediocn, akoAoVONCE 0 UNYOVIKOS GYEOGIOG
oV GLOTNUATOS YOENGS. O evioyvtig Agttovpyel o€ GLVOTKEG VYNANG 1GYLOC, GLVETMG 1) Bep-
wikn owayeipion eivar kabopiotikr). To heatsink oyedidotnke and oalovpivio dactdcemv
60x106 mm, pe TAn0og ommv yio Bideg M3, dote va emtpénel v aceoin ompién tov PCB,
Tov TpaviicTOp KOl TOV LIOGTNPIKTIKGOV UTAOK. XT0 onpeio tomobétnong tov tpaviictop
Exel OlpopPmBbEel €6oyN, MOTE TO EEAPTNLA VO EPYETOL GE TANPT ETAPY| LE TO AAOVUIVIO, TO
omoio Aettovpyel TGO G punyavikn Paon 660 kol wg enimedo yeimong. H cuykekpiévn o1d-
taln PEATUOVEL ONUOVTIKA TN HeETaQOPA Beppdtnrag, emtpémovtag T otobepn Asttovpyio
KON KL GE TOPATETOUEVT XPNION.

To heatsink
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To telkd o1ad10 NG ddkasiog mepthapupavel v Tpocopoimwon g ddtaéng 6to
ADS, pe ypnomn peaMoTIKOV HOVIEA®V YioL OA0 T eEopTHHOTO. Ol TPOGOUOIDGELS TPOYLLOL-
Tonombnkay 1060 o€ eninedo cuyvoTNTag 660 Kol o€ eminedo 1oyvoc. Ta amoteléopata £6e1-
Eav Ot Yo woyd €16600v 20 dBm o evioyvtig amodidet woyd €£6dov 50 W, emitvyydvovtog
amodoor 64%. Ot aplOVIKEG TAPALOPPMCELS TAPOUEVOVY GE ATOJEKTA EMimed, VM Ol Tal-
pauetpot S €de1Eav otafepdTnTa Kol KOAN TPOSAPLOY 6To £0pog Asttovpyiag. O vroloyt-
opo¢ Tov apayovta otabepdtnroc K édwoe tyun 1.136, amodetkvbovtag 6Tt 0 eVIGYLTNG &i-
val avev 6pwv atabepdg o OAES TIG cLVONKEG Asttovpyiag.

21N GLVEYELN TEPLYPAPOVTOL Ol JOIKACIEG KOTAGKELG KOl Ol LETPNGELS TOV TPOY-
patomomonkay, ™G PUOIKN GLVEXELD TOV TTPONYoLUEVOL Kepalaiov. H mapaywyn Eexivnoe
pe v egaywyn twv Gerber amd to Altium, emiéyovtog poévo 4, amorteiton Yo VYNAR Go-
AVOTNTO: TTEPTYPOUUO TAOKETAG Yiol TOV aKPIP KOOOPIGHS JCTACEDY, ETAVED GTPMOOCT YOA-
KOV pe fyvn ko emimeda yeimong (N KAt Topapével TANPNG yeiwon), kabdg Kot To apyeio
aTpNoNg Yo OAES TIC OTEG OTEPEMONG, TOVG GLVOEGHOVG TOTTOL N KoL TNV £YKOT TOTOOET-
ong tov Tpaviictop dote va Epyetan o€ dpeon emaen pe to heatsink. Ta apyeio poptdOMKav
oto LPKFS63 kot xatepyaotikope oA RO3210, pe pnyovikr cuykpdtnon yo otabepo-
™. € OPKETEG EMAVOANYELS eppaviotnkay Cntmuate eOopis KOTTIKMOV Kol TEPLOPIGUAOV
TOV UNYOVALOTOS: GE GTPOPES 270° Kot 68 aoLVEXEIEG TAATOVS KpoToviag Tapatnpnonke
VIEPKOTN], EVD GE GALEG TEPITTAOGELG 1| OLATPNOT VITOAEIMOVTAV TOV OVOUOOTIKOD BdaOovg.
AVTd 00YNCAV GE LKPOOUTOKAIGELS YEMUETPIOG TOV HETATOTILOVY EAAPPA TN YOLPOKTNPLOTL-
K1 EUTEOMON Ko, TEMKE, TOVG GUVTOVIGHOVG.

-----

i 4

1
s I
— & Electronics

To unyévnuo LPKFS63

H ocvvappoidynon eoticce 6ty modTTo TOV KOAANGE®Y KOl TNV UNXAVIKY oTOOE-
pomrta. Epapuodotnie flux, mpobéppovon enpaveidy Kot 6T GUVELELDL GUYKOAANOT OGTE VAL
ATOPEVLYOVTOL KEVA, YEPVPES KAGGITEPOL 1] VIEPPOAIKT] TOGOTNTA TOL ALEAVEL amdAEEG. Ot
ocuvdetpeg N Bdddnkav npdTo oto heatsink yio pnyovikn akopyio Kot KATOTY KOAANON-
KOV GTNV TOWVIOYPOLUT), DGTE VO SIUGPAACTEL OLOIOHOPQT YEIMOT KOl EANYIOTOTTOINGT TTal-
POCITIKOV 0md TNV TAEVPE TOV PETOAAIKOV cdpotog. To heatsink eléyyOnke ¢ mpog v
TpoayvTNTO, Kabmg 1 To1dTNTo ETOPNG emnpedletl e€ioov TV BepUiKT ay@YLOTNTO KoL TO EMTi-

27



nedo yeimong. ['a ) ohvdeon twv pads Tov TpavoicTop LE TN UIKPOTOVIO SOKIUAGTIKOY OO
péBodot: dpeom KOAANON Kot pnyovikn mwieon pe exktvmopéva pmiok PLA. H debtepn o1evkod-
AVVE GLYKPIGEIS TAUKETMV KOl EXAVOYPNGLLOTTOINGT ToV Tpaviictop, GAAE glonyaye pio emt-
AoV SIMAEKTPIKY] 000 (er = 3.2) ko pikpn mopacttiky ovlevén mpog yn. H tehkn ewcova
Ntav caeng: 1 anevdeiog kKOAAN o divel peyaivtepn 1oy e£660v kot otabepdtepn Bepuikn
oLUTEPLPOPE. META T GLVAPUOAOYNON, KOTNKAY Kot KOAANONKav Ta bias KoOA®I0 pe 6V¥-
vroueg RF dwadpopéc.

H xaraokevaouévy rhaxéta pe to tpaviiotop opiotepa ovykpatnuévo ue PLA

Ko 0e16, e ovykoiinon

v Tpaén, ot un WoVIKOTNTES TNG KOTOOKEVNG OMOTUTMONKAY OTIC LETPNOELS. AVo-
LOLOHOPON KOTN YOAKOV/OMAEKTPIKOD YOP® OO OTMEC N OTI OKUES LYVOV UETARAAAEL TNV
TOTIKY EUMEONOT Kol TV Katavoun pevpatoc. Aypnoyonointeg onég oto heatsink Agitovp-
ynoav cav PKpEG Kotkdtteg mov eykAmpPilovv media. Mikpég yoviakés amokAloelg 1 vep-
BoAwkn k6AANo™M 6ToVG N-cUVdETpeg TPOGHecav ywpnTKd Tapacttikd. Eniong, omoladnmo-
1e Kkpokeva emaens avapeoa oe PCB— heatsink 1 heatsink—dissipator emdgivocav tavtd-
xpovo Beplikn ayoyyotnTa Kot cuvéyela yeimong. H epappoyn Beppiknig maotog kot ehey-
youevng mieong pe pmiok and PLA cvvéBale otov meplopiopd twv avokpiBeidv.

Ot doKEG GUVOREVTNKAV OO OVOAVTIKY TOPOVGINCT) KO TEXVIKY 0EI0OAOYNON TOV
opyavmV Kol £apTnUatoV Tov Ypnooromdnkay oto cvotnuo petpricenv. Ieprypdooviat
Ol YEVVITPLEC GNUOTOG TTOV TTOPETYAY TNV OUTALTOVIEVT] 1GYV KOl OLVOATOTNTA TAPUYMYNG TOA-
LAV, To TPOQOJOTIKA Yo TN pOOLoN Kot TOV EAEYXO0 TOV TACEMV TOAMONG, KAOMOS Kot Ta Op-
yovo, LETPNONG TOV YPNGILOTOMONKAV Yio TNV TOPAKOAOVONGT NG 16YVOS, TOL PACLATOG
Kot Tov S-tapapétpov. [apovsialoviat eniong ta mabntikd crotyeio mov cvvébecav 1o KO-
Khopa petpnoeov poll pe v attioAdynon €mMAOYNS TOVG, T GLVOECHOAOYIO TOVG KOl TN
oLUPOAT] TOVG GTN OGPAMOT] TNG OKPIPEIG KO TG TPOOTAGIOG TOV EEOTAIGHOV KT TN
dladkacio TV HETPICEWV.

Y10 armoteAéopota g ogvTeEPNS enavainyng PCB, pe 1oy ei66dov 20 dBm petpn-
Onkav: 1oy0¢ e£6dov 48.4 W kan képdog 26.85 dB, ota 21 dBm 1 é€odog avéPnke o 51.3 W,
emPefordvovtag 6t To oTddo Acttovpyet Pfabid oe kopeopd. Xe yapnAég £16000VG T0 KEPOOG
vrepéPn ta 30 dB, kot ot {ovn Aertovpyiog (10 dB duvapkd) koataypdonke copmicon ~3
dB, 6mwg avapevotav. H amddoon kot n amddoon pe npdcheon woydwg ovénbnkay onpovti-
K6 pe v €€odo, ayyilovtag ~68% wovtd ota 48—54 W, evd 1 anwlovpevn 1oy0G Heumonke
avtiotorya. H katavaiwon pedpotog axohovdnoe ekBetikn oyéon pe v 1oy0 €£600v, EvOet-
&N OTL PO amd TO OVOUACTIKA Opla amorteitol Tpocsoyn. H ocvuykpion «koAinuévo tpovii-
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otop» évavtt «PLA blocks» £€0€1Ee cuomnuaTIiKA YOUNAOTEPN oY1 €£GO0V Y100 TN dEVTEPN TTE-
pimtoon kot vynAdtepeg Beppokpaciec. Me amevbeiag kOAANoN, N Bgprokpacio otabepo-
momOnke mept toug 5055 °C o CW kan ~45 °C og maApikn Asttovpyia.

Pout vs Pin Gain vs Pin
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Pout vs Pin for soldered and PLA
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Metprioels 16y00¢ e€0000 WS GVVAPTHON THS LaYXDOS ELTOJOD VIO GOVIETH GUYKOAANUEVOD TPOV-
(iorop kou ue urhox PLA

Q¢ mpog 10 g0pog Ldvng, pe sweep cuyvotrag tpoékvye —1 dB gdpog {dvng mepinov
50 MHz, pe po eha@pd LeTaTOTION GLVIOVIGHOD TOV OTOSIOETOL GE IKPOATELELEG KOAANONG
kot torofémong. H gacpatikny avéivon ce CW kovtd omn Asttovpyio £dwoe emimeda 2ng
Kot 3ng appovikng mept —24 dBc ka1 —22 dBc avtioctotya, Tég coppatéc pe v évrova un
Ypopkn epoyn. Agv mapoatnpnOnkav mAdyiot Aofoi. e moApkn Asttovpyia, 1 TTOON 1-
oxvog evtdg maipov nrov ~0.05 dB kot n petafoin edong ~0.2°, yopic agloonueimto ripple
Kol pe eEAPETIKY EnavaANyLdTTo and ToAnd o€ moApd. Emmiéov eAéyyOnkay pukpég pe-
taforés g Vd (68-70 V) ko xoatoaypdenkoav HETaPOAES 1oyvoc/edong TaENG Alywv
dB/popov, emainBevovtag avOekTIKOTNTU GE PEAAGTIKEG TPOPOOOTIKESG OLOKVUAVOELS.

O petpnoelg v v otabepdmra £dei&av K > 1 ko uS, pl > 1 og yapuniég 1oybe,
dpa dvev OpwV oTABEPOTNTA GTN YPOLULIKN TEPLOYY|, EVA 1| ORLOdIKY KaBLGTEPNOT HeTpONKe
~6.5 ns, evtdg otoywv. To S11 xopdvOnke kovtd ota —13 dB (e€aptdpevo amod 16y0), Evd T0
S22 BertiwOnke pe v 1oyv, and nepimov —2 dB og yaunAég otdBuec péxpr -8.5 dB og kope-
olO, Otav 1 €£000¢ TOL VIO OOKIUY EVICYLTN «POPTIGTNKE» LE KOUTAAANAT cuvOnKn avTicToli-
xonG LEC® TV (EVKTMV. Xg doKIUN 01 00) KNG Agttovpyiog pe 10 20 61ddt0, emPePourmdnke
OTL 1 ATOLTOVLEVT] 10YVG OvA KAGOO Yo TO GUOTNHO Utopel va emtevyDel pe 1oyv 10600V 16
dBm, mapéyovtag Acttovpywd mepBmpro. [apatnprinkay ®cTO60 UIVOLEVH TTMOGCNG TOA-
pov Ady® avénong Tov kKEPOOVG Tov dEVTEPOL GTABIOV EVTOS TOALOV, KABMG Kot EvTova iyvn
€VO0OLOLOpP®SNS YOp® ota 13—14 dBm g166d0v mov ypnlovv ctoygvpévng Pertictomoinong
GTNV TPOGUPLOYT KOl GTO QIATPAPIGLLO TOV OPLOVIKDV.

[Mopakdtom 0 cLVOAKOS TVOKAG e TIG TEXVIKESG TPOOLAYPAPES TOV EVICYLTY] KOl OVTi-
OTOLYN TN TNG HETPNONG Yo TNV 2™ EKOOYT TOVL EVIGYVTN:
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Parameter Specification per | Specification per Measurement
2024-02-12 2024-08-12 For PCB#2
Operating 352.21 MHz 352.21 MHz 352.21 MHz
frequency
-1 dB bandwidth >+1 MHz >+1 MHz 50MHz
Peak output | 30 W (or higher) 50w 58W
power
RF pulse width Up to 3.5 ms Up to 3.5 ms 3.5ms
Repetition rate Upto 14 Hz Up to 14 Hz 14 Hz
Gain 23 dB min 27 dB at 20dBm input 26.85 dB
Efficiency >50 % >50 % 68%
Maximum no- 26 dBm 26 dBm 26 dBm
damage RF drive
input
Harmonic con- <-30 dBc <-30dBc -20 dBc, -27dBc¢
tent at output
power
Spurious and <-60 dBc <-60 dBc No spurious
sideband levels
in +£20 MHz
RF Input N type, 50 Q, N type, 50 Q, Female N type, 50 Q,
Connector Female Female
RF Output N type, 50 Q, N type, 50 Q, Female N type, 50 Q,
Connector Female Female
Input/output 50Q 50Q 50Q
impedance
Input VSWR < 1.2.:1 af <1.12:1 or -25dB (if 1.5:1
possible) possible)
output VSWR < 1.2.11 af <1.12:1 or -25dB (if 2.3:1
possible) possible)
Load VSWR Infinity Infinity
AG <£0.5 dB 2.95 dB
Gain flatness (over 10(.1B dy- A(i OS dgojyr?fm(i?)/er
namic)
Phase flatness < 2%(over .1 0dB =2 (over.IOdB 0.2°
dynamic) dynamic)
< 5% p-p (or 0.05 dB drop
Max 0,21dB) < 10% p-p (or Max

RF Power Drop
across the pulse

(power) (Within
3.5ms RF pulse

excluding first
100us of the

0,21dB) (power)

(Within 3.5ms RF
pulse excluding first
100us of the pulse)
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pulse)

<0.25% rms No
(Within 3.5ms | < 250 rms (Within
Power ripple RF pulse ex- 3.5ms RF pulse ex-
across pulse cluding first cluding first 100ps of
100us of the i i)
pulse)
<5° (Within 0.2°
. 3.5ms RF pulse < 10° (Within 3.5ms
Phase shift . . RF pulse excluding
excluding first
across the pulse first 100us of the
100us of the pulse)
pulse)
<0.25° rms No
(Within 3.5ms | < 250 rms (Within
Phase ripple RF pulse ex- 3.5ms RF pulse ex-
across pulse cluding first cluding first 100ps of
100us of the ihieipese)
pulse)
tOo o
Pulse-to pl‘ll‘se <29, o 0%
power stability
Pulse-to-pulse 0°
phase stability <2° <2°
(repeatability)
RF Pulse Rise/ 1l o
S
Fall Time ="k =
cgmpresswn 54 W g 2W
point @ 0,1dB
Total Group De- 6ns
lay (noF sure we <50 ns S oms
need this param-
eter)
S Max size of the | Max size of the PCB 10.6x6 cm
PCB 20x10 cm 20x10 cm

[No TAnpoéta, n TpdT enavainym tov PCB £6ei&e cuvtoviopd nept ta 295 MHz. O

Xvvoyilovtag,

OTOCTAGELG KO TEPLOPIGHOG EMPPONG TOL KUKAMUOATOG TPOPOSOGTnG.
epyacioa  ovédelle £&vov  OAOKANP®EEVO KOKAO  oyedioons—
VAOTOINONG—UETPNONG Yot £VOV EVIGYVTN 10YDOG GTEPEAS KATAGTOCNS TOV OVTOTOKPIVETOL
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ELEYYOG TNG TOVIOYPAUUNG e TPOocmpvO Teppatiopd 50 Q emPefainoe cwot yapaktnpt-
OTIKN EUmMEIN O, Gpa TO B0 EVIOTIOTNKE GTO ONUEID AVAPOPAS TOL LOVTEAOV GUOKEVAGTIOG
010 gpyaieio Tpooopoimong kot 010pfmdnke otn devTepn emavdinym. H méuntn emovainyn
pocEpepe £mg ~68—70 W pe Bedtiopévn Oepukn cuumeppopd Kot YoUNAOTEPT KatavOaim-
omn, xopn o€ mo PeAtiopévn yeouetpio 5000V pe gvpeia ETPAvELD GHVOEONS, WKPOTEPES




oTIG AE1ITOVPYIKEG amontrioelg Tov ESS, emttuyydvovtag vynir amodoTikotnta., ETaVoAYipo-
To 6€ TOAULKN Aertovpyia Ko cvpPatdtnta pe ta cvotnuata tov ESS. H pebodwn emro-
YN VAIK®OV KOl TOTOAOYIOV, O GTOXEVUEVOC GYESAGHOC KOl Ol LETPNOELS GTOV TAYKO 0OMyN-
o0V G€ TEKUNPLOUEVES PEATIOTOTOMOELS, amd d1dtaén Kot TPocapuoy £0¢ dladikacieg ov-
VapUoAOYNoNG/YEI®ONG, VD 0vESEIEOV oaPn TEPBDPLO TEPAUUTEP® OPILOVONG GE TOPOUE-
TPOVG OGS TOV S-mapapétpmv £0d0v, TV Bwpdkion kot v &vmvn molwaon. [Tépa and T0
OLYKEKPIUEVO TTPMOTOTLTO, M TTOPOVoa. epyacio Bétel o otabepn Pdon maveo oy omoia
umopoHv va avamtuyfodv HEALOVTIKES PBEATUDOELS KOl EMEKTAGELS, 00NYDVTAG GTNV KOTO-
OKELN OKOWUT O OMOOOTIKMV EVIGYVTAOV KOl GUUPAAAOVTOG TEPULTEP® GTNV EOPOLOCT TNG
Blroootmrag og Pactkov yapoaktnpiotikov tov ESS.
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Chapter 1: Introduction

1 Introduction

This chapter introduces the scope, background, motivation, and objectives of the thesis. It
summarizes the design and validation work carried out during a six-month internship at the
European Spallation Source (ESS) Radio Frequency (RF) group, provides an overview of the
ESS and its applications, explains the motivation for adopting Solid-State Power Amplifier
(SSPA) technology, and outlines the objectives focused on the design, simulation, manufac-
turing, and testing of a driver amplifier.

1.1 Scope

The purpose of this thesis is to document the design and validation work carried out dur-
ing a six-month internship at ESS RF group. The focus of the internship was the design, de-
velopment, and validation of an RF amplifier to serve as the 1st stage driver for a new Solid-
State Power Amplifier system. The internship aimed to contribute to ESS's project of using
SSPA technology to power spoke cavities, with each cavity requiring up to 400kW. This the-
sis highlights key deliverables, technical challenges, design optimizations and lessons
learned.

1.2 The European Spallation Source

The European Spallation Source is a European Research Infrastructure Consortium
(ERIC), a multi-disciplinary research facility based on the world’s most powerful neutron
source. It is currently under construction, in Lund, Sweden, while its Data Management and
Software Centre is situated in Copenhagen, Denmark. There are 13 European member coun-
tries that are partners in the construction and operation of ESS: Czech Republic, Denmark,
Estonia, France, Germany, Hungary, Italy, Norway, Poland, Spain, Sweden, Switzerland, and
the United Kingdom.

Figure 1.1: The ESS campus
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At the heart of the facility will be a linear accelerator (LINAC), designed to provide
the world’s most powerful proton beam—up to 2 GeV. This accelerator will drive the spalla-
tion process that produces neutrons, enabling scientists to observe and understand atomic
structures and fundamental forces at time and length scales not achievable with other neutron
sources. Upon completion, the ESS LINAC will be the most powerful proton accelerator ever
built.

Parameter Units Value
Average beam power MW 5
Proton kinetic energy GeV 2.0
Pulse repetition rate Hz 14
Energy per pulse kJ 357
Average pulse current mA 62.5
Maxro-pulse length ms 2.86
Power during pulse MW 125
Number of target stations 1
Number of moderators 2
Number of instruments in construction 16 (22)
budget
Number of neutron beam ports 42
Average separation between ports Degrees 6

Table 1: ESS high level parameters ([1] page 2)

The key high-level parameters of the European Spallation Source are summarized in
Table 1. The accelerator is designed to deliver an average beam power of 5 MW, achieved
through a 2.0 GeV proton beam operating at a pulse repetition rate of 14 Hz. Each pulse car-
ries an energy of 357 kJ, with an average pulse current of 62.5 mA and a macro-pulse dura-
tion of 2.86 ms. The facility includes one target station equipped with two moderators, and
will initially host 16 scientific instruments, with plans to expand to 22 in the future. Neutrons
will be extracted through 42 beam ports, each separated by an average angular spacing of 6°.

The neutrons produced at ESS will enable groundbreaking research across a wide
range of disciplines. In materials science, they will provide unique insights into structure, dy-
namics, and mechanical properties. In life sciences and medicine, neutron scattering will al-
low high-resolution studies of proteins, membranes, and other biological systems, aiding drug
discovery and diagnostics. Neutrons are also being explored in cancer therapy, for example
through Boron Neutron Capture Therapy, which can selectively target and destroy tumor
cells. In the energy sector, neutrons are especially powerful because of their sensitivity to
light elements such as hydrogen and lithium, making it possible to track ion movements in-
side batteries, study hydrogen storage materials, and optimize fuel cells—key steps toward
next-generation sustainable energy technologies. In industry and engineering, non-destructive
neutron testing will improve the design and validation of technologies ranging from aero-
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space components to microelectronics. Finally, in archaeology, neutron imaging enables the
safe study of artifacts, revealing hidden structures and compositions without causing damage.

Beyond its direct applications, ESS will serve as a hub for innovation, education, and
international collaboration. By advancing accelerator technology, detector systems, data
analysis, and high-performance computing, it will strengthen Europe’s leadership in large-
scale research infrastructures and remain a cornerstone of scientific discovery for decades to
come.

1.3 Motivation

The European Spallation Source has set a strategic goal to operate as a green facility.
To achieve that, environmentally sustainable developments are examined towards the adop-
tion of energy saving and improved energy-efficient approaches. The RF group is responsible
for providing power to the spoke cavities and therefore is responsible for optimizing the en-
ergy efficiency of those systems. Based on the ESS design[1], the spoke cavities are powered
by tetrode amplifiers. Although they can provide the power needed, it was decided to develop
an alternative solution. The new system will primarily focus on improving the efficiency of
the system to help achieve the sustainability goals of ESS. Another important issue is that
there is only one provider for the tetrode in use, putting the system at risk in case the product
is discontinued. Tetrodes have a shorter lifespan compared to solid-state systems, due to their
vacuum tube geometry, resulting in longer downtime whenever they need to be replaced.

For all these reasons the RF group in-kind collaboration with FREIA laboratory from
Uppsala university has decided to design a new SSPA system to power the spoke cavities.
Solid state RF amplifiers are being considered for an increasing number of accelerator appli-
cations, both circular and linear. Their capabilities extend from a few kW to several hundred
kW, and from less than 100 MHz to above 1 GHz[2], [3], [4]. The reasons behind this shift
towards SSPA technology are efficiency, reliability, modularity and compactness.

- -

Driver

In parallel PA

Pre Driver Driver PA

Figure 1.2: Amplification topologies
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This technology can achieve high power efficiencies at lower supplied voltages,
which reduces the operational cost and can operate at higher efficiencies across a wider range
of output powers. If reliability is taken into consideration, SSPAs have a longer lifespan than
the other choices and even in case of failure of one module because of the parallel operation
of the amplifiers the system can continue operating with slightly reduced power, thus increas-
ing reliability. In parallel architectures offer modularity in the designs simply by adding more
modules and designing combiners with higher power handling capacity. Moreover, they are
comprised from fewer parts that can fail and fewer parts in general, leading to lower mainte-
nance requirements, higher reliability and more compact design.

1.4 Objectives

This project involves the design, simulation, manufacturing, and testing of a driver
amplifier for the SSPA system, intended to power the spoke cavities at ESS. The design of an
amplifier provides an opportunity to explore the trade-offs and interdependencies among am-
plifier specifications in a real application. The key parameters are noise, power, frequency,
gain, supply voltage and linearity. Figure 1.3 below demonstrates their connection which will
be analyzed in the following chapters:

Moise --+—= Power

/N

Linearity Frequency
Supply

\"nltageH Gain

Figure 1.3: RF design trade-offs ([5] page 4)

The key specifications for the amplifier include:
e Operational Frequency: 352.21 MHz
o Efficiency: Greater than 50%
e Output Power: S0W

The project provided hands-on experience with circuit and electromagnetic modeling using
Advanced Design System (ADS) by Keysight, PCB design using Altium Designer, and the
manufacturing and testing processes essential for the development of a Solid-State Power
Amplifier.
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Chapter 2: Theoretical background

2 Introduction

This chapter provides the theoretical background required to understand the operation
of microwave circuits and power amplifiers. It begins with an overview of the ESS linear ac-
celerator, highlighting the role of high-power RF systems in the acceleration of proton beams.
The discussion then focuses on the fundamental concepts of microwave theory that govern
the behavior of high-frequency circuits. Finally, the operating principles of power amplifiers
are presented, along with the main device technologies and classes of operation relevant to
RF and microwave applications.

2.1 The ESS linear accelerator

Particle accelerators are devices that use electromagnetic fields to accelerate charged
particles to high speeds and energies. The underlying principle is the Lorentz force, which
describes the interaction of charged particles with electric and magnetic fields, as shown in
the equation:

F=q(E+vxB) (2.1)

where q is the particle charge, E the electric field, B the magnetic field, and v the particle ve-
locity. Electric fields provide acceleration by increasing the kinetic energy of the particles,
while magnetic fields are used to steer and focus the beam. Based on their geometry, acceler-
ators are broadly divided into circular accelerators, where particles follow closed orbits and
gain energy in repeated passes, and linear accelerators, where particles move in a straight
path and gain energy in successive structures. Linacs are particularly well suited for applica-
tions that require very high proton energies without the synchrotron radiation losses associat-
ed with circular machines. For this reason, ESS employs a superconducting linear accelerator
as the core of its facility.

At ESS a LINAC accelerates protons with pulsed RF signals that are 2.6ms long and
with a repetition rate of 14 Hz. The protons then collide with a rotating, helium-cooled tung-
sten target to generate intense pulses of neutrons. Surrounding the tungsten target are baths
of cryogenic hydrogen, which feed neutron supermirror guides. The operation is similar way
to optical fibers, directing the intense beams of neutrons to experimental stations, where re-
search is performed on a range of materials.

135221 MHzC———— " —————1704.42 MHz——
€25m> €46m> «40m> <HBIm> €S5Im> <« T6Tm—> <« (78Im — Tarpet

P Y A {;4

75 keV 36 MeV 90 MeV 216 MeV 571 MeV 2000 MeV May 2020

Dogleg

Figure 2.1: The ESS linac schematic as of May 2020[6]
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Protons are generated in a dedicated ion source, where hydrogen gas is exposed to
rapidly varying electromagnetic fields in the RF/microwave range. These fields ionize the
hydrogen molecules by stripping away their electrons, creating plasma composed primarily of
protons. From this plasma, protons are extracted and subsequently injected into the radio-
frequency quadrupole (RFQ), which forms the first accelerating stage of the linear accelera-
tor. Once the plasma is created, the ionized hydrogen atoms can bombard a cathode target,
causing atoms or molecules from the target material to be ejected, creating pure proton plas-
ma.

The first part of the accelerator, the normal conducting accelerator, is called the warm
LINAC because it operates in room temperatures. It is composed of matching sections as well
as accelerating components. As the velocity of the beam increases, the accelerating structures
are adapted to make the acceleration more efficient. The proton beam is transported through a
Low Energy Beam Transport (LEBT) section, which consists of two magnetic solenoids used
for beam matching to achieve nominal functionalities in the structures, to the Radio Frequen-
cy Quadrupole (RFQ), where it is bunched and accelerated up to 3.6 MeV.

The Radio-Frequency Quadrupole (RFQ) is a linear accelerator that focuses and
bunches the continuous beam and accelerates the proton beam from 75 keV to 3.6 MeV with
high efficiency. It is the first RF accelerating structure. The radiofrequency is set to 352.21
MHz, which is a part of Ultra High Frequency (UHF) band.

The Medium Energy Beam Transport (MEBT) line matches the beam coming from
the RFQ into the subsequent accelerating structure, the Drift Tube Linac (DTL). It uses RF
bunching cavities and magnetic quadrupoles to match the beam in the longitudinal and the
transverse planes.

The Drift Tube Linac is another type of linear accelerator. Inside a drift tube linac, the
particles are subjected to a regularly oscillating electrical field. Electric fields accelerate them
as they move from one tube to the next. Each time the field changes direction, they particles
are directed into the next tube. This stage raises the beam energy from 3.62 MeV to 90 MeV.
While the warm part of the accelerator provides 80% of the longitudinal phase, it supplies
less than 5% of the particle energy. The rest of the energy is given by three families of super-
conducting cavities.

The second part of the accelerator, the cold LINAC, which is the first part of the su-
perconducting RF section, is consisted of 26 double-spoke cavities (SPK) with a beta value of
0.5. Superconducting cavities operate at cryogenic temperatures, exhibiting zero electrical
resistance, which allows for efficient energy transfer to the particle beam. The electromagnet-
ic fields can traverse the cavities keeping their energy content intact due to great values of
quality factor Q. To achieve the substantial acceleration needed, the cavities are supplied with
up to 400 kW of power.
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(a)

(b)

(c)

Figure 2. 2: Spoke cavities examples[7]

The SPK stage amplifies the beam’s energy from the Drift Tube Linac, which delivers
the beam with 90 MeV of energy, and accelerates it to 216 MeV, at which point it is injected
into the Elliptical linac.

The spoke-cavities are followed by 36 Medium Beta Linac (MBL) cavities with =
0.67 and 84 High Beta Linac (HBL) elliptical cavities, with = 0.86. The geometrical beta in
these contexts refers to the beta function, which characterizes the focusing strength of the
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beam optics in the Medium Energy Beam Transport (MEBT) or High Energy Beam
Transport (HEBT) sections. The beta function describes how the beam size changes along the
beamline, providing crucial information for designing and optimizing the beam transport sys-
tem. So, the elliptical linac takes the beam from the Spoke Linac at an energy of 216 MeV
and accelerates it to 2.0 GeV, at which point it is injected into the HEBT and finally to the
target.

The protons reach 96% of the speed of light before they hit the rotating target wheel.
The wheel is 2.6 meters in diameter and consists of hundreds of heavy metal Tungsten bricks
encased in a disk of stainless-steel shielding. The high-speed protons kick out the neutrons in
a process known as spallation. It is these neutrons that are directed to the ESS instruments
through a gauntlet of media, guides, optics and filters to be used for scientific research.

Protons

Nucleus / Pions

Primary particle "

— 0O — Neutrons

GeV
\\ Residuals

Gammas

Figure 2. 3: Generalized possible particle of a particle-nucleus interaction in the GeV energy

range [8]

Spallation is a high-energy nuclear reaction in which an energetic particle, typically a
proton with energy above 50 MeV, strikes a heavy nucleus and causes it to eject numerous
secondary particles. These include neutrons, protons, pions, gamma rays, and lighter nuclear
fragments, leaving behind a residual nucleus of reduced mass. In the GeV energy range, such
interactions lead to the production of tens of neutrons per incident proton, making spallation
an efficient method for neutron generation. Unlike fission, which splits a heavy nucleus into
two large fragments and releases only a few neutrons per event, spallation shatters the nucle-
us into many smaller fragments and secondary particles, producing tens of neutrons per inci-
dent proton, far higher than in fission reactions.

The practical realization of spallation for research purposes relies on large-scale pro-
ton accelerators capable of delivering high-energy beams onto heavy-metal targets to produce
intense neutron fluxes. Over the past decades, several major facilities have been constructed
worldwide, each advancing the limits of beam power, efficiency, and reliability. Table 2
summarizes the principal spallation neutron sources worldwide, emphasizing those equipped
with cold neutron facilities and supporting fundamental physics programs. Cold neutrons are
neutrons moderated to energies below approximately 5 meV and wavelengths longer than 4
A, through scattering in cryogenic materials such as liquid hydrogen or deuterium. Their long
wavelengths and low velocities make them ideal for precision studies in nuclear and particle
physics, such as measurements of the neutron lifetime, parity violation, and the search for the
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neutron electric dipole moment ,as well as for applications in materials science where high-
resolution, non-destructive probing is required.

o . Beam Beam Status /
Facility Location
Power Energy Startup
LANCE Los Alamos Na- | 0.8 MW | 800 MeV 1972
tional Laboratory,
USA
ISIS Rutherford 160 kW | 800 MeV 1985
Appleton
Laboratory, UK
SINQ Paul Scherrer I MW | 590 MeV 1996
Institute,
Switzerland
SNS Oak Ridge 1.4 MW | 1.3 GeV 2006
National
Laboratory
JSNS Tokai, Japan 1 MW 3 GeV 2008
CSNS Dongguan, China | 0.5 MW | 1.6 GeV 2018
ESS Lund, Sweden 5 MW 2 GeV 2027
(expected)

Table 2: Operating parameters for existing and upcoming spallation neutron sources with
fundamental physics programs ([9])

Among the facilities listed, several maintain dedicated beamlines for cold and funda-
mental neutron physics. The Los Alamos Neutron Science Center (LANSCE) in the United
States combines fast and moderated neutron sources. The Spallation Neutron Source (SNS) at
Oak Ridge operates at 1 GeV and 1.4 MW and hosts the Fundamental Neutron Physics
Beamline (FnPB) for precision symmetry tests. Similarly, the Japan Spallation Neutron
Source (JSNS) at J-PARC accelerates protons to 3 GeV for studies of neutron decay and
time-reversal symmetry. In China, the China Spallation Neutron Source (CSNS) delivers a
1.6 GeV proton beam to a tungsten target, while the Swiss Spallation Neutron Source (SINQ)
provides a continuous 590 MeV beam to a lead target, producing a steady flux of cold and
ultra-cold neutrons. Finally, the European Spallation Source (ESS) in Sweden, designed for a
2 GeV, 5 MW long-pulse beam, will become the world’s brightest cold-neutron facility, ca-
pable of supporting future beamlines dedicated to fundamental neutron physics.

Together, these sources illustrate the evolution of accelerator-driven neutron facilities
toward higher intensity, greater efficiency, and increased versatility. Their ability to generate
intense beams of cold neutrons has established spallation sources as indispensable tools for
both applied research and the experimental investigation of fundamental symmetries in phys-
ics.
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2.2 Microwave theory

Microwaves represent the portion of the electromagnetic spectrum with frequencies
typically ranging from 300 MHz to 300 GHz, corresponding to wavelengths between one me-
ter and one millimeter. The generation, transmission, and manipulation of microwave signals
rely on specialized techniques that account for their distributed nature, since at these frequen-
cies the physical dimensions of circuit elements become comparable to the wavelength. As a
result, lumped-element circuit models are no longer sufficient, and transmission line theory
must be employed to describe voltage and current variations along conductors The study of
microwave theory forms the foundation for understanding high-frequency amplifier design,
impedance matching, and overall system performance in modern RF systems.

2.2.1 S parameters

In high-frequency and microwave circuit analysis scattering parameters, or S-
parameters, are used to describe the behavior of linear two-port networks in terms of incident
and reflected waves. For a two-port network with a reference impedance Z,, the normalized
incident and reflected waves at each port are defined as:

_w b — Vi
a; = i = (22)

N

where V;"and V; represent the incident and reflected voltage waves, respectively. The S-

parameters relate these quantities as:

by by
S11= — Si2= —
a’l a2=0 az a1=0
b, b,
S1= — Sy = — (2.3)
al az_O 2 a1—0
In matrix form:
b1l _ [S11 512] aq
bz] 1821 S [az] (24)
1 i
L - <2h—
v - 0", a +
v, [s] v. B
T b: b;

Figure 2. 4: 2-port network
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Each of the four coefficients has a specific physical interpretation:
e S5;1: Input reflection coefficient (input return loss).
e S,;: Forward transmission coefficient (gain).
e S5;,: Reverse transmission coefficient (isolation).
e S,5: Output reflection coefficient (output return loss).

2.2.2 Transmission lines

Transmission line theory provides a bridge between circuit analysis and electromag-
netic field theory, allowing accurate modeling of wave propagation, attenuation, and reflec-
tions in microwave networks. The key distinction between circuit theory and transmission
line theory lies in the electrical size of the network. Conventional circuit analysis assumes
that the physical dimensions of conductors and components are much smaller than the wave-
length of the signals they carry. Under this assumption, voltage and current are considered
uniform throughout the circuit, and the system can be accurately represented using lumped
elements. As the operating frequency increases, the wavelength of the signal becomes compa-
rable to the physical dimensions of the conductors and transmission line theory must be ap-
plied. A transmission line is a distributed-parameter network composed of two or more con-
ductors that support transverse electromagnetic (TEM) wave propagation. To describe their
behavior, an infinitesimal section of the line of length Az is modeled as a lumped circuit
characterized by four distributed parameters:

e R=series resistance per unit length (€2/m)

e G=shunt conductance per unit length (S/m)
e L=series inductance per unit length (H/m)
e (C=shunt capacitance per unit length (F/m)

i(z, 0 i(z Az, 1)
— >
—AMA— N o
* RAz LAz *
v(z, 1) GA:= == CAz  v(z+Az, 1)
o o
- Az >

Figure 2. 5:Voltage and current definitions and equivalent circuit for an incremental length
of transmission line, [10] page 49 )

To describe voltage and current variations along the transmission line, Kirchhoff’s laws are
applied to the infinitesimal segment of length Az.
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Applying Kirchhoff’s Voltage Law to the equivalent circuit yields:
di(z,t)

v(z,t) — RAzi(z,t) — LAz Ey

—v(z+Az,t) =0 (2.5)

Similarly, applying Kirchhoff’s Current Law (KCL) gives:

0v(z + Az, t)

i(z,t) — GAzv(z + Az, t) — CAz 5%

—i(z+Azt)=0 (2.6)

Dividing both equations by Az and taking the limit as Az — 0 yields the Telegrapher’s equa-

tions:
ov(z,t) _ di(z,t)
~ % =Ri(z,t)+L 5t (2.7)
di(z, t ov(z, t
9@ _ e o &Y (2.8)
0z Jat

Solving the Telegrapher’s equations for voltage and current becomes more convenient under
sinusoidal steady-state excitation. Assuming time-harmonic signals of angular frequency w,
the voltage and current along the line can be expressed as:

v(z,t) = ER{V(Z)ej“’t} i(z,t) = ER{I(z)ej“’t} (2.9)
Substituting these expressions into equations (2.2a) and (2.2b) gives the phasor form of the

Telegrapher’s equations:
dV(z)

== R+ jol)I(2) (2.10)
U@ _ 6+ jwcy) 2.11)
dz

Differentiating each equation with respect to z and substituting appropriately eliminates ei-
ther Vor I, resulting in the wave equations:

d2v d?1
TD oy L2y (2.12)
Where
y=a+jB =R+ jwL)(G + jwl) (2.13)

is the propagation constant.
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The real part a represents the attenuation constant (Np/m), indicating power loss per unit
length, while the imaginary part § represents the phase constant (rad/m), describing the phase
variation along the line.

The general solution to the voltage and current wave equations is given by:
V(z) =Vye "4+ Vyetr? (2.14)
1
I1(z) = Z—(V0+e_yz —Vye*r?) (2.15)
0

where V; and V; are the amplitudes of the forward and reflected waves, respectively, and

R+ jwL
Zy= |——— 2.1
0 G+ jwC (2.16)

is the characteristic impedance of the transmission line. At the load termination Z;, the reflec-
tion coefficient is defined as:

r=f—% (2.17)
7+ Z, '
For practical use, impedances are normalized to the characteristic impedance Z:
Z .
Z, =—=r1r+jx (2.18)
Zo
Substituting the above equations yields:
ozl (2.19)
oz +1 '

Where T =T, +jI; is the corresponding reflection coefficient. Every passive load with
| T'| < 1 maps to a unique point within the Smith chart. The chart consists of families of con-
stant-resistance and constant-reactance circles, which intersect orthogonally to form a coordi-
nate system useful for impedance matching and transmission-line analysis.

The magnitude | I |of the reflection coefficient indicates the degree of mismatch be-
tween the load and the characteristic impedance of the transmission line, while the angle of
['corresponds to the phase of the reflected wave. For a matched load (z;, = 1), I' = 0, and the
point lies at the center of the chart, indicating no reflection. Conversely, a short circuit (z;, =
0)and an open circuit (z;, — oo)correspond to I' = —land I' = +1, located at the left and
right extremes of the horizontal axis, respectively.
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Figure 2.6: The Smith chart

2.2.3 Planar waveguides

Planar transmission lines are widely used in modern microwave integrated circuits
due to their compact size, ease of fabrication, and compatibility with printed circuit board
(PCB) and hybrid technologies. Unlike metallic waveguides, which confine electromagnetic
fields within a closed conductive structure, planar transmission lines guide fields in an open
configuration on a dielectric substrate using surface metallization patterns. The most common
types are microstrip, stripline, and coplanar waveguide (CPW).

In practical RF and microwave design, planar transmission lines are typically de-
signed for a characteristic impedance of 50 Q, ensuring compatibility with coaxial connect-
ors, test equipment, and standard components.

The 50 Q Reference Impedance
A coaxial transmission line consists of a central conductor of radius a, surrounded by
a concentric outer conductor of inner radius b, separated by a homogeneous dielectric of rela-
tive permittivity &, as illustrated in Figure 2.7. The line supports a transverse electromagnet-
ic (TEM) mode, in which the electric and magnetic fields are purely transverse to the direc-
tion of propagation. The characteristic impedance Z, of a lossless coaxial line and for air-
filled lines (er =1) can be expressed as:
Zy = i Eln (2) or Zo=60In (é> (2.20)
2nN € a a
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Figure 2.7: Cross section of a coaxial transmission line

To account for attenuation due to finite conductor conductivity, consider the following as-
sumptions:
e Surface current exists due to the skin effect, characterized by the surface resistance:

I
R, = J; (/0] (2.21)

e Lossless dielectric: tan § = 0.
e Low-loss TEM propagation: standard small-loss approximations apply.

The electric and magnetic fields for the TEM mode in a coaxial structure are given by:

Hy(r) = L (2.22)

E, (T) = o

%4
rin (g)

The corresponding characteristic impedance and transmitted power are:

1 [@. (b 1 11122, |V |?
Zy=— |-1 (—) Pins = =RV} = = 2.23
0 27\ & n a trans 2 { } 2 ZZO ( )
The average power dissipated on a good conductor surface per unit area is:
1 w
Ploss = ERS | Ht |2 [F] (224)

where H,is the tangential magnetic field at the conductor surface.
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For the inner conductor (r = a):

| 1] )
| He |=1 Hy(a) 1= o surface per unit length: 2ma (2.25)
Thus:
Pasin = 3R (|1|)2(2 y= B lLl (2.26)
loss,in — 2 s 27a na) = Ara .

For the outer conductor (r = b):

| 1] R |17

| H 1= %Jploss,out = b (2.27)
Hence, the total power loss per unit length is:
RsITI2/1 1
os = (5 *5) (2.28)
For a low-loss line, the attenuation constant due to conductor loss is defined as:
P
Q. = #Z; (2.29)
Substituting Py, and P, gives
R, (1 1
a. = Iz, (E + E) [Np/m] (2.30)

which is the exact small-loss expression for coaxial lines. For air-filled lines (&, = 1), set
x=b/a:

= f(x) (2.31)

To minimize attenuation, differentiate f (x) with respect to x and set df /dx = 0:

, —lnx—l—% 1
f(x)—w—0:>lnx—1+; (232)
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The positive root is x = b/a = 3.59. Hence

Zomina, = 601n(3.59) = 77 Q

which corresponds to the minimum-loss impedance of an air-filled coaxial line.

The peak electric field at the inner conductor is:

E(a) = |4 _ |4

n®) O

For a given breakdown field E, 4, the maximum voltage scales as:

b b
Vinax < a In (E) = ;lnx

The transmitted power is:

VZ

P=—r
27,

Using Z, < In x, the maximum power handling capability is proportional to:

(b/x)%(In x)? _ e Inx

Pmax In x x_2 = g(x)
To maximize g(x), differentiate and set dg/dx = 0:
1—-2Ilnx
) =—3—=0

3
1 1 .
Thus forInx = = b/a = ez the impedance value becomes:

1
Zomaxp = 6010 (ei) =30 Q

This corresponds to the maximum-power impedance.

50
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The maximum voltage breakdown condition occurs when the electric field intensity at the
inner conductor reaches the dielectric breakdown strength E}; of the insulating medium. The
radial electric field distribution for a TEM wave is:

v
E.(r)= 5 (2.40)
rln (5)
At the inner surface (r = a), the field reaches its maximum value:
E(a) = (2.41)

vV
n (D

Dielectric breakdown occurs when E(a) = Ej,;. Hence, the maximum permissible voltage
before breakdown is:

b
Vbd = Ebd aln (E) (242)

Setting x = b/a and holding b constant (a = b/x) gives:

b In x
Vpg X —Inx = h(x) = — (2.43)
x x

To find the value of x that maximizes the breakdown voltage, differentiate h(x) with respect

to x and set arh _ 0:
dx

1—Inx

h'(x) = —=0=>Inx=1 (2.44)
X

Thus:

x=—=e~ 2718 (2.45)

The corresponding impedance is then
b
Zomay = 6010 (5) — 601In(e) = 60 Q (2.46)

This impedance yields the maximum voltage breakdown limit of the coaxial geometry.
Hence, the analytical results derived above for the conditions of minimum attenuation, max-
imum power handling and maximum voltage breakdown are illustrated in Figure 2.8, which
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depicts the normalized variation of attenuation and power capability with characteristic im-
pedance, clearly showing the engineering compromise that established the universally adopt-
ed 50 Q standard for coaxial transmission lines.

30 77
15 : :

e i
=N W

=
[=}

normalized values
[C=]

o o
©

0.6

0.5 1 | 1 1 11 31
10 20 30 40 50 607080 100

Characteristic impedance for coaxial line [Q]

Figure 2.8: Normalized attenuation and power-handling characteristics of an air-filled coax-
ial line as a function of characteristic impedance

Consequently, considering the three fundamental constraints at 77 Q, 30 Q and 60 Q, the
50 Q characteristic impedance was adopted as a practical engineering compromise, represent-
ing an approximate average that optimally balances efficiency, power capability, and dielec-
tric reliability in coaxial and planar transmission line systems.
Microstrip Line

The microstrip line is one of the most widely used types of planar transmission lines
because it can be easily fabricated by photolithographic processes and directly integrated with
both passive and active microwave components. Its simplicity, low cost, and compatibility
with printed circuit technology make it ideal for modern amplifier and matching network de-
sign.

A microstrip line consists of a conducting strip of width Wprinted on a grounded die-
lectric substrate of thickness hand relative permittivity &,., as shown in Figure 2.9.

W

e E—

A

€, d
1
vz vz vz

Figure 2. 9: Geometry of a microstrip transmission line
([10] page 148)

In the absence of the dielectric (&, = 1), the structure would behave as a simple flat
two-wire line in air, supporting a TEM mode with phase velocity v, = cand propagation con-

52



stant § = k. However, the presence of the dielectric substrate, which occupies only the re-
gion between the strip and the ground plane, alters the field distribution. Part of the electro-
magnetic field exists in the dielectric, while the rest extends into the air above it. As a result,
the microstrip cannot support a pure TEM wave, since the phase velocity of fields in the die-
lectric region would be ¢ /+/e, while those in air propagate at c. The exact solution represents
a hybrid TM-TE wave, but for most practical cases where the substrate is electrically thin
(h K< A), the fields can be accurately described as quasi-TEM.

In this approximation, the line parameters can be obtained from quasi-static solutions.
The effective dielectric constant g grepresents the dielectric constant of an equivalent homo-
geneous medium that replaces the two-layer (air—dielectric) structure. It satisfies:

1< Eeff < & (247)
and is expressed as [Pozar]:
&eg+1 & -1 1
Eoff = + ¢ ) (2.48)
T2 2 1+ 12n/W
The phase velocity and propagation constant are then:
c
Up = B = koy/Ecfr (2.49)
Eeff

where k) = w/c.
The characteristic impedance Z, of the microstrip line can be found from quasi-static field
solutions. A widely used empirical expression is the Hammerstad—Jensen model:

60 In (8 h + 0.25 W) w
n((8— .25—),
/geff w h for " <1,
Zy = 1207 W (2.50)
for " >1

Jear (G 41393 + 0.667In (- + 1.444))

The effective dielectric constant and characteristic impedance depend primarily on the sub-
strate permittivity and the geometry ratio W /h, allowing accurate impedance design for
broadband microwave circuits.

Attenuation and Loss Mechanisms
Losses in a microstrip line arise from two main mechanisms: dielectric loss and con-
ductor loss. The dielectric loss is associated with the substrate material and can be approxi-
mated by [Pozar]:
(&err— 1)

ag = koe, tan §[Np/m 2.51
d 0&r en(e, — 1) [Np/m] ( )
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where tan § is the dielectric loss tangent. The conductor loss, due to finite conductivity and
surface resistance, is given by [Pozar]:

N

ZoW

a, = [Np/m] (2.52)

where Ry = \/wly/20 is the surface resistivity of the conductor.

Current Handling and Skin Effect

In high-power designs, such as amplifier driver stages, the current-handling capability
of the microstrip is critical. The maximum DC current the trace can safely carry is governed
by heating limits and can be approximated using IPC-2152 empirical data:

Iyax = (k — TEsp) A€ (2.53)

where A =T - W - 1.378 [mils/oz/ft?] is the conductor area, Tyigg is the allowable tempera-
ture rise, and constants k, b, c depend on whether the trace is external or internal.

At microwave frequencies, this current distribution becomes nonuniform due to the
skin effect, which confines current to a thin layer at the conductor surface. The skin depth &,
representing the depth at which current density decays to 1/eof its surface value, is:

K (2.54)

and decreases with increasing frequency. As a result, the effective conductive area becomes
approximately W - §, increasing resistive losses and limiting current capacity. At 352 MHz,
for copper (p = 1.72 x 1078 ), the skin depth is approximately 3.5 pm, which is much small-
er than typical copper thicknesses used in microwave PCBs.

Coplanar waveguide

The coplanar waveguide (CPW) is a planar transmission line consisting of a central
conducting strip separated by narrow slots from two adjacent ground planes on the same sur-
face of a dielectric substrate. This configuration supports a quasi-TEM mode of propagation,
where both the electric and magnetic fields are primarily concentrated in the region between
the center conductor and the adjacent ground planes. A typical geometry of a CPW is defined
by the center conductor width a, the distance between the ground planes b, and the substrate
height h.
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Figure 2. 10: Geometry of a coplanar waveguide[11]

Because all conductors lie on the same plane, CPWs offer easy integration of shunt and series
components, direct access to ground, and compatibility with monolithic microwave integrated
circuit (MMIC) processes. The analysis of the CPW structure is based on conformal map-
ping, which transforms the cross-section into an equivalent parallel-plate geometry. Using
this method, the characteristic impedance Zyand effective dielectric constant & gcan be ex-
pressed in terms of complete elliptic integrals of the first kind, K (k)and K (k'):

607 1

K(K) . K(ky)
@K(k’) ()

ZOZ

(2.55)

Where

a tanh (ﬂ)
k=gl =J1-k2, k1=—7‘i}g, k= |1-k2 (2.56)

tanh (E)
The effective dielectric constant is given by:
K (k') K (kq)
1+ & oA oas
I (ORI 2.57)
T L KKK (k) |
K (k) K (k1)

Here, K (k)and K (k")denote the complete elliptic integrals of the first kind, defined as:

T

2 do

K(k) = J _— (2.58)
o V1 —k2sin%6

These relations accurately describe the field confinement and propagation characteristics of
coplanar waveguides across a wide range of geometries and dielectric constants.
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2.2.4 Microstrip discontinuities modelling

In practical microwave circuits, microstrip transmission lines often exhibit geometric
discontinuities such as abrupt width changes, bends, or junctions. These discontinuities dis-
turb the quasi-TEM field distribution, causing localized energy storage in the form of parasit-
ic inductance and capacitance. As a result, they introduce impedance mismatches, signal re-
flections, and phase distortions that must be accurately modeled for high-frequency design.
To predict their electrical behavior, such discontinuities are commonly represented by
equivalent lumped-element circuits derived from empirical or semi-analytical formulations.

Abrupt Change in Width

An abrupt change in microstrip width introduces a step discontinuity, which disturbs
the quasi-TEM field distribution, resulting in localized electric and magnetic energy storage.
The transition can be either symmetric (equal substrate thickness on both sides) or asymmet-
ric (step in conductor width without geometric symmetry), as shown in Figure 2.11. These
discontinuities are typically modeled by an equivalent lumped-element network that captures
their reactive behavior.

L L 1
L4 N

Cc

T T
|
|
I
|

%

Figure 2.11: Microstrip line step (abrupt change in width) and equivalent circuit.
([11] page 315)

For a step transition from a line of width W;to W,, the junction can be represented by the
equivalent m-network shown in Figure 2.11, consisting of a shunt capacitance C and series
inductances Lg that account for the stored energy at the discontinuity.

For symmetric steps (1.5 < W; /W, < 3.5) and ¢, < 10, Wadell [1] provides the following

empirical design equations:

7%
C, = W W, [(10.1 log e, + 2.33) Wl —12.6loge, — 3.17] [pF/m] (2.59)

2

For 3.5 < W, /W, < 10.0and &, = 9.6:

Cs = W, W, [130.0log (%) — 44.0] [pF/m] (2.60)

2
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The equivalent inductance per unit length is:

L—h[405(W1 10) 75.01 (W1)+02(W1 10)][H/] (2.61)
s = >\, . .0log W, 2\w, . nH/m .

These expressions are accurate within approximately 5% for W, /W, < 5.0. The total effect
of the step can thus be described by:

Zeoqg = jwlg +

2.62
JwCs (2.62)

indicating a reactive impedance that depends on both the width ratio and dielectric constant.

Microstrip Line Bends

Another common discontinuity in planar transmission lines is the right-angle bend in a mi-
crostrip trace. The bend introduces a localized disturbance in the electromagnetic field distri-
bution, resulting in stored reactive energy that can be modeled using a lumped-element

equivalent circuit consisting of a series inductance Land a shunt capacitance C, as shown in
Figure 2.X.

—!
O

Figure 2.12: Microstrip line right-angle bend and equivalent circuit
([11] page 287)

The equivalent parameters describing the discontinuity are given empirically by Wadell [1] as
follows:
Forw/h < 1:

=100.0 (4.0\/% — 4.21) [nH/m] (2.63)

= e~

c (140 +12.5) (%) — (1.83 ¢, — 2.25)

+0.02¢, % [pF/m] (2.64)

EH
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and forw/h > 1:
C w
—= (95 & +1.25) (E) +52¢, + 7.0[pF/m] (2.65)

These equations are accurate to within 5 % for 2.5 < ¢, < 15.0and 0.1 < w/h < 5.0. Later,
there were proposed refined closed-form approximations valid for 2.0 < &, < 13.0and 0.2 <
w/h < 6.0, which achieve an agreement with measured data within 0.3 %:

w w
C = 0.001 h[(10.35 ¢, + 2.5) (h_)z + (2.6 &, + 5.44) (E)] [pF] (2.66)
L =0.22[1.0 — 1.35 e %18 W/M"*] [4H] (2.67)

The right-angle bend, therefore, introduces both capacitive and inductive parasitic effects,
leading to small impedance mismatches and phase errors at high frequencies. These effects
become more pronounced as the electrical length of the bend approaches a significant frac-
tion of the wavelength. In practical designs, mitigation techniques such as mitered bends or
curved corners are used to minimize these discontinuity effects and maintain good impedance
matching.

2.2.5 Stability

The stability of a transistor amplifier is governed by the behavior of its input and out-
put reflection coefficients, I;,and I,,;, which depend on the device’s scattering parameters
and the source and load terminations. If either | [}, 1> lor | [, > 1, the circuit exhibits a
negative resistance and can oscillate, rendering it unstable. To ensure reliable amplifier op-
eration, the stability condition must be evaluated across all frequencies of interest and under
various terminations.

A convenient analytical approach to assess stability is through Rollet’s stability factor
(K) and the determinant (A), derived directly from the two-port scattering matrix. These pa-
rameters provide necessary and sufficient conditions for unconditional stability, defined as
stability for all passive source and load impedances (| [ |I< 1 and | [} < 1). They are
expressed as:

118 P =S P HIANP
21512571 |

A= 511522 = 512521 (2.68)

For a transistor to be unconditionally stable, the following two inequalities must hold simul-
taneously:

K>11A1<1 (2.69)
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These conditions guarantee that both the input and output ports present positive re-
sistances for all passive terminations. If either condition is violated, the device becomes con-
ditionally stable, and graphical techniques such as stability circles must be employed to iden-
tify the safe operating regions for I'cand I7.

In addition to K and A, alternative stability factors s and  are also used to assess
stability more precisely, especially near the boundary between stable and unstable operation.
They are defined as:

1-1 8 12 1—1 Sy, 12
ps = — = —= (2.70)
| S22 — ASyy | +1 512521 | | S11 = AS55 | +1 512521 |
For unconditional stability, the following conditions must be satisfied:
s >1u > 1 (2.71)

These parameters provide a more intuitive numerical measure of stability margin — values
significantly greater than 1 indicate a well-stabilized design, while values near or below 1
suggest potential oscillation risk.
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2.3 Power Amplifiers

Power amplifiers are essential components in RF systems, as they provide the high
output power levels needed to drive accelerator cavities, antennas, or other loads. In accelera-
tor applications, RF power amplifiers are typically designed to operate either in continuous
wave (CW) mode or in pulsed mode. CW operation delivers constant RF power to the cavi-
ties and requires extremely efficient cooling systems to manage the continuous thermal load.
Pulsed operation, as implemented at ESS, delivers high peak power during short time inter-
vals, significantly reducing the average power consumption and easing cooling requirements.
However, pulsed systems must maintain excellent stability during the pulse rise and fall
times, avoid transient distortions, and ensure that the duty cycle does not compromise com-
ponent lifetime or reliability.

2.3.1 MOS and LDMOS Transistors

Metal-Oxide-Semiconductor Field Effect Transistors (MOSFETs) are widely used in
RF amplification due to their high input impedance, ease of integration, and good linearity. A
specialized version, the Laterally Diffused MOSFET (LDMOS), is the dominant device tech-
nology in high-power RF applications below a few gigahertz.

Figure 2. 13:LDMOS diagram[12]

The Laterally Diffused Metal-Oxide—Semiconductor (LDMOS) field-effect transistor
constitutes one of the most mature and widely adopted device technologies for high-
efficiency RF power amplification. Its ability to simultaneously achieve high gain, high
breakdown voltage, and robust thermal performance has established it as the device of choice
for base-station transmitters, industrial and medical RF systems, and radar applications. Fig-
ure 2.5 illustrates a schematic cross-section of a representative LDMOS device, highlighting
the critical regions that define its electrical and thermal behavior.
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The LDMOS transistor is a lateral device, in which current conduction occurs hori-
zontally along the surface of a silicon wafer from the source to the drain. The structure is typ-
ically fabricated on a heavily doped p* silicon substrate, upon which a lightly doped p-type
epitaxial layer is grown to accommodate the lateral expansion of the depletion region under
high-voltage operation. The source region is formed by a heavily doped n* diffusion, while
the gate electrode, controls the carrier density in the underlying p-well. The drain region is
located laterally across the device and is connected to the channel through a lightly doped n-
type drift or drain extension region. This drain extension is a defining feature of the LDMOS
architecture: it enables the device to sustain large drain—source voltages by distributing the
electric field horizontally rather than vertically, thereby enhancing the breakdown voltage.

The p-well underneath the gate defines the transistor’s channel. When a positive gate-
to-source voltage is applied, an inversion layer is formed at the silicon—oxide interface, creat-
ing an n-type conductive path that connects the source and the drain extension. Electrons in-
jected from the source are accelerated by the electric field along this channel and traverse the
drift region before being collected at the drain. The gate voltage thus modulates the electron
concentration in the channel, controlling the drain current according to the square-law or ve-
locity-saturation models, depending on the biasing regime, as shown in the following equa-
tion. The device therefore acts as a voltage-controlled current source, where small variations
in gate potential induce proportionally large variations in drain current.

1 w
Ip = E.Uncoxf(VGs — Vry)2(1 4 AVps) (2.72)

A feature of the LDMOS structure is the inclusion of a metallic shield between the
gate and the drain extension, and electrically connected to the source. This shield performs
two essential functions: it suppresses the parasitic gate—drain feedback capacitance, thereby
improving gain and stability at microwave frequencies, and it redistributes the electric field in
the drain extension region to mitigate hot-carrier degradation and premature avalanche
breakdown.

The p-sinker region provides a low-resistance vertical connection between the source
and the heavily doped p* substrate, which in turn is metallized on the backside to form the
global ground terminal. This configuration ensures minimal source inductance and efficient
heat removal from the active region to the package or heat sink. The drain metallization is
designed to support high current densities and large RF voltage swings; it typically consists
of multiple thick metal layers to minimize on-resistance and electromigration, while simulta-
neously enhancing thermal conduction.

The operation of the LDMOS transistor in amplification mode is governed by the
electrostatic control of the inversion channel by the gate and the lateral transport of electrons
across the surface. Under quiescent bias, the gate is maintained at a DC potential slightly
above the threshold voltage, such that the device operates in class AB mode, conducting for
slightly more than half of the RF cycle. The superposition of the RF input signal on the gate
bias modulates the channel charge density, producing a time-varying drain current that mir-
rors the input waveform. This modulated drain current, when flowing through the output
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matching network and load impedance, gives rise to a large RF voltage swing at the drain,
thus generating amplified power at the output.

The device’s drain efficiency, defined as the ratio of RF output power to total DC
power consumption, depends on both conduction losses and capacitive charging losses in the
drain extension. The attainable efficiency is fundamentally constrained by the trade-off be-
tween the drift region length, which determines breakdown voltage, and the series resistance
and parasitic capacitances, which govern conduction and switching losses.

The geometrical proportions of the device are therefore central to its performance.
The gate length dictates the transit time of carriers and thus the upper frequency limit, while
the drain extension length governs the voltage-handling capability. The incorporation of field
plates and shield structures enables further optimization of this trade-off by shaping the elec-
tric field to reduce peak intensity without compromising lateral conduction. The overall de-
sign ensures that the LDMOS transistor can sustain large voltage swings, achieve high cur-
rent densities, and maintain linearity under RF excitation.

In essence, the LDMOS transistor realizes power amplification through the precise
electrostatic modulation of a laterally conducted electron flow. The combination of a short
gate for high transconductance, an extended drift region for voltage robustness, and a shield-
ed architecture for field control allows the device to attain exceptional performance in terms
of efficiency, gain, and reliability. Electrons move laterally from the source to the drain under
the influence of both gate and drain electric fields, while the structural innovations in the de-
vice geometry ensure that this process occurs with minimal parasitic losses and excellent
thermal stability. As a result, LDMOS technology provides the optimal balance between high
power capability, cost-effectiveness, and scalability, securing its position as the leading solu-
tion for RF and microwave power amplification

2.3.2 RF Power Definitions

The performance of an RF power amplifier is evaluated through a set of key parame-
ters that quantify how effectively it converts DC power into RF output power. These parame-
ters are essential for understanding the amplifier’s behavior and for making design trade-offs
between efficiency, linearity, cost, and complexity.

Input Power
The RF power applied to the input of the amplifier, defined as P;,. It serves as the ref-

erence for calculating gain and efficiency metrics.

Output Power

The RF power delivered to the load. It can be measured either in watts (W) or decibel-
milliwatts (dBm). Their relation is given by:

P
Pupm = 1010g10(%) = 101log;,(Py) + 30 (2.73)
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Gain

The ratio of output power to input power, indicating how much the amplifier increases
the signal strength. It is commonly expressed in decibels (dB) as:

Pout

=101
G 0logqy P,

(2.74)

Efficiency

It is defined as RF output power over DC input power; commonly, the Drain Efficien-
cy and Power-Added Efficiency (PAE) are used. The Drain Efficiency is given by:

Pout

x 100% (2.75)

Np =
PDC

A more comprehensive efficiency metric that accounts for the input RF power is
Power Added Efficiency (PAE). PAE is particularly useful for comparing amplifiers with dif-
ferent gains, as it reflects how much additional RF power is generated beyond what is sup-
plied at the input.

t

P..—P,
PAE =22 " % 100% (2.76)
PDC

Linearity

The ability of the amplifier to preserve the spectral purity of the input signal, avoiding
distortion and unwanted harmonics. These definitions are central for analyzing the trade-offs
between performance, cost, and complexity in amplifier design.

When the goal is to achieve maximum output power, the amplifier is typically driven
into the saturation region, where the active device delivers its maximum possible output. As
the input power increases, amplifiers eventually reach saturation, where further input power
does not result in proportional output increase but introduces significant nonlinearities. These
nonlinearities result in harmonic distortion, the creation of frequency components at integer
multiples of the input frequency and intermodulation distortion when multiple tones are pre-
sent. Both effects degrade the spectral purity of the transmitted signal and can cause spectral
regrowth, violating emission masks and interfering with neighboring channels. The transition
from the linear to the nonlinear region is often characterized by the 1 dB compression point
(P:dB), the input level at which the amplifier’s gain decreases by 1 dB from its small-signal
value.
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Figure 2.14: Amplifier operating regions[13]

2.3.3 Classes of Operation (A, B, AB)

Power amplifiers are classified by the conduction angle of the active device during one RF

cycle:

Amplifier Classes

Efficiency
100%

75%

50%

25%

0%

1
360° 270° 180° 90° 0°
2m (m) Conduction Angle (0

Figure 2. 15: Amplifier classes of operation[14]

Class A: The device conducts for the entire cycle (360°). Offers maximum linearity
but poor efficiency. The operating point of the transistor is set high enough so that it
is never driven into its cut-off region.

Class B: The device conducts for half the cycle (180°) as the device is biased at the
cutoff point and does not conduct for the full waveform. Efficiency is improved
(~78.5%) but with increased distortion.

Class AB: A compromise between A and B, where conduction is slightly more than
180°. Provides good efficiency and acceptable linearity, making it the most common
choice for RF power amplifiers in accelerator applications.
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2.3.4 Power Amplifiers Applications in Accelerators

In particle accelerators, RF power amplifiers generate the electromagnetic fields that
accelerate charged particles inside the cavities. The required RF power per cavity can range
from tens of kilowatts to several megawatts, depending on the accelerator’s architecture and
beam dynamics. Historically, high-power RF generation has relied on vacuum tube technolo-
gies such as klystrons and tetrodes, which are capable of delivering very high power but are
constrained by efficiency, lifetime, and maintenance complexity[15], [16].

Recent advances in semiconductor technology have led to the widespread adoption of
Solid-State Power Amplifiers based on LDMOS transistors, which offer enhanced efficiency,
modularity, and reliability[17], [18]. As detailed by [19], [20], SSPAs have evolved from ear-
ly prototypes into mature systems capable of delivering continuous-wave power levels of
several hundred kilowatts at frequencies from 88 MHz to over 1 GHz. High-power Solid-
State Power Amplifiers have gained significant attention in accelerator RF systems over the
past two decades, gradually replacing vacuum tube technologies. Compared to traditional
tube-based transmitters, SSPAs offer high modularity, redundancy, maintainability, and do
not require high-voltage operation. Leveraging advancements in semiconductor processes,
especially with laterally diffused metal oxide semiconductor (LDMOS) devices, modern
SSPAs can deliver high RF power with improved efficiency and reduced noise levels.[21]

The first large-scale application of SSPAs in particle accelerators was pioneered at the
Synchrotron SOLEIL in France, where 35 kW and 190 kW amplifiers based on 330 W
MOSFET modules have been successfully operating since 2004[21]. Following this success,
several major facilities adopted solid-state transmitters for their RF systems: 150 kW SSPAs
at 352.2 MHz for the European Synchrotron Radiation Facility [22] 65 kW at 500 MHz for
the Swiss Light Source [23] and 50 kW at 476 MHz for the Brazilian Synchrotron Light La-
boratory [24]. Further deployments include 80 kW systems at 500 MHz for SESAME and
NSRRC, and a 2 MW solid-state system at 200 MHz for CERN’s SPS.

Recent projects have continued to push the boundaries of solid-state RF technology.
The High Energy Photon Source (HEPS) in Beijing, a 6 GeV diffraction-limited storage ring,
has adopted solid-state technology across all its RF stations, including the development of a
modular 166.6 MHz 50 kW and a 499.8 MHz 260kW prototype under the HEPS Test Facility
program [25], [26]. The IHEP-ADS project similarly integrates 10—-150 kW SSPAs at 325
and 650 MHz to drive superconducting spoke cavities in its injector linac, forming one of the
first large-scale solid-state implementations in Asia [18].

Parallel research at the FREIA Laboratory, Uppsala University, has focused on devel-
oping high-efficiency LDMOS-based amplifiers and advanced power-combining structures
for ESS-related applications[27]. The European Spallation Source (ESS) in Lund employs
400 kW, 352.21 MHz SSPAs to feed 26 superconducting spoke cavities. Similarly, CERN’s
Linac4 uses 80—160 kW 352.2 MHz solid-state transmitters composed of fifty 1.6 kW mod-
ules combined through coaxial combiners, marking a complete transition from klystrons to
solid-state RF amplification [16]. Integration of such amplifiers with advanced low-level RF
(LLRF) systems, as implemented at facilities like the European XFEL, demonstrates how sol-
id-state transmitters support the high reliability, maintainability, and digital control required
for modern accelerator operations [28].
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Through these efforts, solid-state amplification has proven to be a reliable, scalable,
and energy-efficient solution for modern accelerator RF systems, supporting long-term sus-

tainability and operational robustness in next-generation synchrotron and linear accelerator

facilities.
Bty Location Freq;enc Power level Amplifier Type
ESS Lund, Sweden 352.21 400 kW per cavity SSPA (LDMOS-based)
MHz
Linac4 352.2 80-160 kW SSPA (50 x 1.6 kW
(CERN) Geneva, MHz modules)
Switzerland
SNS Oak Ridge , 402.5/ | 550 kW (klystron), 10 | Hybrid / SSPA upgrade
USA 805 MHz | kW (SSPA drivers)
IHEP / ADS | Beijing, China | 325/ 650 10-150 kW SSPA (LDMOS, modular)
Project MHz
HEPS (High | Beijing, China | 166.6/ 50-260 kW SSPA (BLF188XR
Energy Pho- 499.8 LDMOS)
ton Source) MHz
DESY (PET- Hamburg, 1.3 GHz 10-120 kW SSPA
RAIV/ Germany
XFEL /
FLASH)
SOLEIL Gif-sur- 352.2 35 kW, 190 kW SSPA
Synchrotron | Yvette, France MHz

Table 3: Solid-State Power Amplifiers in Accelerator RF Systems
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Chapter 3: System description of 400kW SSPA

3 Introduction

In this chapter, the 400 kW SSPA system is explained. The architecture choice is ana-
lyzed, and the function and component selection of each block are examined. I also worked
on the Bill of Materials for the system, and the results of this work will be presented. All
prices mentioned in this chapter are accurate as of April 2024.

3.1 Overview

The ESS LINAC is comprised of 26 spoke cavities, each requiring 400 kW of RF
power at 352.21MHz[1]. To meet the energy needs of this part of the LINAC, we will use 26
SSPA systems, each with an output of 400 kW. As discussed in the previous chapter, power
amplifiers have physical limitations on how much they can amplify the input power we pro-
vide. Therefore, a decision needs to be made on how to amplify the input power of 1 mW to
400 kW. After considering the power needs, the physical limitations of the amplifiers, and the
options supported by the market, we concluded that this architecture is the best solution:

400kW Amplifier block
diagram

Figure 3.1: Block diagram of the 400kW SSPA system

As we can see, the system is composed of five different amplifying stages: the predriver, the
amplitude tuner, the driver's first stage, the driver's second stage, and the main power ampli-
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fier. All of these work in multiple parallel stages to ensure reliability and optimize output
power. Throughout the system, couplers provide sufficient information about the operational
conditions, allowing us to monitor the process.

Amplitude tuner

2"‘%—40%\\#
_’__.-"'

Driver

Driver

1st Stage

0.1W 50w 1600W
-’__o"

2nd Stage

Main amplifier

Buﬁi{>euow

1mwW 10mW
AD . %4 x4 X80
/ -
xd * ‘
x4 i
ImwW  ep 10mW s 16W — S00W ) 25.6kW — 512kW

Figure 3.2: Power per stage estimation of the 400kW SSPA system

Above we can see a power budget estimation of the entire system with the input and output of
each amplifier and below the sum of power at each stage. Based on this architecture and
power estimations we will try to find the components that can satisfy the specifications of the
system.

3.2 Input block

The input block is the first part of the system and is comprised of: a coupler to moni-
tor the input power, a Single-Pole Double Throw switch to protect the system from possible
overload, a predriver to start the amplifying process of the system and finally a 1:4 power
splitter to split the power at the end of this stage to 4 in parallel operating driver blocks.

ZHL-1010+

ZSDR-230+

ZGDC6-521-N+
ZN4PD1-63HP-S+

‘;;_ - -

- 7 Yeppa
« ]
s

‘J\C).)\)(&~t&

174.51€

267.61€

153.56€

155.88€

Figure 3.3: List of components with manufacturer reference and price for Input block

Above we can see pictures of the chosen components with the manufacturer reference and the
price in euros. The components listed in this report are a courtesy of: Minicircuits. This
block has a total cost of 751.55€. To choose these components, and every component in this
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thesis, we looked at the datasheet of every component, it provides enough information to un-
derstand if the product fulfills our needs.

This block has an input of ImW and amplifies it to 10mW. All of these components,
as they are operating on low power already exist on the market so there is no need to design
anything new. As we start searching the market for available solutions, we need to know
what the important characteristics of a coupler are so as to be able to fulfill our needs.

The first important parameter that we consider is the frequency of operation. It is vital
to choose a component that can operate in our frequency, as there are many different types of
couplers based on wavelength. Next, we consider insertion loss. This parameter shows us
how much power is dissipated when using this component. We need it to be as low as possi-
ble. A closely connected parameter with this is directivity. Directivity of coupler shows us its
ability to differentiate between forward or reverse power which is important as there are al-
ways reflections in RF systems. Another important parameter is power handling. Since our
application has very high-power demands, we need couplers that can operate at that power
level without degradation or failure.

3.3 Driver stage

The driver stage is the block that this thesis focuses on. In particle accelerators the
driver is a vital part of an RF system that provides enough power to the cavities to accelerate
the beam. The system is comprised of an amplitude tuner, a phase tuner, a 1:4 power divider,
the driver’s 1% stage, the driver’s 2" stage, a 4:1 power combiner and three directional cou-
plers. There are four systems of this type working in parallel.

6kW Power
Combiner
ZX73-2500-S+ JSPHS-42+ ZGDC6-521-N+ ZN4PD1-63HP-S+ Driver
G:."T = SR - v ) 1st Stage 2nd Stage
s : \_ | B i3 & & %\ = 4 —r
e [-// \#ﬁi//l . % F‘ ey ol , o
/ =~ » rEr. EY. o 2
58.13 € 40.67 € 267.61€ 155.88 €

Figure 3. 4: List of components with manufacturer reference and price for Driver's block

The reason behind using tuners is to ensure that the electromagnetic power that we
will feed the modules covers our specifications to avoid any failure or sparks while we are in
operation. The amplitude tuner is comprised of an amplifier, the same amplifier used for
driver’s 1% stage for reasons explained in the next chapters and a variable attenuator to con-
trol the output power. Then, a power divider provides power to 4 amplifiers working in par-
allel, the driver’s 1 stage who then feeds the driver’s 2" stage and finally the power is com-
bined before being forwarded to next stage. A directional coupler is placed after the ampli-
tude tuner, the driver’s 2" stage and the power combiner. This is done to provide monitoring
ability of the amplifying process in case of failures and to measure insertion losses.
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Below we can see the driver’s 1* stage:

Figure 3.5: Driver's 1st stage

3.4 Main amplifier

This block is the last part of the amplifying chain and the biggest contributor to the
overall produced power. Below we can see a picture of a module manufactured in the ESS
RF lab:

Figure 3.6: Driver's 2nd stage

The power splitter and combiner needed for this block are both designed by Uppsala
university. There are no available options in the market able to serve at this power level. This
amplifier receives power from the driver and delivers up to 2.5kW of pulsed RF power.

3.5 Output block

The last block of the SSPA system is comprised of four couplers, one for each of the 4
different main amplifier blocks, to monitor the power forwarded to the power combiner. For
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these components a special order will be placed at MEGA, an RF hardware manufacturer.
The last power combiner has to be able to combine 4 input ports of 100kW power and deliver
it to the spoke cavity. Because the handling power needed is very high, a new combiner will
be designed specifically for this purpose by the ESS RF power sources group. Lastly, before
providing the power to the spoke cavities we connect in series a high-power coupler in order
to monitor the process and protect against arcs.

3.6 Monitoring systems, cooling systems and Supporting hardware

There are some more issues that need to be assessed:

1. The information provided by the couplers is processed by the monitoring systems that
will be designed by the ESS RF sources group.

2. The amplifiers are put under a lot of stress during the soak tests, and produce a lot of
heat. Thus, we need to take into consideration the cooling systems that are going to
dissipate the heat produced. The ESS RF lab is equipped with water cooling systems.

3. The Bill of Materials also includes essential components required for system func-
tionality, such as N-type connectors, protective capacitors for the main amplifier,
equipment racks, and necessary cabling.

3.7 Summary

The Bill of Materials (BoM) was created to: have a proper estimation of the total cost, to
organize all the information gathered so far for the architecture of the project and for the au-
thor to gain experience and understanding of the RF components and their datasheet. The to-
tal cost was valued at 534.024,79 €. The BoM includes:

Manufacturer

Manufacturer reference
Provider

Price per unit

Price of sum of units
Datasheet

Link to URL adress of supplier

Nk W=
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Chapter 4: Designing Driver’s 1st stage schematic

4 Introduction

In this chapter, we analyze the process of designing the Driver's first-stage. We dis-
cuss the transistor selection and choose the amplifier topology at the schematic level using
Advanced Design System (ADS) from Keysight.

4.1 Transistor choice

In this sub-chapter, a brief overview of available transistor technologies is provided,
along with the reasons for selecting LDMOS technology for the transistor material.

4.1.1 Material Choice

Below is a survey of ETH university [29] a frequency-power diagram compar-
ing various existing technologies based on these two parameters, indicating for which set of
frequency and power each technology is applicable:

PA Survey Version 10 (07/2025): Saturated Output Power vs. Frequency (All Technologies)
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Figure 4.1: Comparison of Semiconductor Technologies for Different Materials [[29]]
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To choose which of these materials and which transistor is best suited for our system, we
need to take a look on the design specifications. They are listed on the table below:

Design Parameters Design Specification
Frequency 352.21 MHz
Input Power 20 dBm
Output Power (max) 47dBm
Gain 27 dB
Typical Drain efficiency 60%

Table 4: Design Specifications

4.1.2 Device choice

The transistor that was chosen is ART35FE by Ampleon. Ampleon is a company that
specializes in manufacturing hardware solutions for RF applications like transistors, amplifi-
ers and radars. They recently designed a new series of transistors based on Advanced Rugged
Technology (ART). The ruggedness of a transistor is a way of characterizing its ability to
withstand harsh operating conditions, such as high temperatures, voltage spikes, mismatch of
the impedances and high current handling without degradation or failure. Our transistor
boasts excellent ruggedness, high efficiency and the provider has committed to manufactur-
ing it for at least 15 more years[30]. The longevity of supply for a product is crucial because
it ensures viability for the accelerator industry, where systems are designed for use of at least
five years. This commitment means that in case of failure, we do not have to worry about
running out of transistors. The specifications that led to the selection of this transistor are
shown in the table below[31]:

Parameters Transistor Specifications
Frequency range 1-650 MHz
Typical Efficiency at 108 MHz 70%
Typical Gain at 108 MHz 30dB
Typical Output power 35W
Maximum Qualified Drain Voltage 65V
Maximum Qualified Gate Voltage 2.5V

Table 5: Specifications of chosen transistor

Here we can see two graphs provided by the datasheet of the transistor for operation
at frequency of 108 MHz and Drain voltage of 65 V for different values of Drain-Source cur-
rent. The left graph is a function of Gain, Gp in dB with output power, PL in W and the right
graph is a function of efficiency, np with output power, PL in W:
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Figure 4.2: Gain and Drain Efficiency as a function of output power[31]

As we can see, the more we increase Drain current, the more gain we have but the less effi-

ciency we can achieve[32].

AaePAEOT N

S

Figure 4.3: ART35FE picture

power requirements played a role in the decision.

On figure 2.9 we can see a picture of the transistor. Parallel
to the axis labeled with the transistor's name is a metal sur-
face, which is the Source. On either side of the Source, there
are two metal surfaces: the square one is the Gate, and the
one with an engraving is the Drain. Ampleon provides a
model of the transistor in ADS, allowing us to simulate our
design.

In addition to all

these reasons, the

company's  rec-
ommendation for
systems with high

Driver Final

The recommended line-up to achieve that is to use

the ART2KOFEG transistor as the main amplifier

ARTSCrE ARTAVAFE~

and ours as the driver. So overall, these two tran-
sistors were chosen for the last three stages of am-

plification since, as analyzed

in chapter 3, the Figure 4.4: Recommended amplifica-

fourth and fifth stages have the same requirement tion line-up by Ampleon
for output power of 1.6 kW, a value that the main
amplifier can deliver as its maximum value is 2kW.
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4.2 DC Simulations and Bias optimization

Now that we have chosen the transistor, we can proceed to designing the amplifier.
We will use Advanced Design System (ADS), a comprehensive software suite that includes
system, circuit, and electromagnetic (EM) simulators, as well as layout tools and powerful
optimizers. This software helps ensure accuracy and validate high-yield designs before manu-
facturing. The first step in the design process is to select the bias voltages for the transistor.
The gate voltage determines the length of the valence band, which controls the amount of
current that can pass through the transistor and the drain voltage dictates the amount of cur-
rent supplied to flow through the transistor[33]. This step is crucial because the selected bias-
ing impacts the input and output impedance, necessitating the design of different matching
networks.

4.2.1 Gate Bias

In order to choose the biasing, we run a Direct Current (DC) sweep for the two volt-
ages. Below we can see the schematic of the circuit that was simulated. It is composed of our
transistor, two DC sources and two ammeters to measure the current flowing from gate and
drain to the source. To present our results we use a template that was created by ADS[34]:

@ DisplayTemplate
disptemp1
"FET_curve_tracer”
Probe |

Vdc=VdV - <D 5] VAR
M VAR1
== Vd=1.0
Probe - Vg=1.0
e = [ sText ) )
SRC2 541 AMP ART35FE Y04 _Prol "—:L
Vde=VgV LDMNA Is

Figure 4.5: Circuit topology simulated on ADS for DC curves

Firstly, we plot the graph of drain current with gate voltage so as to find when the transistor
starts to conduct. As we can see the conduction starts at Gate voltage of 2 Volts:

plot( Id, Vgate )

[ £ 2]

Id.i

8]

o

1 2 3 4 5 6
Vg

Figure 4.6: Drain current as a function of Gate voltage
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The reason why we care about VGS is because the transconductance of the MOSFET in satu-
ration is dependent on this voltage by these equations/32/, [35], [36]:

9m

_ ol
Vg

9m

(sat)

_ aID(sai:) _ Wty Cox

L

(Vas = Ven)

(4.1)

To understand the qualitative behavior of transconductance we define it as shown below and

we run a simulation to analyze the behavior based on gate and drain voltage:

I
DS
Im = (4.2)
Ves
IDS = current of drain-source
VGS= voltage of gate-source
m4
VDS=70.000
Gm:26:13E4
AC Transconductance versus VDS[YGS=2.500 AC Trisscondisiaios wirtiis VoS
0.00035 = g didodisod _
0.00030 {, 1’;,?*-‘«-‘- ———— W S| v
QL0025 i % 0.00020-
§ oo - i< 0.00015-
154 - T |
i . - 0.00010
0.00010~ Lt | e i 0.00005
0.00005- M~ v )
it ——— Vjse20 0.00000 -+ rrrrr e
L T R A TR AR R AR
0 20 40 60 80 100 120 140 g 8 8 8 8 8 8

VDS

Figure 4.7: AC Transconductance a function of Drain-Source and Gate-Source Voltage

As we can see Gm is not dependent of the drain-source voltage in saturation but is greatly
dependent on gate-source voltage. It increases similarly to the drain current but at a value
close to 2.9 Volts it hits a maximum and then decreases, as expected since the current is sta-
ble but the voltage increases. The reason we do a qualitative analysis of Gm is that this model
is not accurately describing what is happening in the real circuit, since it does not take into
consideration the Volterra-Series and the non-linearities that occur in high power operation,
but it is enough to help us choose the biasing and class of operation of the amplifier.

So, it was decided to use a gate bias of 2.5 Volts.
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4.2.2 Drain Bias

Next step is to determine the drain voltage that we will use. The drain current is also
dependent on the effect of channel-length modulation as shown below[32], [35], [36]:

1

w
Ip = E/"ncoxf (Vgs — Vey)2(1 + AVps) (2.72)

In order to choose the correct bias point, we need to understand the load line plot of the tran-
sistor, which is given on the next page:

m1
indep(m1)=18.000 m2

plot_vs(Id.i, Vd)=4.078|  [indep(m2)=70.000
Vg=4.700 plot_vs(Id.i, Vd)=0.397
Max Vg=2.500

=

1di
("]

LS_LL

r

Figure 4.8: Drain current as a function of Drain-Source voltage and the load-line selected

The load line plot of a transistor is a superposition of two graphs, the drain current-voltage
plot and the plot of current-voltage for standard load[36]. The first one is seen above with
red. The load-line plot is showing how current and voltage change for standard value of load,
exactly as we intend to design the amplifier. Below we can see using a simple DC sweep the
load line of a load of 20 Ohms:

05
fas |DC -
3 © s "3
2 03
SweepVar="I" i-*i . g ]
Start=0 2 ]
Stop=500 I.DC | _Probe % 02
P= SRC1 | ood RLoad 2 0%

A lde=l mA — R=20 Ohm a 9 Slope= -1/RLoad
@ VAR o]
VAR1 ]

0§ 4 a1

Figure 4.9: Circuit simulated for steady load and current-voltage plot
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To better understand Figure 4.9, we need to have in mind the parameters given on the table
below:

Parameter Value
Gate voltage 2.5 Volt
Desired Input Power 1 mWatt
Impedance of transmission line 50 Ohm
Desired Input Voltage 2.23 Volt
Drain Voltage 70 Volt
Maximum Gate voltage 4.73 Volt

Table 6. Voltage values calculation

The first design choice was the GS voltage, as we analyzed previously. Now to
choose the drain voltage we need to understand how current and voltage will behave with the
input power we want to feed to the amplifier. From chapter 3, the input power is 1 mWatt de-
livered from a 50 Ohm transmission line which translates to 2.23 Volts value of voltage[10].
Subsequently, the maximum voltage that the gate will operate on is 4.73 volts, the value we
chose on figure 2.14. We place the marker on the voltage knee/ maximum current position to
limit the oscillation of the current. Since we know the desired output power, 50 Watts, we can
calculate again the voltage for this power, 50 Volts on 50 Ohm transmission line. So, we
must limit the x-axis to value big enough to with handle the maximum output voltage, 120
Volts. We limit it to a value of 125 Volts. Now the load line can be plotted on the ID-VD
graph. Knowing that drain current increases with drain voltage, the bigger the voltage the
more power the amplifier can deliver. The maximum drain voltage based on the datasheet is
65V. We will also try to push this limit and utilize the ruggedness of the transistor by testing
the amplifier at 70 Volts. For these drain voltages, we have different load line graphs as
shown below:

mi
indep(m 1)=18.000 _ | m2
6I01 vs(id.i, Vd)=4.078| indep(m2)=70.000
9=3.700 plot_ws(ld.i, Vd)=0.397 o N .
Max \.r‘gz’z 500 ideal Voltage, Current, and Pdissipation

LS_LL

140 O DO O0OD OO D O D = = = = = = = = = = &
O = M WEBRD -DOO =N ABRE D e O

tpi

Pout_Max n_max Rl Conduction_Angle

47 24 5388 2550 196 98
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mi
indep(m1)=18.000 m2

lot . Vd)=4.078 indep(m2)=65.000
Bomaz00 ) 078 Clot velid i, Vd)=0.392
Max

Vg='2 500 Keal Voltage, Current, and Pdssipation

100
80

60

LS_LL

dio"jeopy

40

Pout_Max n_max RL Conduction Angle
4680 52 90 2305 195.00

Figure 4.10: I-V curves, load-lines and voltage, current and power waveforms for different
load values with tables of output power, efficiency, load and conduction angle

We notice on the top graph, where the quiescent point is at 70 volts, we have higher

output power, better efficiency but larger conduction angle and thus more thermal dissipation.
We also notice how the load line changes value as the slope of the 65 volts is steeper, as ex-
plained in load line graph. With this analysis, we can decide to use 70 Volts as the drain bias.
With this bias, the amplifier works as class AB, combining high output power with high effi-
ciency. We know that the transistor is class AB because of the conduction angle and of how
the waveform behaves.
For the positive part of the input waveform and for a very small part of the negative part, we
can see that the amplifier conducts and thus, delivers power. For the remaining waveform the
gate voltage is smaller than the threshold, so the transistor stops conducting. We can see the
conduction angle over one period on the graph below:

Ideal Voltage, Current, and Pdissipation
_. 140 45

120 —

100—

80—

Pdiss
Videal
dija"eapl

60—

40

20—
1

L R USRS SURSURSURSUR IR T
00 01 02 03 04 0506 07 08 09 10 11 12 1.3 14 15 16 1.7 1.8 1.9 2.0

0.0

t/pi

Figure 4.11: Voltage, current and power waveforms for optimal load
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The red line is ideal drain voltage, the blue is ideal drain current and the pink one is power
dissipated. As we can see, we only lose power when current flows through the device.

So, to summarize this chapter we have:

Parameter Value
Gate voltage 2.5 Volt
Drain Voltage 70 Volt
Conduction angle 196.98°
Class of operation AB
Efficiency 53.88%
Output power in dBm 47.24 dBm
Output power in Watts 52.97 Watts

Table 7: Summary of DC simulations

With these parameters in mind, we utilize an online tool given by Ampleon that provides in-

formation for mean time of failure of the transistor and junction temperature based on the op-
erational conditions[37]. The results are:

Parameter Value
Inputs of tool
Drain Voltage 70 Volt
Drain current 1A
Input power 0.1
Output power (limited by the tool) 49
Outputs of tool
Mean Time of Failure 18.100 years
Maximum Junction Temperature 99.41 °C
Thermal resistance 0.92

Table 8: Operational conditions for transistor failure

It is clear that the transistor can withstand the stress we put it through because it has a very

long mean time of failure provided that we dissipate the heat with a cooling system so that it
does not reach the limit.
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4.3 Bias networks and Behavior of real components

Now that we have chosen the bias voltages of the transistor, we need to determine
how we are going to provides this power to the transistor. We are going to discuss the im-
portance of decoupling and coupling capacitors, of RF choke inductors or resistors and how
to choose real components to fulfill these needs. As expected, the behavior of real compo-
nents is not ideal. Therefore, we need to search the market and specifically the datasheet of
every component in order to gather all the information needed to make the right choice.

4.3.1 Bias networks topology

In the previous chapter it was analyzed how the DC voltages were chosen that will
power the transistor. The next step to complete the design is to decide the circuit topology
that will enable this[38]. The general idea is shown below from a schematic we designed on
ADS:

V. DC
- SRC1
— Vdc=70V
= +
voe by
- SRC2 c
— Vdc=25V ca
+ ) :
= t
. ||| | ¢ En C [?ecouplmg Cgpam o.r
| [N L1
e L=RFChoke
c5 R R=
C=Decoupling Capacitor . > R1 °
g R=RFChoke
vy |y
v 21
C
VGS | c11

AN
71 1

TermG € Text {1 TemG
TermG3 - C1 S Tem G2
Num=1 - C=Coupling/ DC Blocking AMP_ART35FE_V0pO1 Num=2
7=50 Ohm LDMN2 7=50 Ohm

Figure 4.12: Circuit topology of Bias networks on ADS

We can see the DC sources that are going to bias our amplifier. The first components
we notice close to the sources are the decoupling or bypass capacitors. Their purpose is to
behave like a block for DC currents and as a zero capacitor for AC currents and directly
guide them towards ground, in order to protect the circuit from ripple, sparks or any interfer-
ence coming from an AC source[39]. The capacitor stabilizes voltage fluctuations, preventing
biasing instability. The term zero capacitor indicates that at the specified operating frequency
the impedance of said capacitor approaches zero[39]. It can also be used to protect the power
supply from receiving RF power that flows through the amplifier. This can create several
problems like: overheating of power supply components, power being reflected back to the
transistor producing current spikes that may stress components beyond qualified limits of op-
eration and power being radiated to the other ports of the device.

As we notice on the picture above, there is another use for zero capacitors, to couple
the amplifier input and output with the rest of the system. Their purpose is to allow all the RF
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power to flow freely by presenting zero impedance at the given frequency and to block all the
DC power from flowing to any path but to the transistor.

The last component to be discussed in the biasing topology is the RF choke inductor.
As indicated by its name, the purpose of this inductor is to “choke” or block the RF power
from flowing to the power supply but to allow all the DC power to flow with no resistance.
This component is crucial, especially on the output stage, since it is directing the power to the
output and it changes the total impedance the transistor sees. We also notice that on the input
RF choke we have used a resistor. This can be done since the current flowing from gate to
source is ideally zero since there is no path to the ground. For that reason, we can use a resis-
tor with high impedance, which is easier to find than a high impedance inductor, to block the
RF power from flowing to the power supply. Another benefit of using a resistor is that it can
be used in a wide-band design since its response is not dependent on the frequency of opera-
tion.

4.3.2 Behavior of real components

Now that we've analyzed the bias topology, it's time to select the actual components
that will meet our requirements. In this chapter, we will explore the behavior of both ideal
and real capacitors and inductors.

The impedance of the ideal capacitor and its dependence on frequency are:

1 1Z|=l/aC
Z = ]a)_C (4.3) s

In real capacitors, however, due to the geometry of T
the capacitor, which is comprised of dielectric Figure 4. 13: Ideal capacitor
plates and electrodes, there is some equivalent se- Frequency-Impedance dependency
ries resistance (ESR) and some equivalent series
inductance (ESL) [40]. Also, there is some field Self-resonant frequency
leakage between the plates that can be modelled as _ Capesties eglon S — lnducie 1o
a parallel resistance to the coupling. Its frequency |2|=lwC

response and circuit model are given below:

|Z|/ESR[0]
Q‘;. L

ESR C ESL
o—m—o—' I——ofmo Diglectric loss
A
IR Frequancy [Hz]
Figure 4.15: Real capacitor Figure 4.14:Real capacitor Frequency-
circuit equivalent model Impedance dependency

We notice that for smaller frequencies the model behaves like a capacitor until it reaches a
self-resonant frequency and then it behaves like an inductor because the ESL becomes domi-
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nant in the model. This happens because in higher frequencies the length of the dielectric
plates becomes significant and thus it starts to behave like an inductor. It is important to
choose a component that can deliver the impedance we need while behaving as a capacitor.

It is known that the impedance of the ideal capacitor and its dependence on frequency is:

600 i
o Z =jwL (4.4)
E 400
g 300
‘gm In real inductors, however, there is some equiva-
i lent series and parallel resistance (ESR), (EPR)
0 - . . . . . and equivalent parallel capacitance (EPC)[40].
’ T Capacitance occurs because the edges of the in-

ductor can act as dielectric plates and the coil’s
conductive part creates the distance between the
plates and thus a self-resonant frequency occurs:

Figure 4.16: Ideal Inductor Frequen-
cy-Impedance dependency

SESR
1.1 Log 12|
L =I.-IJ’::§ Inductive Ff!e;soﬁ::ge -
model I | . : ¢ C"p"j_t've
E | =
Figure 4. 18: Ideal Inductor circuit equiv- Figure 4. 17:Real capacitor Frequency-
alent Impedance dependency

We notice that for smaller frequencies the model behaves like an inductor until it reaches a
self-resonant frequency and then it behaves like a capacitor because the EPC becomes domi-
nant in the model.

A very important parameter we take into consideration when choosing a component is
the quality factor Q. The Q factor is a parameter that shows us how efficiently the component
uses the power we supply to it. It is given by the following equations[40]:

Xc _ 1 __ X _ 2nfL
R.  woCR QL= R, _ R
c 0 C L L

Qc =

(4.5)

It is defined as the quotient of the imaginary impedance of the component divided by the re-
sistive impedance it presents. By this definition we understand how much is the imaginary
impedance that the component can deliver at a certain consumption of power because of im-
perfections in the real model. Now, with all these parameters in mind we proceed to choose
the real components.
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4.3.3 Decoupling

The first component we need to choose is the capacitor that is going to protect against
ripple or sparks coming from the power supply. In order to do that we need to choose a ca-
pacitor with big capacitance to cover our needs. For that reason, we chose this capacitor:

Parameter Value
Nominal capacitance 47 uF
Rated voltage 100 Volt DC
Tolerance 20%
Dielectric material Ceramic
Figure 4.19: Picture of Bias Mounting technology Surface-Mount
capacitor Size 5750
CAA573X7S24476M640LH Self-resonant frequency 2 MHz
Manufacturer TDK Corporation
Unit price 9.47 €

Table 9: Specifications of CAA573X7524476M640LH

Data from component datasheet

This is a ceramic capacitor rated to operate under 100 Volt DC power manufactured by TDK.
The technology used for mounting is Surface-Mount, a selection that will be analyzed in the
layout chapter. Tolerance in electronic components is a variation that indicates how much the
actual value of a component can differ from its nominal value due to manufacturing imper-
fections. So, in our case this capacitor has a range of values between 37.6-56.4 pF. In order to
specify the self-resonant frequency of this capacitor we simulated it on ADS. We run a fre-
quency sweep with the model that the manufacturer provided us with the following results:

v o2 004 MHz
_AC TDK_CAAS573X7S dB(V)=33.016
SRC2 l o Min
lac=polar(1,0) mA PartNo CAAS573X7S2A476M640LH ]
Freq=F 0]
TDK ]

Netllst Include =

TDK_Netlist_Include ]
TDK_Netlistinclude 0]

Figure 4.20: Circuit simulated and frequency re-
sponse of CAA573X7S2A476M640LH

freq, MHz

As we can see, the capacitor in our frequency behaves like an inductor since it is past its self-
resonant frequency. In order to counterbalance this, we need to use many zero-capacitors to
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change the frequency response of the decoupling block and make a zero-impedance path to
the ground for our frequency. In order to do that we chose this capacitor:

Parameter Value
Nominal capacitance 120 pF
Rated voltage 100 Volt DC
Tolerance 5%
Dielectric material Ceramic
Figure 4.21: Picture of Mounting technology Surface-Mount
bias capacitor Size 0603
GRM1885C24121J401 Self-resonant frequency 581 MHz
Manufacturer Murata
Unit price 0.15€

Table 10: Specifications of GRM1885C2A121JA01

This is a ceramic capacitor rated to operate under 100 Volt DC power manufactured by Mu-
rata. Tolerance in electronic components is a variation that indicates how much the actual
value of a component can differ from its nominal value due to manufacturing imperfections.
So, in our case this capacitor has a range of values between 114-126 pF. In order to specify
the self-resonant frequency of this capacitor we simulated it on ADS. Similarly:

VARY o S . m1
F=352¢6 freq=581.2 MHz

dB(V)=75280
2 SRC‘W .
pola 10)mA
Freq F

Min
L . [
Jt=|| NETLIST INCLUDE . . 00
- - o 8 00 01 02 03 04 08 07 08 09 10
m alib \‘l.é . . . .

P rw mber=GRM1885C2A121JA01 _

- IIF-—|(—-—

Figure 4.22: Circuit simulated and frequency response of
GRM1885C24121J401
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We notice that in our frequency the capacitor behaves like a zero capacitor. So, in total:

VAR o
\;:;{51236 fr =360.7 MHz

dB(V)=46.160
I’AC
SRC1
lac=polar(1,0) mA.
Freq=F

Far‘Nc CAAST3IX7S2A476MB40LH =

dB
|

I

Tl i S J/ 7

mi

= I TDK N

SP=|| NETLIST INCLUDE NemsllncludEI W77 T T T T T T
muRa sWeb C Includi 00 0. 02 02 04 05 06 07 08 09
muRatalLli eb_C_Include

muRata TDK N lI lI \ d freq, GHz

Figure 4.23: Circuit simulated and frequency response of 2 Bias capacitors

We notice from this diagram how the two self-resonant frequencies combine and form areas
of capacitive and inductive behavior. At the operational frequency we notice a very good ca-

pacitive performance. To further improve this behavior, we add another capacitor with these
specifications:

Parameter Value
Nominal capacitance 330 pF
Rated voltage 100 Volt DC
Tolerance 5%
Dielectric material Ceramic
Mounting technology Surface-Mount
Size 0603
Figure 4.24: Picture of Bias capacitor | Self-resonant frequency 360 MHz
GRM1885C2A4331J401 Manufacturer Murata
Unit price 0.15€

Table 11: Specifications of GRM1885C2A331J401

The frequency response of this capacitor on ADS:

m1
il
y =785.

| AC T GRM18 o]

SRC1 c9 : : =
(*) lac=polar(1,0) mA =~ PartNumber=GRM1885C2A331JAD1 g 3

Freq=F .
s e 0 mi

Figure 4.25: Circuit simulated and frequency response of GRM1885C2A331JA01
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We notice that the self-resonant frequency is very close to the operational frequency. This

capacitor presents almost zero impedance to the system. So, in total:

|

SRCH cs
lac=polar(1,0) mA
Freq=F

. cr
PartNumber=GRM1885C2A121JA01 PartNo:CAAS?BXTSZAMEME‘tDLFI

I ——

—

PartNumber=GRM1885C2A331JA01

Figure 4.26: Circuit simulated of Bias capacitors

mi
freq=360.7 MHz
dB(V)=78.847

mi

freq, GHz

We clearly see the three resonant frequencies in
superposition, marking regions of capacitive and
"] inductive behavior. In our frequency the decou-
= o pling block behaves like a zero capacitor whilst
providing the benefits of having a charged capaci-
tor that can equilibrate the power provided to the
transistor[39]. As we previously mentioned, the

mounting technology and the positioning of the

Figure 4.27: Frequency response of
Bias network

4.3.4 RF Choke

components will be analyzed in the layout chapter.

The first component we need to choose is the RF choke that is going to drive all the
input power towards the transistor. The component we chose for this use is this resistor:

Parameter Value
Nominal resistance 5.100 Q
Maximum voltage 200 Volt DC
Tolerance 5%
Dielectric material Ceramic

Mounting technology Surface-Mount
Figure 4.28: Picture of Size : 1206
resistor Power handling 0.25W
RMCF1206JTSK10 Manufacturer Stackpole Electronics
Unit price 0.1€

Table 12: Specifications of RMCF1206JT5K10
Data from component datasheet
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This is a thick film resistor rated to operate under 200 Volt DC power manufactured
by Stackpole Electronics. It can with handle power up to 0.25 W. Since our goal is to feed the
amplifier with 0.1 W, we leave margin to operate safely. This resistor’s due to tolerance has a
range of values between 4.845-5,355 Q. The size coding of this resistor is 1206 which de-
notes dimensions of 3x1,5 mm. Size in RF parts is critical because there is a trade-off be-
tween power handling and signal integrity. In this case, power is the deciding factor.

The next component we need to choose is the RF choke on the output block. This in-
ductor is very critical since it needs to allow all the DC power to flow with no consumption
while in parallel blocking all the RF power directed to the bias network, in order to direct it to
the output. The deciding factor in this decision are the current handling of the inductor, be-
cause as we analyzed on chapter 2 the RF current the transistor needs to handle is several
Amperes, the impedance it can present at the operational frequency and the Q factor. Based
on these variables we decided to choose this component:

Parameter Value
Nominal inductance 220 nH

Maximum Irms 55A

Tolerance 2.5%

Typical Q factor 140
; o Mounting technology Surface-Mount
N S Power handling 0.25W
Manufacturer Stackpole Electronics
Unit price 1.23 €

Figure 4.29: Picture of RF
choke coil 222250-221 E
Table 13: Specifications of 2222SQ-221 E

This is an air core inductor, its core has no magnetic material, that is using the self-
inductance of a wire coil to store energy in a magnetic field. Due to this geometry the coil has
a very good quality factor. The nominal impedance it presents is 220 nH or 486.6 Q at our
frequency, making it a good block for RF power since typical impedance values at that point
of the circuit is 20-50 Q. The Root Mean Square (RMS) current it can handle is 5.5 A,
providing us enough margin to operate. To better understand how this coil behaves we run an
S-parameter simulation on ADS to analyze Z11 parameter behavior of the inductor. Below is
given the simulated circuit and a graph that shows the dependence of the imaginary part of
Z11 divided by ® and frequency, which is nothing more than the inductance:
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Figure 4.30: Circuit model simulated and Z11-frequency graph

We set up the simulation based on the data from the component’s datasheet and we
analyzed the behavior. As we can see, the inductance we get based on this model is 219 nH.

The qualitative behavior of this component can also be understood from the graphs of the
datasheet given below:

Typical Q vs Frequency Typical L vs Frequency
350 1000 | |
[ T — y
300 47,68, 82 nH | 500 nH -
1
% * 300 nH ¥ 1 1J
= A = | W
/ 90, 180 z 1s|n n—|| - ;
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n"'/ o
il
0 10
1 10 100 1000 1 10 100 1000
Frequency (MHz)

Frequency (MHz)

Figure 4. 31: Quality factor and Inductance as a function of frequency for the RF choke coil
22228Q-221 E[41]

In these graphs we can see the dependence of Q factor and inductance based on frequency on
a logarithmic scale for a series of inductors. Manufacturing companies produce many similar
components with small differences, usually only the impedance, to offer a variety of solu-
tions. Our components behavior would be an average between 160nH series and 300 nH.
Both series have a self-resonant frequency higher than the operational frequency. But, the
more we move closer to the SRF, the more the impedance increases. So, to control that devia-

tion, we order 3 different components with inductance values of 160, 180, 220 nH. Later, in
the RF lab we will choose the optimal.
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4.3.5 Coupling

The last component to discuss in this topology is the coupling capacitor. As we previ-
ously discussed, coupling and decoupling capacitors serve the same purpose of behaving like
a zero capacitor. But there is one important difference, the coupling capacitor can alter the
impedance that the RF power feels while traversing the transmission line and thus present the
non-optimal impedance to the transistor. For that reason, the coupling capacitors will be cho-
sen and analyzed as a part of the matching networks in the layout chapter.

4.4 Load pull simulations

As analyzed in chapter two, power amplifier behavior is dependent on input power.
When the transistor enters saturation region, S-parameters can-not accurately describe the
phenomenon due to the generation of non-linearities[42]. To overcome this obstacle, we will
do load-pull simulations. Load-pull simulations is a tool used by RF engineers to test the best
set of input and output impedances to optimize the behavior of output power or gain. Load-
pull simulations help us determine the best impedance values for maximizing efficiency and
output power. By varying input and output impedances, we can visualize optimal points on a
Smith chart. To run a load-pull simulation, the device under testing is connected to the load-
pull tool of ADS and sweeps the values of input/output impedance and measures the perfor-
mance of the variables mentioned.

This way, we are able to design the power and gain contours on the smith chart and
finally choose the impedances we want to present to the transistor. Below we can see the
simulation set up and the results:

One Tone Load Pull Simulation;
output power and PAE found at
each fundamental or harmonic

Load_Pull_Instrument1_r1 load Load Pull Instrument 1 Bl (it T e
X1 - subcircuit to see or
V_Bias1=25V S_imag_num_pts=15 1-Tone modify bias network,
V_Bias2=70 V S_real_min=-0.85 ifnecessary.

= — - Source Load
RF_Freq=352 MHz S_real_max=05 (No DC) Biasi Bias? (No DT}
Pavs_dBm=20 S_real_num_pts=15 o @ [=H C
Z0=50+]"0 Z_Source_Fund=3.27+j"16.33
Specify_Load_Center_S=yes Z_Source_2nd=1000

Sweep_Rectangular_Region=yes
Swept_Harmonic: Num=1
S_Load_Baseband=0"exp(j*0"pi)
S_Load_Center_Fund=0.6"exp(j*0.85"pi)
S_Load_Center_2nd=1"exp(j*0*pi)
S_Load_Center_3rd=1"exp(j"0*pi)
S_Load_Radius=10
S_imag_min=0.1
S_imag_max=08

Note:

If the optimal load is near, for example, 5+j*10, you can make
this the center of the Smith Chart by setting Z0=54*10. In this

AMP_ART35FE_V0p01

case, you would want to set S_Load_Center_Fund=0 or —  LDMN1
{if Specify_Load: Center_S=no) Z_Load: Center_Fund=5+j*10. Text
Setling Sweep_Rectangular_Region=nao to specify sampling VAR
a circular region might be preferable in this case. Edn VAR -
cells=28

Figure 4.32: Circuit topology simulated for load-pull simulations
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At load that gives maximum power (and gain):

BiasCurrent_at_MaxPower

Zload_at_MaxPower

MaxPowerRho

1.205

0.647 / 135.895

12.399 +j19.178

PAE_at MaxPower

64.532

Z_In_at_MaxPower

3.274 -j16.333

Gain_at_MaxPower
27.367

Pdel_dBm_Max

47.367

PAE and Delivered Power Contours

real(PAE_contours_Z)
real(Power_contours, Z

Figure 4.33: Smith and cartesian chart of the power and power added efficiency contours

As we can see, we gather information regarding the gain, the output power, the power added
efficiency and the impedances that we are looking for. On the right, we see in cartesian form
the output power and power added efficiency. The real part of the complex impedance is on
the horizontal axis and the imaginary part on the vertical axis. We can also see the input and

output impedance we need to present to maximize output power.

4.5 Stability

A very important parameter when designing an RF amplifier is its stability, as ana-
lyzed in Chapter 2. Now that we designed the amplifier’s schematic, we can test the behavior

of the S parameters. Below we can see the topology designed[34]:

e

R1
R=51kOhm

1GS

C=5000000 pF

=)

2
=47 u

LDMN1

i

SRC2
= Vde=70V

1|—

Figure 4.34: Circuit topology simulated for small signal stability testing

To test the stability of the amplifier for this topology, we need to run two different simula-
tions, one for small signal analysis and one for large signal analysis. Small signal stability
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ensures the amplifier doesn’t oscillate at low power, while large signal stability prevents in-
stability at high power when nonlinearities dominate. As explained earlier, when the amplifi-
er reaches saturation the S-parameters can no longer describe the stability behavior of the de-
vice. For small signal analysis we simply run an s-parameter simulation for our frequency
and use a display template by ADS to plot the smith chart contours:

Available Gain Circles
& Source Stability Circle

/\\

Available Gain Circles
& Source Stability Circle

Stability
Factor, K

1.164 MaxGain
32.596

Source Stable Region
(inside or outside cirche)

-

inside

GAcicles
SourcesStabCircle

SourceStabCircle

cir_pts (0.000 to 51.000)
. cir_pts (0.000 to 51.000) indep[SourceBt;bCircle} (D.000 to 2001.000)
indep({SourcéStabCircle) (0.000 to 2001.000)

Figure 4.35: Smith chart with available gain and source stability circles

The results demonstrate unconditional stability, as indicated by the entire Smith chart
being encompassed by the stable region. Additionally, the calculated K-factor exceeds 1, con-
firming stability mathematically[10], [43].

Next, we run a large signal S-parameter simulation. This simulation controller runs a
harmonic balance simulation so that the amplifier operates in saturation and produces har-
monics. Then, the controller measures live S-parameters by the superposition of each har-
monic. Below we can see the simulated schematic and the results showing S-parameters be-

havior dependent on frequency:

LSSF
HB3 - -
Freq[1)=F = =T
Ordar[]=5 C C
LSSP_FreqAPori[il=F ~ * ° o o
. LSSP_FregAlPorZl=F ~ - - - - Tc:unpr TE:A?MF
ICI I()B ‘_L SRC2
C=4.TuF C=120pF = Vdc=T0V
7 -L=220 nH .
isucw Stab” [ R =
= Vdc=2.5V ability”
4 i
gﬁ:f)‘kohm
J 1 Probe CZ5000000 pF TermG?
2 ‘P‘E)R‘ﬂ“ . 5000000 pF _. P .o Z=12.4+"19.2 Ohm,
Z=3.3+{"16.3 Ohmi LDMNT- - - c
= P=polar({dbmtow(Pin},0) 1 P L
= Freq=F . 1 R L
Figure 4.36:Circuit topology simulated for large signal stability

testing
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Figure 4.37: S parameters magnitude in dBs of large signal simulation

For these set of values we calculate the Rollet's stability factor, K-factor, after converting S-
parameters values to linear and we have [10]:

_ 2_ 2 2
K = 1—]S11|%=1S22]|*+|4] — 1.38 |A| = 0.3484 (4_6)
2|521512]

Thus, satisfying K-A test, where K>1 and |A[|<1, for unconditional stability. For further in-
sight, we also compute the source and load stability factors:

Since both are greater than 1, the amplifier is unconditionally stable from both ports, reinforc-
ing the results obtained from the K-factor. In conclusion, the amplifier demonstrates stability
across the full range of input power levels.
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4.6 Summary

The development of the SSPA driver’s 1st stage schematic involves selecting an op-
timal transistor based on material and device characteristics, and conducting DC simulations
to fine-tune gate and drain biasing for maximum efficiency. The design also includes config-
uring bias networks and analyzing the behavior of real components, such as capacitors and
inductors, to ensure high-quality performance. Decoupling, RF choke, and coupling strategies
are incorporated to maintain signal integrity. Additionally, load-pull simulations and stability
analyses are performed to achieve robust and reliable operation of the amplifier. The sum-
mary of this chapter can be presented by the table below:

Parameter Value
Transistor ART35FEU
Gate Bias 25V
Drain Blas 70V
Decoupling capacitor CAAS73X7S2A476M640LH
Decoupling capacitor GRM1885C2A121JA01
Decoupling capacitor GRM1885C2A331JA01
RF choke resistor RMCF1206JT5K10
RF choke coil 222285Q-221 E
Impedance to present to input 3.3-j*16.3
Impedance to present to output 12.4+7*19.2
Stability Unconditional

Table 14: Summary of Bias networks
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Chapter 5: SSPA Driver’s 1st stage Layout Development

5 Introduction

In this chapter, we examine the amplifier layout design process in detail. The steps
followed to complete the design are: material choice, transmission line technology, matching
networks, heatsink design and simulation of layout on ADS.

5.1 Material choice

In this chapter, we delve into the crucial role of material selection in amplifier design.
The choice of materials impacts everything from thermal management and signal integrity to
overall efficiency and reliability of the amplifier. The material chosen for our application was
RO3210, a high frequency ceramic-filled laminate material manufactured by Rogers Corpo-
ration. We already have this material available at the ESS RF lab, where we are also utilizing
it for the production of the main amplifier. Below we can see the key properties that make
this material a viable choice:

Parameter Value
Dielectric constant, Process 10.2 £0.5
Dielectric constant, Design 10.8

Dissipation factor 0.0027
Thermal conductivity 0.81 W/m/K
Thermal coefficient of er -459 ppm/°C

Table 15: Specifications of RO3210 material

A high dielectric constant of 10.8 enables the design of compact circuits, which is essential
when designing systems for the gallery, where space is limited. We need to optimize the spa-
tial footprint of our application, as there are many systems that have to operate simultaneous-
ly. We will manufacture a total of 16 amplifiers for the driver’s first stage, making it crucial
to design them as compactly as possible. When selecting the Printed Circuit Board (PCB)
material based on the dielectric constant, it is essential to consider the thermal coefficient of
er. Our chosen material has a thermal coefficient of er of -459 ppm/°C, indicating that the
dielectric constant decreases by approximately 0.459% for each degree Celsius increase in
temperature. This variation can lead to challenges in the matching networks as temperature
rises. However, since our amplifier will operate in pulsed mode and we will incorporate cool-
ing systems to dissipate heat, we can ensure thermal stability in our design.

Thermal conductivity is another key factor in maintaining thermal stability. A conductivity of
0.91 W/m/K means the material can transfer 0.91 watts of heat per meter of thickness for
each degree Celsius of temperature difference. For the estimated 25 W of power that needs to
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be dissipated, this level of conductivity will help spread heat across the material, while the
cooling systems will manage overall heat dissipation. Lastly, this material stands out from the
norm due to its very low dissipation factor, which results in minimal energy loss. As previ-
ously mentioned, system efficiency is crucial, as one of the primary goals of designing the
SSPA system is to replace the tetrode amplifiers and improve efficiency.

5.2 Transmission lines

In this section, the way that the components will be connected is examined, in order to
create a functional circuit at the layout level. Specifically, we will analyze the PCB transmis-
sion line design and dimensions, transistor placement on the PCB and connector integration.

5.2.1 Trasmissioin line technology

Now that we have chosen the PCB material we need to find the optimal transmission
line technology for our application. There are three options when designing a PCB: mi-
crostrip, stripline and coplanar waveguide. The respective geometries are shown below:

— = —— EEEESSSSS——

Microstrip Coplanar waveguide

Stripline

Figure 5.1: Transmission line technologies of PCBs

A microstrip is a type of transmission line in which a conductive trace runs on one
side of a dielectric substrate, with a ground plane on the opposite side. The signal travels
along the conductive trace, and the ground plane acts as the return path[11]. A coplanar
waveguide consists of a central conductive trace on a dielectric substrate, flanked by two par-
allel ground planes on the same side as the signal trace, a ground plane on the opposite side
of the substrate, directly beneath the signal trace and vias connecting the ground planes[11].
A stripline is a transmission line where the conductive trace is sandwiched between two par-
allel ground planes, fully embedded within the dielectric substrate. This structure fully en-
closes the electromagnetic fields in the dielectric, resulting in a true transverse electro-
magnetic mode of propagation[11].

For our amplifier we chose a combination of microstrip and coplanar waveguide. The
key features behind this choice are: structure, impedance control, thermal management, ease
of fabrication. The open structure of the microstrip line simplifies the process of connecting
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components, adjusting their positions, and manufacturing the circuit. With only two layers on
our PCB, we can utilize the drilling machine available in the RF lab to efficiently produce our
boards. This approach contrasts with the more complex process required to create a stripline
board.

While stripline technology provides certain advantages, many of these can be
achieved with microstrip technology through careful design choices. To enhance our imped-
ance matching options, we will use coplanar waveguide technology, which allows for greater
flexibility in component placement, optimizing matching and overall circuit performance.
Finally, stripline’s dual ground planes offer superior heat dissipation with an additional return
path for current. To boost our amplifier's thermal performance, we will implement dedicated
cooling systems, as discussed earlier.

5.2.2 Dimensions of Microstrip and Current Handling

Based on the dimensions of the microstrip transmission line and coplanar waveguide
the characteristic impedance and the current handling capacity differ[44]. To understand how
they behave, we need to understand the equations describing the geometry:

I I
<—— b1
|

| < g =

| |
S

€

£

Figure 5.2: Dimensioning of microstrip and coplanar waveguide

The characteristic impedance of the transmission lines is determined using the equations pro-
vided in chapter 2. For the coplanar waveguide that guides RF power to the amplifier's input
and from the amplifier's output to the output connector, it is essential to maintain a character-
istic impedance of 50 ohms to ensure minimal signal loss. The required dimensions to
achieve this are as follows:

Parameter Value
Trace width, a 1.084 mm
Trace thickness, t 0.035 mm
Dielectric thickness, h 1.27 mm
Trace width with gaps, b 3.184 mm
Gap 1.55 mm

Table 16: Dimensions of the microstrip traces and coplanar waveguides
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For the current handling of these lines, we will use the microstrip’s formula. A copla-
nar waveguide has a better current-handling capacity than a microstrip with the same dimen-
sions. This is mainly due to its geometry and current distribution.

In a coplanar waveguide, the signal trace is surrounded by ground planes on the same
layer, offering several advantages regarding our issue. Heat dissipation improves because the
adjacent ground planes provide an additional return path for current, which reduces current
density and minimizes heat buildup. Additionally, the larger surface area reduces the impact
of the skin effect, thereby minimizing resistive losses. By calculating the maximum current of
a microstrip with the same dimensions to the coplanar waveguide, it is certain our design will
be able to handle that power. For these dimensions the maximum current is 2.5 A.

Our design on the output, where power is at its peak, needs to deliver 50 W of power at 50
Ohms impedance, which translates to 1 A. These dimensions can safely deliver the power to
the output connector.

Another critical point in our circuit requiring careful attention regarding current-
handling capacity is the connection between the transistor output and the RF choke coil.
Based on our estimations made while selecting the amplifier's quiescent point, the maximum
current at this juncture reaches approximately 4.1 A. To safely manage this current, the mi-
crostrip line must be at least 2.2 mm wide.

5.2.3 Transistor placement

A key consideration in designing the microstrip transmission lines is how to connect
the transistor on the layout. The transistor, as well as the components, is surface mount. we
need to accurately measure the pad dimensions for the gate and drain leads, as well as the
body of the transistor. The mechanical design from the component datasheet, shown on the
right, provides these critical dimensions. The trace width and length should be at least 6x6
mm to ensure optimal contact with the transistor and maximize power transfer. In the follow-
ing chapters, we will explore how using larger dimensions can also aid in achieving imped-
ance matching.

The transistor body is indicated by units U1 and U2. To properly fit the transistor onto
the PCB, we will create a 6.1x25 mm cutout, centered precisely on the transistor’s midpoint.
The transistor’s connection on the layout faces an issue: the pads experience mechanical
stress at the edge adjoining the body, causing upward stress and torque that lifts them away
from the transmission line. To address this, we have two options. The first is to directly sol-
der the transistor to the layout, ensuring optimal contact. The second is to utilize the RF lab's
3D printer to create Polylactic Acid (PLA) blocks that apply consistent pressure to stabilize
the pads against the microstrip trace. Below, the amplifier geometry, including microstrip
traces for connection, the cutout for the transistor, screw holes for securing the PLA blocks,
and additional microstrip traces for block alignment are shown:
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Figure 5.3: Mechanical design of the transistor

Figure 5. 5: Transistor

placement on Altium Designer

Figure 5. 4: PLA blocks picture

The added traces on the input and output are 1.084mm and 2.5mm respectively. By using the
PLA blocks, we can test the same transistor on a different PCBs, making it simpler to com-
pare their performance. The transistor is the most expensive component and should be spe-
cially handled to avoid overspending in the manufacturing, testing and redesigning process.

99



5.2.4 Connectors

In RF systems the devices are connected using coaxial cables. In order to be able to
transfer the RF power from the microstrip transmission line we need an N-type connector.
These connectors on the one side are soldered on the trace and on the other side have a fe-
male socket of 500hms characteristic impedance. Below we can see the mechanical designs
of the component:

#3.40 [2.134](4%)

5/8-24UNEF-2A

.258 [.010] thick
X 1.65 wide

B
Lo
/
D

25.40 [1.001]

fan
NP
A
U

18.50 [.729] 2.54 [.100] 18.30 [721]——

L 2o {‘529]4-1 ——————25.40 [1.001]——

Figure 5.6: N-type connectors mechanical design

The key dimensions are the width and length of the pad to be soldered, which measure
1.65x2.54 mm, as illustrated in the left image. Equally important is the precise position of the
holes used to secure the connector directly to the heatsink, ensuring mechanical stability, as
shown in the image on the right.

5.3 Matching networks

The only step left to complete the layout of our amplifier is to design the matching net-
works. Based on the maximum power transfer theorem, we need to present to the input and
output of the transistor the conjugate impedance of each port that was calculated with the
load-pull simulations[42] . The optimal input and output impedance are respectively 3.3-
7*16.3 and 14.8-j*21.2. We chose these sets of values based on the delivered power contours
presented on the previous chapter. For every matching network, firstly we design the pads
that will connect the transistor to the PCB, compute the impedance transformation caused by
the microstrip traces and design network to match the impedance computed to 50 Ohms. In
this chapter we will present the process of designing the matching networks and all the itera-
tions that were designed.
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5.3.1 1%t iteration

As previously mentioned, the initial step involves designing the transistor pads and
calculating the impedance transformation. For the first iteration, we created two 6x6 mm pads
for the gate and drain terminals, matching the transistor’s dimensions. Following this, we
added a microstrip trace to accommodate the PLA blocks, a T-junction, the transmission line
connecting the transistor to the RF choke components and the DC bias, and the matching
networks. In this iteration, we assumed that the transistor simulation model started at the edg-
es of the component. However, in reality, the model begins 0.7 mm from the component edg-
es, as shown below. This was confirmed after contacting the Manufacturer regarding this is-
sue.

1%t iteration simulation

Transistor ADS model

Figure 5. 7: Included distance in the
transistor model
This resulted to an amplifier operating at the correct frequency, providing the power we need,

but only for the simulation model. Below we can see the topology simulated and the layout
designed on ADS on Gerber format for the copper layer:

wa
&= WART
Pin=20

= MLN MTEE_ADS c R
e METER. o

1 7 Teel 3 = L
Suke WS sy SWbSEMSET Subs=MSUbT  Cngpr  RDACKT gy
Wb WeZamm  Wi=24mm

(B P P ) W2=24 mm

Mum=1  L=24mm

()
L} T I
[ L mN G 5 WTEE_ADS
nr LsrH T G Tee2
F_iTone Subst=MSubT RO SubstMSulISiTépF  R=010Mm  su u
FORT1 We1 084 mm V=104

230 onm
F=polaridbonin)0) AMP_ARTSSFE_VIp0
- Freq=352 Mz LOMN1

Figure 5.8: Total amplifier circuit simulated

101



Figure 5.9: Coppel layer design on Altium Designer

Here we can see the ground planes added so that the transmission line is coplanar
waveguide. We can also see where the cable to provide the DC voltage will be soldered (top
left and right corner) and how this power is provided to the transistor. The components used
for the matching networks are two in series capacitors to decouple the amplifier from the in-
put and output and block DC power and two parallel coils to complete the topology[39]. The
components used are displayed on the side:

130 pF #2% 250V 51 pF +1% 250V

6nH +2% 3A GQM2195C2E131GB12D GQM1875C2E510FB12 12.1nH 2% 4.4A

2 N

\ -
0908SQ-12N

0806SQ-6NO

Figure 5.10: List of components of matching networks of iteration #I

with manufacturer reference and impedance
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5.3.2 2" jteration

On the second iteration the behavior of the transistor was well understood. Consequently,
the topology was redesigned with dimensions as seen below:

Transistor

Figure 5.11: Dimensions of microstrip traces connecting
the transistor to the copper layer and the rest of the circuit

This new layout was then simulated on ADS to compute the impedance that we needed to
present at the edge of the microstrip trace. To perform this simulation, we used the microstrip
trace models from ADS and defined all their dimensions and the parameter values of the PCB
material, a discontinuity model for sudden width changes, a T-junction to connect the bias
network and run a S-parameter simulation[34], [39].

Input 3.3-*16.3 > 2.5-j%6.6
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Figure 5. 12: Circuit simulated on ADS to calculate input impedance
transformation from transistor pad
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Figure 5.13: S-parameters of input transistor pad magnitude
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Figure 5.14: Circuit simulated on ADS to calculate output impedance
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Figure 5.15: S-parameters of output transistor pad magnitude

in dB as a function of frequency

Through these simulations, we calculated the required impedance at the endpoints of
the microstrip trace. We did not simulate the transmission line following the RF choke com-
ponents, as it has no impact on the amplifier's behavior. We qualify the performance of these
microstrip transmission lines by running an S-parameter simulation. The forward transmis-
sion parameter is almost perfect, which is logical since RF choke components are also present
in the circuit.

To complete the matching networks, we will use again a decoupling capacitor and a
coil in parallel. A critical parameter to take into consideration is the position that the coil will
be soldered, as the transmission line shifts the impedance as we move around the Smith chart.
Below we can see how we move on the Smith chart with point #1 being the impedance we
calculated and each point we proceed to is consequently the point after the capacitor, the
point after the microstrip trace and finally the matching point after the inductor.
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Input Output

Figure 5.16: Impedance transformations due to matching components on Smith chart

The circuit simulated on ADS to test the S-parameter behavior with the results for input and
output:
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Figure 5.17: Circuit simulation of input matching network
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Figure 5.19: Circuit simulation of output matching network
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Figure 5.20: Magnitude in dB of S-parameters of output matching network as a function of
frequency

We notice that the forward transmission coefficient is close to zero dB. The components used
and the designed layout are shown on the next page:

51 pF +1% 250V 51 pF 1% 250V

SnH +2% 4A  GQM1875C2E510FB12 GQM1875C2E510FB12  9nH +2% 4A

AD2T GLB 1508-9N0 GLC

Figure 5.21: List of components of matching networks of iteration #2 with manufacturer ref-
erence and impedance
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Figure 5. 22: Layout designed for iteration #2

5.3.3 3"d jteration

In the third iteration, while the simulation model of the matching network remained un-
changed, modifications were made to enhance the amplifier's performance. The microstrip
trace’s edges and corners were smoothed to reduce losses, and the two ground planes beneath
the transmission lines were connected. When microstrip lines have 90-degree bends, current
density increases at these points, leading to localized heating and RF power loss. Additional-
ly, connecting the ground planes resolved issues observed in the RF lab, where the S22 pa-
rameter showed instability. This problem was traced to ground loops caused by separate ref-
erence planes on the PCB’s top layer. The updated design is shown in the next below:

Figure 5.23: Layout designed for iteration #3

109



5.3.4 4t jteration

In the fourth iteration the matching network of the output was redesigned. The reason
behind this change is that the temperature of the decoupling capacitor was still very high,
even though the bends were softened. The problem was that the capacitor operating at that
point was small in size and could not handle that much power without its temperature to in-
crease. In order to handle this occurrence, we used a capacitor of 0.1 uF that was larger and
distributed the power evenly across its body. Then, we used the transmission line as a match-
ing component and almost at the edge of the amplifier connected two capacitors in parallel to
complete the matching. Below we can see how we move on the Smith chart:

Below is your system, note impedance is looking towards the BLACK BOX
X oP3 X P4 X

Figure 5. 24.: Impedance transformation on Smith chart for iteration #4

The components that were used:

0.1 uF £10% 250V

34mm

- 5

10 pE +5% 250V

GC332QD72E104KX01L ? ?

GQM1875G2E100JB12D

Figure 5.25: List of components for output matching network of iteration #4 with capacitance
and manufacturer reference
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5.3.5 5t jteration

On the last iteration we did, we changed completely the output matching. We replaced
the previous one with one large pad that connects directly with the RF choke coil. The new
pad has a width of 8.75mm and length of 10.02mm. We add a small trace so that we can sol-
der the coil and use the same decoupling capacitor we iteration #4. Then, we use again the
microstrip for matching and place the same capacitors in parallel, but the distance of the
components this time is 35.5mm. With these changes we minimize the effects of the output
bias network. Below we can see how we move on the Smith Chart:

Below is your system, note impedance is looking towards the BLACK BOX
P3 23 X oP5. X

Figure 5.26: Impedance transformation on Smith chart for iteration #5

The layout designed:

Figure 5.27: Layout designed for iteration #5
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5.4 Heatsink design

In this chapter we will analyze all the factors that played a role while designing the
heatsink. As mentioned earlier, it is critical to develop a system to help dissipate the heat and
spread it evenly throughout the board. We designed a heatsink with many holes for M3
screws and dimensions of 60x106mm, as shown by the mechanical design below:
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Figure 5.28: Mechanical design of heatsink

In this model, various screws are used for specific purposes, including securing the tran-
sistor and PLA blocks, ensuring firm contact between the PCB and the heatsink, and attach-
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ing N-type connectors along the side. Here, the layout displays precisely drilled holes to ac-
commodate these components for iteration #3:

[

Cg .
Cc2

o 00 = 4 o o
Rl _

L ¢

s o L3
® ¢ ¢ ¢ o o ® o & o o o

Transistor

Figure 5.29: Layout designed on Altium with holes for heatsink connection

At the center of the heatsink, where the transistor is placed, a hole is carved so that the tran-
sistor can be placed to have perfect contact with the aluminum surface. It is important be-

cause the heatsink is also used as ground reference. Below is a picture of the designed prod-
uct, as manufactured by the ESS mechanical lab:

Figure 5.30: Picture of heatsink
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5.5 Simulation of layout

To finalize the design process, a comprehensive model of the amplifier is built in
ADS, incorporating every component and transmission line to accurately simulate its perfor-
mance. Realistic models, rather than idealized ones, are used for each component. These
models were sourced from manufacturer-provided libraries or created from spice models
when necessary. The resulting schematic for simulation is shown below fore iteration #2 and
#5:
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Figure 5.32: Circuit equivalent of layout #2 and #5 simulated on ADS
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The layouts that were designed in total:

C3

Cc2
® 00 =4

Rl

18
L1 c1

Transistor

Figure 5.33: Layout 1 in Altium Figure 5.34: Layout 2 in Altium

8 L3
[ ] o 0 o
Transistor

Figure 5.35:Layout 3 and 4 in Altium

Transistor Transistor

Figure 5.36:Layout 5 and 5.2 in Altium

In iterations 3 and 4, the layout remains the same, but the design uses a different decoupling
capacitor, and capacitors replace the inductor for matching. Similarly, iterations 5 and 5.2
share the same layout; however, in version 5.2, the top copper plane is grounded to enhance
the coplanar waveguide performance of that section.
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Iteration 2 received the most in-depth study, as it was the first design created and had to be
tested against numerous specifications. The primary parameter of interest was the amplifier's
output power, for which we obtained the following results:
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Figure 5.37: Simulation results of output power in dBm and W as a function of input power
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Figure 5.39: Simulation results of power dissipated and DC power offered as a
function of input power
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On figure 5.37 we notice that for 20dBm input power, we achieve the SOW of power that we
need, with an efficiency of 64%.

Next, we measure the gain behavior:
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Figure 5.40: Simulation results of output power for and without standard gain
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Figure 5.41: Simulation results of gain and output power as a function of input power
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Figure 5.42: Simulation results of Harmonics
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We observed significant saturation, indicated by a gain compression of nearly 3 dB from the
unsaturated linear value. Additionally, we examined harmonic performance at an input power

of 20 dBm.

Finally, we analyzed the behavior of the S-parameters:
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Figure 5.43: Simulation results of S-parameters as a function of frequency
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In the first set of S-parameter values, we observe how they vary with frequency, while the
second set shows their dependency on input power. As expected, the S-parameters fluctuate
with frequency and also shift based on input power, reflecting the amplifier's power-sensitive
behavior. At 20dBm input power, we calculate the K stability factor to be 1.136, which is
greater than 1, thus meeting the criteria for unconditional stability.

On figure 5.45 we also attach the simulation estimation of output power for PCB iterations 4
and 5 respectively:
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Figure 5.45: Simulation results of iterations #4 and #5 for output power as a function
of input power

5.6 Summary

The layout development of the SSPA driver’s first stage includes selecting the suita-
ble PCB material and comparing transmission line types—microstrip, stripline, and copla-
nar—to choose the optimal one for each specific application. Key layout decisions involve
the precise placement of the transistor and connectors to ensure performance and reliability.
Matching networks are refined through several iterations to maximize efficiency. Thermal
management is achieved through a carefully designed heatsink, considering factors such as
transistor geometry, PCB dimensions, drilled holes, and quality checks. The finalized layout
undergoes simulation to validate its robustness, and a summary outlines the key design choic-
es and improvements. The summary of this chapter can be presented by the tables below:

Parameter Value
Material RO3210
Dielectric constant, Design 10.8
Dissipation factor 0.0027
Thermal conductivity 0.81 W/m/K
Thermal coefficient of er -459 ppm/°C
Height 1.27mm
Trace Thickness 0.035mm

Table 17: Summary of PCB material
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Parameter Value
Trace width, a 1.084 mm
Trace width with gaps, b 3.184 mm
Gap 1.55 mm

Table 18: Dimensions of transmission line for 50 Ohms characteristic impedance

Parameter Value
Trace width, a 2.2mm
Current to handle 4.1 A

Table 19: Transmission line dimensions for RF choke — transistor connection

Parameter Value
Input coupling capacitor GQM2195C2E131GB12D
Output coupling capacitor GQM1875C2E510FB12
Input inductor A02T GLB
Input inductor distance from capacitor 3.5mm
Output inductor 1508-9N0 GLC
Output inductor distance from capacitor Imm

Table 20: Summary of matching network 2 and 3

Parameter Value
Input coupling capacitor GQM2195C2E131GB12D
Output coupling capacitor GC332QD72E104KX01L
Input inductor A02T GLB
Input inductor distance from capacitor 3.5mm
Output capacitor 2x (GQM1875G2E100JB12D)
Output capacitor distance from coupling 34mm
at4
Output capacitor distance from coupling 35.5mm
ats

Table 21: Summary of matching network 4 and 5

Parameter Value

Design 2 51.75W

Design 3 51.75W (expect improvement)
Design 4 52.95W

Design 5 52.8W

Table 22: Summary of power estimations per iteration
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Chapter 6: SSPA Manufacturing and Testing

6 Introduction

In this chapter, the manufacturing processes involved in assembling the amplifier are
outlined, the required specifications are presented, the lab setups used for essential measure-
ments are described, and obtained results are analyzed.

6.1 Gerber file and PCB Production

In order to start the manufacturing process, the first step is to produce the Gerber files,
which are already shown in the previous chapter. Gerber files are the standard file format
used in the electronics industry to describe the physical layout of a printed circuit board.
These files contain all the information necessary for manufacturing the PCB, including the
details about copper layers, solder masks, silkscreen, and drill holes. Below we can see how
we can produce them on Altium:

Figure 6.1: Altium workspace

In the Gerber options menu given below, we need to choose layers we want to gener-
ate in this format. We need the board outline, to define the size of the board, the top copper
layer, to contain all the traces and ground planes without the bottom layer since it is pure
copper and the drills to contain all the information needed for screw holes and the cut made
for the transistor placement.
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The generated Gerber file:

Figure 6.2: Generated Gerber file

Next, we load the Gerber files produced on a USB and connect with the LPKFS63
drilling machine. We place a copper board of the RO3210 material and attach tape to keep it
mechanically stable:

w « —
Figure 6.3: Drilling machine and copper plate

The final product of this operation is shown below:

Figure 6.4: Top and Bottom layer after the drilling
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There are many iterations that faced problems, sometimes catastrophic for the copper
board. This happened due to the limited capabilities of our drilling machine. The drilling
tools needed to be refreshed in order to be sharper, as they “overdrilled” on 270 degrees
bends and at discontinuities of the microstrip trace width or they did not drill at all as shown
below:

Destroyed PCB

Decoupling capacitor Input coupling capacitor and choke resistor

Figure 6.5: Pictures of PCB impairments
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6.2 Soldering and Assembly

The next step involves soldering the components and assembling the PCB. This in-
cludes attaching components and N-connectors to the PCB, carefully positioning and secur-
ing the transistor for mechanical stability, attaching the heatsink, and mounting a heat dissi-
pator.

Proper soldering is critical to the overall performance of the amplifier. Issues such as
solder voids, excessive solder, or solder bridges creating unwanted connections can lead to
significant problems. To ensure reliable connections, we begin by applying flux to the desig-
nated area to improve solder flow. The surface is then pre-heated, followed by melting the
solder to create clean, even pads for the surface-mount components. Each component is care-
fully soldered, ensuring enough heat is applied for the solder to spread evenly while avoiding
excessive heat that could damage components. For example, the coupling capacitor
(GQM1875C2E510FB12) was previously overheated, leading to its destruction and prevent-
ing RF power from flowing. This highlights the importance of temperature control and preci-
sion during soldering.Below are examples of soldering completed during this process:

Figure 6.6: Pictures of examples of good soldering

On the top three pictures, there is enough solder material to keep good contact be-
tween the microstrip trace and the components. On the bottom picture there is excess solder
and some solder voids, adding noise in the system and increasing losses.

Figure 6.7: Picture example of bad soldering
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Next, the heatsink is attached to the PCB. To ensure optimal performance, we first as-
sess the planarity and surface quality of the heatsink, as illustrated below. This assessment,
conducted by the ESS mechanical lab, ensures the surface is as smooth as possible to achieve
excellent contact. A smooth surface is critical not only for efficient heat dissipation but also
for effective grounding.

Figure 6.8: Heatsink top and bottom view

The PCB is mounted onto the heatsink using M3 screws to ensure stability. The N-
connectors are screwed on the side for mechanical stability and are soldered afterward. The
transistor is then put into place, requiring modifications to its screw head for proper fitment.
To achieve that, we had to trim the diameter of the head of the screw as the distance between
the transistor white body and the center of screw hole was 3.5 mm, while the screw diameter
was 5.5 mm. This process altered the flatness of the screw and deteriorated the transistor
copper body, when connected. Furthermore, one screw was insufficiently trimmed, exerting
excessive stress on the transistor’s white body and ultimately causing it to crack. These issues
collectively degraded the amplifier's performance.
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Figure 6.9: Picture of broken transistor
Another key factor affecting the am-

plifier's performance is the method used to connect the transistor pads—specifically the gate
and drain terminals—to the microstrip trace. Two approaches were employed: direct solder-
ing and mechanical pressure applied using PLA blocks. These blocks were custom-designed
and manufactured in the ESS RF lab using a 3D printer. The same PLA blocks also played a
role in ensuring firm contact between the heatsink and the heat dissipator. PLA (Polylactic
Acid) is a biodegradable thermoplastic derived from renewable resources commonly used in
3D printing due to its ease of use, low melting point, and environmentally friendly properties.

Figure 6.10: Picture of the 3D printer

To enhance the system's thermal performance, a heat dissipator was integrated. The
heatsink ensures even heat distribution across the PCB, while the dissipator facilitates effi-
cient heat transfer from the system to the surrounding environment, improving overall ther-
mal management. More pressuring blocks were designed and manufactured with the 3D
printer to keep good contact between all the integrated parts. Lastly, we solder the bias cables
to the microstrip trace to provide the DC power. The amplifier with PLA blocks, with sol-
dered transistor and the assembled amplifier with PCB, heatsink and heat dissipator are
shown below:
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Figure 6.12: Picture of amplifier with soldered transistor
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Figure 6.13: Picture of assembled amplifier with PCB, heatsink and heat dissipator

6.3 Manufacturing non-idealities

Figure 6.14 highlights several factors that influenced the amplifier’s performance.
These issues stem from non-ideal conditions during PCB assembly and amplifier operation.
The two orange levels are the copper layers with a gray layer in the middle for the dielectric.
The pads of the transistor and the N-type connector are depicted with gold, while the
transistor is the white body and the connector is shown on the left. Number 12 are the PLA
pads and with number 13 the the PLA blocks that were manufactured in house in order to put
pressure on the PCB and force to keep good contact with the heatsink and the dissipater
shown in gray and black below. Each factor is numbered in the image and explained in detail
as follows:
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Figure 6.14: Manufacturing non idealities

1 & 2: Due to the drill’s movement tolerance and tool wear, the copper at point 1 is unevenly
cut, altering the trace dimensions. Similarly, at point 2, the dielectric is modified under the
same conditions. These deviations change the characteristic impedance, as the electric field is
forced to follow longer paths before reaching ground.

3: The drilling machine cuts through the RO3210 layers to create space for the screws. How-
ever, due to tool imperfections, small residuals often remain around the holes. These irregu-
larities disturb the local electric field distribution, introducing parasitic effects that can de-
grade circuit performance.

4 & 6: The heatsink includes designated holes for screw placement. If screws shorter than the
hole depth are used, small cavities may form, trapping electric fields and altering the local
ground potential. Similarly, precise screw placement is essential when mounting the N-type
connector, as misalignment can compromise both mechanical stability and electrical ground-
ing.

5 & 8: The transistor is fixed to the heatsink using two screw holes to ensure both mechanical
stability and proper thermal contact. However, excessive screw force may damage the transis-
tor body, while insufficient tightening can leave a gap between the transistor and the heatsink
(issue 8). Such imperfections degrade the common ground reference, since the heatsink also
serves as a grounding plane. In addition, poor contact reduces thermal conductivity, increas-
ing device temperature. To improve heat transfer and minimize ground discontinuities, ther-
mal paste is applied between the surfaces.

7 & 12: N-type connectors are used to deliver RF power to and from the amplifier. Their at-
tachment requires precise alignment, as even small angular deviations or excess solder can
alter the geometry of the joint. Such imperfections introduce capacitive parasitics, created by
the conductive layers separated by the dielectric medium. A similar issue arises with the tran-
sistor pads during soldering. When PLA blocks are used to secure the pads (issue 12), their
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non-ideal dielectric properties (er = 3.2) allow partial coupling of RF energy to ground, fur-
ther degrading circuit performance.

9: Not all the screw holes provided on the heatsink are utilized in the amplifier design. The
unused holes act as small cavities that can trap electromagnetic fields, disturbing current dis-
tribution and adversely affecting the grounding integrity of the system.

10 & 11 & 13: Reliable contact between the PCB, heatsink, and heat dissipator is essential
for both electrical and thermal performance. Misalignment during assembly may create small
gaps—between the PCB and the heatsink (issue 10) or between the heatsink and the dissipa-
tor (issue 11). Such gaps reduce thermal conduction and compromise the continuity of the
ground reference. To mitigate this, thermal paste is applied to both interfaces. Furthermore, a
PLA block is used to apply pressure on the PCB ground planes (issue 13), ensuring good me-
chanical contact. However, the presence of PLA introduces an additional dielectric path,
which can disturb the ground level and create unintended RF current leakage.

6.4 Specifications

With the manufacturing complete, the amplifier is now ready for testing. The testing
phase is essential to verify the amplifier's compliance with the outlined specifications, ensure
optimal performance under operating conditions, and identify potential improvements or ad-
justments needed before integration into the full system. The delivered equipment must meet
the specifications outlined below. These requirements were established to align with the 400
kW SSPA system design, ensuring it delivers the required power with the correct characteris-
tics. Additionally, the specifications account for compatibility with the Low-Level RF sys-
tems to guarantee system stability and effective monitoring. The specifications table is shown
below, as per the official report approved by the RF group and Uppsala University at 2024-
02-14:

Parameter Specification per 2024-02- Specification per 2024-08-
12 12
Operating frequency 352.21 MHz 352.21 MHz
-1 dB bandwidth >+1 MHz >+1 MHz
Peak output power 30 W (or higher) 50 W
RF pulse width Up to 3.5 ms Up to 3.5 ms
Repetition rate Upto 14 Hz Up to 14 Hz
Gain 23 dB min 27 dB at 20dBm input
Efficiency >50 % >50 %
Maximum no-damage RF 26 dBm 26 dBm
drive input
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Harmonic content at output <-30 dBc <-30dBc

power
Spurious and sideband lev- <-60 dBc <-60 dBc
els in + 20 MHz
RF Input Connector N type, 50 Q, Female N type, 50 Q, Female
RF Output Connector N type, 50 Q, Female N type, 50 Q, Female
Input/output impedance 50Q 50 Q
Input VSWR < 1.2:1 (target <l1.12:1 o -25dB (target
requirements) requirements)
< 1.2:1 (target require- <1.12:1 or -25dB (target
output VSWR ments) requirements)
Load VSWR Infinity Infinity
AG <+0.5 dB 10dB .
Gain flatness G<+0.5d ('over 0d AG <+0.5 dB (9ver 10dB dy
dynamic) namic)

Phase flatness <2°over 10dB dynamic) | <2°(over 10dB dynamic)

= 5% p-p (or Max 0,21dB) | < 109 p-p (or Max 0,21dB)

(power) (Within 3.5ms RF | (power) (Within 3.5ms RF
pulse excluding first 100pus of

the pulse)

RF Power Drop across the
pulse pulse excluding first 100us

of the pulse)

<0.25% rms (Within 3.5ms | < 0.25% rms (Within 3.5ms RF
RF pulse excluding first pulse excluding first 100us of
100us of the pulse) the pulse)

<5° (Within 3.5ms RF | < 10° (Within 3.5ms RF pulse
pulse excluding first 100us | excluding first 100ps of the
of the pulse) pulse)

Power ripple across pulse

Phase shift across the pulse

<0.25° rms (Within 3.5ms | <0.25° rms (Within 3.5ms RF

Phase ripple across pulse RF pulse excluding first | pulse excluding first 100us of
100us of the pulse) the pulse)
Pulse-to-puls‘e power stabil- <29 -
1ty
Pulsg—to-pulse phails.e stabil- <90 o
ity (repeatability) -

RF Pulse Rise/ Fall Time <1us <1ps
compression point @ 0,1dB 54 W 54 W
Total Group Delay (not sure <50 ns -

we need this parameter)
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. Max size of the PCB 20x10 ,
Size Max size of the PCB 20x10 cm
cm

Table 23: Specifications of the Driver's Ist stage

Meeting these specifications is critical to the overall functionality of the 400 kW SSPA sys-
tem, ensuring efficient power delivery, precise control of RF signals, and long-term reliability
in operational environments. Once the amplifier passes all tests, it will be integrated into the
SSPA system and subjected to additional system-level evaluations to confirm its performance
in conjunction with other components.

6.5 Lab preparation

In this chapter, we will explore the process of testing whether the manufactured am-
plifier meets the required specifications. We begin by introducing the equipment and compo-
nents used, detailing their functionality and the rationale behind their selection. Following
this, we delve into how these elements are interconnected to perform specific measurements,
forming a cohesive test system.

6.5.1 Equipment

In order to test an RF amplifier there are several more parts needed in order to complete a
setup. To complete the characterization of the amplifier, the following equipment was used:

e For signal generation

e @) -3::33@2@68 =1
. 00 X 20.00 i OO088esE @@8 .LZ‘
: - DHDeLeEOE (=]
e S i @ OO0 aQd ==
.s & e e TP ®8 & ]
* _ s l; nﬁ’.
R E————

Figure 6. 15: Picturers of Rohde & Swartz SMC100A and Keysight Technologies N5182B-
503 signal generators

The SMCI100A generator is used for low-power testing, as it can deliver up to 14 dBm. The
N5182B-503 generator, capable of producing up to 30 dBm, and push the amplifier to pro-
duce maximum power. Additionally, the N5182B-503 supports the generation of pulsed sig-
nals, similar to the signals used by the accelerators and, consequently, our amplifier. Every
time we want to use these to provide power we need to calibrate the output power indicated
by the device and the real power received by the amplifier. This misalignment occurs because
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the generator is not ideal and may have decayed. There is power loss in the connection points
and in the RF cables that should also be taken into consideration.

e For DC power generation

Figure 6.16: Pictures of Aim-TTi EL 302 R and Rohde & Schwarz HMC8043 power supplies

We use the Aim-TTi EL 302 R power supply for the gate bias and the HMC8043 for the
drain bias. The second device can monitor the current consumption and limit it, which is crit-
ical since the amplifier needs almost 80W of power to operate.

e For power measurements

Figure 6.17: Pictures of Rohde & Schwarz NRP2 Rohde & Schwarz NRX Power meters
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e For signal analysis

Figure 6.18: Picture of Keysight Technologies N9020B MXA signal analyzer

e For amplitude and phase measurements of electromagnetic waves

Figure 6.19: Picture of Rohde & Schwarz ZNB4 Vector Network Analyzer

e For signal attenuation

M l!'l -_clff:um'
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Figure 6.20: Picture of a High-Power Directional Coupler and an Attenuator

The measuring devices have a limit for the input power they can handle without deterioration.
For this reason, before measuring sometimes we need to attenuate the signal.
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e For termination and circulation

Figure 6.21: Pictures of Weinschel Associates WA1453 and Valvo Circulator VADI1447A4

e For thermal monitoring

Figure 6.22: Picture of RFS FLIR E63900 thermal camera

6.5.2 Bench Setup

In this subchapter, we detail the measurement setup and outline the procedures used to
conduct the tests. Every bias circuit, unless mentioned, has gate voltage and drain voltage set
at 2.5 and 70 Volts.

e Power measurements

In this setup, we will measure the output power of the amplifier. The signal generator
provides the input signal, which is transmitted to the amplifier via RF cables. The amplifier,
powered by connected power supplies, amplifies the RF signal. We use the second signal
generator because it is the only one capable of delivering a 25 dBm signal.

A directional coupler is connected at the amplifier's output. The coupler's output port is ter-
minated with a 50-ohm load, which completes the circuit and dissipates the generated power
safely. The coupler's coupling port, with a coupling factor of -24.5 dB at our operating fre-
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quency, is connected to a 10 dB attenuator to protect the measurement equipment. The atten-
uated signal is then sent to the power meter for precise measurement. The way to connect
these is shown below:

Gate Bias Drain Bias

Signal Generator Amplifier Coupler —> Load Termination

!

Attenuator

J

Power meter

Figure 6.23: Topology for power measurements

We need to calibrate the signal generator to ensure that the power delivered to the RF
cable matches the power indicated on its display. Additionally, we must measure the total at-
tenuation introduced by the coupler, attenuator, and RF cables.

With this setup, we can evaluate the amplifier's performance across various specifica-
tions. By comparing the input power from the generator to the output power measured by the
power meter, we can determine the amplifier's output power and gain. This allows us to iden-
tify key parameters such as the 1 dB and 3 dB compression points, gain flatness, and perfor-
mance variations across different PCB iterations.

By adjusting the generator's operating frequency, we can also measure the amplifier's -1
dB bandwidth and 10 MHz bandwidth. Using the drain power supply's display, we can moni-
tor current consumption to calculate the DC power supplied, enabling us to determine the
system's efficiency. Finally, a thermal camera can be employed to assess the PCB's thermal
behavior, providing valuable insights into heat dissipation and potential thermal challenges.

e Signal analysis measurements

In this setup, we will analyze the signal and its spectral content. The equipment configuration
remains the same, except that the power meter is replaced by a signal analyzer. The detailed
configuration is illustrated on the next page:
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Gate Bias Drain Bias

Signal Generator Amplifier Coupler —> Load Termination

!

Attenuator

J

Signal analyzer

Figure 6.24: Topology for signal analysis

This way, we can monitor the harmonics, the spurious and the sideband levels. More-
over, since the accelerator is operating in pulsed mode, we can use the second generator to
produce pulsed signals and monitor phase and power drop, phase flatness, power ripple
across the pulse, pulse-to-pulse repeatability.

e Vector Network Analyzer configuration

In this setup, we will measure the amplitude and phase of the wave quantities. The configura-
tion is shown below:

Gate Bias Drain Bias

[ Amplifier
VNA /

Figure 6.25: Topology for Vector Network Analyzer measurements
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The VNA can generate up to 13dBm output power. So, with this setup we can measure low-
power S-parameters and total group delay. For full S-parameter characterization we need
different setup.

e S11 measurements

As previously mentioned, a different configuration from the VNA 1is required to measure the
S11 performance of the amplifier. Using the available equipment, this is achieved by directly
measuring the amplitude of the reflected wave. In this setup, a signal generator provides RF
power to the biased amplifier through a directional coupler, while the amplifier's output is
connected to a load termination. The coupler's coupling port is connected to a signal analyzer,
which measures the reflected wave. The high directivity of the coupler, approximately 28 dB
at the operating frequency, ensures that the incident wave traversing the coupler does not in-
terfere with the measurement. The detailed configuration is shown below:

Signal analyzer Gate Bias Drain Bias

I | |

Signal Generator Coupler Amplifier Load Termination

Figure 6.26: Topology for S11 measurements

e S22 measurements

To measure the S22 performance, we require a different setup. This is achieved by direct-
ly measuring the amplitude of the reflected wave from the amplifier's output, commonly re-
ferred to as a "hot S22" measurement. Since the amplifier operates in saturation, its S-
parameter behavior depends on the input power. For accurate high-power measurements, it is
essential to replicate the output match characteristics of the amplifier.

In this setup, the amplifier is biased and supplied with RF power. The output of the ampli-
fier is connected to two directional couplers in series, with a load termination at the end. The
coupling port of the second coupler is connected to a signal generator via a circulator. The
circulator ensures that power flows from the generator to the system while blocking any pow-
er in the reverse direction, redirecting it to a load termination. The signal generator produces
a signal at a slightly different frequency than 352.21 MHz. The frequency offset is small
enough to emulate the amplifier's behavior at the operating frequency but large enough to be
distinguishable. This signal is directed to the amplifier’s output, and the reflected wave is
captured through the coupling port of the first coupler. The reflected wave is then routed
through an attenuator, to protect the equipment, before being measured by the signal analyz-
er.
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This configuration, which is shown below, ensures accurate S22 measurements while
safeguarding the equipment involved:

Signal Generator

1

Gate Bias Drain Bias . Load
Circulator —

Termination
Signal Generator Amplifier Coupler > Coupler —> Load Termination
Attenuator
I

Signal analyzer

Figure 6.27: Topology for S22 measurements

Figure 6.28: Bench overview of S22 measurements
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e Cascaded amplifiers

After verifying that the amplifier met all the required specifications, the performance of the
driver was tested. As previously described, the driver consists of a Ist and 2nd stage. To
evaluate its behavior, the two amplifiers were cascaded and interconnected through a coupler
to monitor the amplification process, and a circulator to prevent reflected waves from reach-
ing and potentially damaging the 1st stage. A signal generator was used to produce the pulsed
signals required for testing. Additional couplers were placed at the input and output of the
system to monitor the RF power levels. At the output, a signal analyzer was connected to ex-
amine the spectral content of the amplified signal. The biasing of the second stage was con-
figured with 2 volts for the gate and 70 volts for the drain. The complete topology of this set-
up is illustrated on the next page:

Gate Bias Drain Bias

¥ A

Gate Bias Drain Bias

¥ ¥

. Load
Signal Generator > Coupler [®| 1 stage 2" stage > Coupler —> Term?:ation

Attenuator Attenuator
Power meter Power meter Signal analyzer

Figure 6.29: Topology for cascaded amplifiers measurements
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6.6 Measurements

In this chapter, we present the detailed measurements conducted to evaluate the am-
plifier's performance and verify its compliance with the specified requirements. Through this
comprehensive evaluation, we aim to demonstrate that the amplifier is fully optimized and
adheres to the intended design specifications. The complete set of measurements was done
for the 2" PCB iteration, which are presented below:

Firstly, we present the results obtained by the power measurements under continuous

wave operation for PCB iteration number 2.

Input power Output power | Output power Gain (dB)
(dBm) (dBm) (Watts)

0 30.2 1 30.2
1 31.1 1.3 30.1
2 32 1.59 30

3 33 2 30

4 34 2.5 30

5 35.1 32 30.1
6 36.1 4.1 30.1
7 37.05 5.1 30.05
8 38 6.3 30
9 38.9 7.8 29.9
10 39.8 9.5 29.8
11 40.7 11.7 29.7
12 41.6 14.5 29.6
13 423 17 29.3
14 43.1 20.4 29.1
15 44.1 25.7 29.1
16 449 30.9 28.9
17 45.6 36.3 28.6
18 46.16 41.3 28.16
19 46.53 45 27.53
20 46.85 48.4 26.85
21 47.1 51.29 26.1
22 473 53.7 253
23 47.4 54.9 24.4
24 47.5 56.2 23.5
25 47.63 58 22.63

Table 24: Power measurements of iteration #2
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Figure 6.30: Measurements of output power and gain as a function of input power

At an input power of 20 dBm, the amplifier delivers 48.4 W, and at 21 dBm, 51.3 W,
exceeding the requirements of the system. These measurements indicate that the amplifier is
operating deep in saturation. At low input power levels, the gain exceeds 30 dB, while at the
operational input power of 20 dBm, the gain decreases to 26.85 dB. Over a 10 dB dynamic
range, the gain drops by 3 dB, demonstrating the amplifier's saturation characteristics. The
0.1 dB and 1 dB compression points occur at input powers of 3 dBm and 15 dBm, respective-

ly.

These measurements are done on the PCB with the soldered transistor, which can
provide more power than the PCB with the PLA blocks. The results can be seen below:

Pout vs Pin for soldered and PLA
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o
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—— ——
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_
o
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o

Figure 6.31: Measurements of output power as a function of input power for soldered tran-
sistor and PLA blocks connection
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Input power (dBm) Output power (dBm) for Output power (dBm) for
PLA soldered

0 26.7 30.2
1 27.7 31.1
2 287 32

3 29.65 33

4 30.6 34

5 31.5 35.1
6 32.55 36.1
7 33.5 37.05
8 34.45 38
9 354 38.9
10 36.3 39.8
11 37.2 40.7
12 38.05 41.6
13 38.95 42.3
14 39.8 43.1
15 40.7 44.1
16 41.6 44.9
17 42.4 45.6
18 433 46.16
19 44.1 46.53
20 45 46.85
21 45.75 47.1
22 45.76 47.3
23 45.83 47.4
24 45.85 47.5
25 45.85 47.63

Table 25: Power measurements comparison of soldered transistor and PLA blocks

As indicated by figure 2.112, the PLA blocks consume power and decrease output
power. The optimal solution is to solder the transistor. We also monitored the thermal behav-
ior of the different PCBs with the following results:
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Figure 6.32: Pictures from the thermal camera for soldered transistor and PLA blocks
connection monitoring transistor’s temperature

Figure 6.33: Picture from the thermal camera monitoring output capacitor

The performance of the soldered PCB is much better, as it stabilizes at 50-55 °C. We
also notice on the output coupling capacitor the temperature is higher than the transistors.
This happened because it was a sharp 90 degrees bend and current density increased at that
point.

Similarly, during pulsed operation, the amplifier stabilizes at a temperature of approx-
imately 45 °C. This occurs because the reduced current consumption leads to lower heat gen-
eration, ensuring more stable thermal performance.

Figure 6.34: Picture from thermal camera monitoring transistor temperature of soldered
transistor in pulsed mode
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While measuring the output power performance of the amplifier, we also monitored the cur-
rent consumption through the power supply and calculated several parameters:

Output power Current Input DC Efficiency | Power Added Power
(Watts) Consumption Power (W) (%) Efficiency | dissipated (W)
(mA) (%)

1 393 27.51 3.6 3.63 26.51
1.3 395 27.65 4.7 4.7 26.35
1.59 398 27.86 5.7 5.7 26.27

2 403 28.21 7.1 7.09 26.21
2.5 408 28.56 8.75 8.74 26.06
3.2 415 29.05 11 11 25.85
4.1 424 29.68 13.8 13.8 25.58
5.1 436 30.52 16.7 16.7 25.42
6.3 450 31.5 20 20 25.2
7.8 470 32.9 23.7 23.68 25.1
9.5 496 34.72 27.4 27.33 25.22
11.7 520 36.4 32.14 32.1 24.7
14.5 554 38.78 37.4 37.35 24.28

17 596 41.72 40.75 40.7 24.72
20.4 644 45.08 453 45.2 24.68
25.7 700 49 52.45 52.38 23.3
30.9 765 53.55 57.7 57.63 22.65
36.3 836 58.52 62 61.94 22.22
41.3 906 63.42 65.12 65 22.12
45 966 67.62 66.55 66.43 22.62
48.4 1015 71.05 68.12 68 22.65

51.29 1060 74.2 69.12 68.95 22.91
53.7 1100 77 69.74 69.48 233

Table 26: Calculations of current consumption, DC power, efficiency,

power added efficiency and dissipated power
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Figure 6.35: Measurements of Efficiency, Power Added Efficiency, Dissipated power and
Drain current as a function of input power

As we increase the input power to the amplifier, both efficiency and power-added efficiency
(PAE) show significant improvements, while the dissipated power decreases. Additionally,
current consumption exhibits an exponential relationship with the output power. This behav-
ior underscores the need for caution when driving the amplifier beyond its specified opera-
tional limits, as exceeding these thresholds could result in equipment damage.
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Next, we tried to measure the 1dB bandwidth. To do that, we monitored the output power
while changing the frequency of the input signal. The results can be seen below:

Operating Frequency (MHz) Output Power (dBm) Gain (dB)
312 45.87 25.87
314 46 26
316 46.1 26.1
318 46.2 26.2
320 46.36 26.36
322 46.46 26.46
324 46.59 26.59
326 46.68 26.68
328 46.74 26.74
330 46.78 26.78
332 46.81 26.81
334 46.82 26.82
336 46.83 26.83
338 46.83 26.83
340 46.8 26.8
342 46.81 26.81
344 46.78 26.78
346 46.75 26.75
348 46.72 26.72
350 46.7 26.7
352 46.7 26.7
354 46.6 26.6
356 46.55 26.55
358 46.5 26.5
360 46.43 26.43
362 46.36 26.36
364 46.3 26.3
366 46.2 26.2
368 46.1 26.1
370 45.98 25.98
372 45.83 25.83
374 45.67 25.67

Table 27: 1dB Bandwidth power measurements
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The reduced performance at the operational frequency was attributed to overheating
of the amplifier, caused by extended operation under continuous wave conditions and fre-
quent frequency adjustments. The measured -1 dB bandwidth is 50 MHz. Additionally, the
circuit exhibits resonance at a slightly shifted frequency. This deviation is likely due to minor
imperfections in soldering and component placement, as the assembly was performed manu-

ally.

Next, we present the results obtained by the signal analyzer under continuous wave
operation and pulsed. For the Harmonics generated under operational conditions at continu-

ous wave we measured:
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At the operational frequency, the amplifier delivers an output power of 46.6 dBm. The
second and third harmonics are measured at 22.33 dBm and 24.76 dBm, corresponding to
harmonic suppression levels of -24.27 dBc and -21.84 dBc, respectively. No sidebands or
spurious signals are present, ensuring clean operation without interference in the system. The
fourth and fifth harmonics are measured at 23.24 dBm and 6.72 dBm, respectively, highlight-
ing the saturated operating state of the amplifier.

The phase flatness over a 10 dB dynamic range was targeted to be within 2° to ensure
that when the electromagnetic wave interacts with the protons in the accelerator, the ampli-
tude of the sinusoidal wave is maximized, providing the protons with sufficient power. This
is crucial because the amplifier's gain may fluctuate based on the power levels required for
the cavity. To monitor this, we set the signal generator to perform power sweeps from 10
dBm to 20 dBm and observed the phase shifts during the process.

First, we detect the moments the sweep starts and stops and then set the markers in the
phase domain to monitor its value:

File Edit Control Source Input MessSetup Trace Markers Window Utiliies Help @
P T. i@me IR R PRI 50%]0%] Color Norma
£ Chl Main Time

Figure 6. 38: Signal Analyzer measurements for phase stability over 10dB dynamic (a)
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Figure 6.39: Signal Analyzer measurements for phase stability over 10dB dynamic (b)

Next, we set both the signal generator and the signal analyzer to operate in pulsed. We
analyze each pulse for power and phase behavior and pulse to pulse repeatability, RF power

drop and phase shifts across the pulse and test if power and phase ripple exists.
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SN I =~ R|“% W [ M - ¢RI |50 %] 0% | Color Nerma
A: Chl Main Time ~ C: Chl Main Time

0.045 dB

)

_N,M{| \

| mrrer | autoca ok

Measurement running

Figure 6.40: Signal Analyzer screenshot for pulse measurements

In the green graph, we identify the first 100 ps of the pulse and set the markers for power and
phase to start after this point, as per the specifications that require excluding the initial 100
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us. The blue and yellow graphs, representing power and phase respectively, show no signifi-
cant ripple. The power drop is minimal at 0.05 dB, and the phase shift is only 0.2°. Addition-
ally, pulse-to-pulse power and phase stability were monitored, and both were consistent, with
no noticeable deviations.

Another important measurement we did was to monitor pulse repeatability with voltage
drops. Because the two amplifying stages will have a lot of stages working parallel, it is pos-
sible the power supplies may not provide the 70Volts bias steadily, but with some voltages

drops below we can see how power and phase shifts with these changes:

Drain Voltage (V) Output Power (dBm) Phase (°)

68 46.52 1.4
68.1 46.52 1.4
68.2 46.52 1.4
68.3 46.525 1.4
68.4 46.53 1.4
68.5 46.535 1.4
68.6 46.54 1.35
68.7 46.545 1.35
68.8 46.55 1.35
68.9 46.555 1.4

69 46.557 1.4
69.1 46.56 13
69.2 46.565 1.35
69.3 46.57 1.3
69.4 46.58 1.3
69.5 46.585 1.35
69.6 46.59 1.4
69.7 46.6 1.35
69.8 46.6 1.32
69.9 46.61 1.4

70 46.62 1.4

Table 28: Pulse repeatability under voltage drops

Power drop is 0.1dB and phase shift is 0.1 °.
Now we proceed to Vector Network Analyzer measurements. We measured total group delay

by sending an wave from input and measured how much time it needed to traverse the ampli-
fier:
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] g

Ch1 Center 352.21 MHz Pwr -20 dBm Bw 10 kHz Span 92.21 MHz
Figure 6.41: Screenshot from the VNA for group delay measurements

Group delay was measured at 6.482ns

For low power values we tested the amplifier for stability:
& smeane
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Figure 6.42: Screenshot from the VNA for K-factor measurements

K-factor greater than 1.
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Figure 6.43: Screenshot from the VNA for u 2 and 1 factor measurements

For S11 measurements we used the setup previously mentioned and we have:
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Table 29: S11 measurements

S11 vs input power
12,4
-12,6
12,8
~ -13
5-13,2 /
— -13,4 N /
B 136 \ ./
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-14,2
01234567 8910111213141516171819202122232425
input Power (dBm)

Figure 6.44: Measurements of S11 parameter as a function input power

For S22 measurements we used the setup previously mentioned and we have:
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16 -2.3
17 -2.8
18 -4
19 -6
20 -7.5
21 -8.3
22 -8.5
23 -8.5
24 -8.5
25 -8.5

Table 30: S22 measurements

S22 vs input power

0 2 4 6 8 10 12 14 16 18 20 22 24
Input Power (dBm)

Figure 6.45: Measurements of S22 parameter as a function input power

First, we set the output generator to produce the signal that is going to be reflected and meas-
ured. And set that point as the zero reference:
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Figure 6.46: Signal Analyzer screenshots of preparing S22 measurements

Next, we start the system operation and operate the amplifier in the saturation region:
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Figure 6.47: Signal Analyzer screenshot measuring the S22 parameter

The value of the marker is the S22 value.
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The last measurement we did for that PCB is the cascaded topology discussed in the lab prep-

aration chapter. The results obtained are show below:

Input 1% stage 2™ stage Pulse drop | 1% Harmonic | 2"¢Harmonic | 3™ Harmonic
power(dBm) Output Output (dBm) (dBm) (dBm) (dBm)
(dBm) (dBm)

0 29.35 32.8 2.3 35.1 18.5 30.6
1 30.3 36.4 2 38 21.3 334
2 31.3 39.8 1.8 40.8 24.1 35.9
3 32.26 42.5 1.5 43.3 26.5 38
4 33.24 44.8 1.3 45.5 28.7 39.7
5 34.2 46.9 1.1 47.5 30.6 41.2
6 35.16 48.8 1 49.3 32.3 42.3
7 36.35 51 0.8 51.4 34.2 43.3
8 37.3 52.55 0.7 52.9 35.5 43.8
9 38.2 53.9 0.6 55.3 36.7 43.9
10 39.1 55.3 0.6 55.6 37.8 43.7
11 40 56.6 0.55 56.8 38.8 42.9
12 40.9 57.8 0.5 58 39.7 41.2
13 41.8 58.8 0.45 59 39.9 37.2
14 42.65 59.95 0.45 60.1 40.7 34
15 43.5 61.1 0.4 61.2 41.6 37
16 44.35 62 0.3 62.1 42 43.5
17 45.15 62.7 0.25 62.8 41.9 47.8
18 45.8 63.13 0.2 63.2 41.6 50.4
19 46.23 63.33 0.1 63.4 41.4 51.7
20 46.54 63.47 0.1 63.55 41.2 52.3
21 46.8 63.55 0.08 63.63 41 52.75
22 46.98 63.6 0.05 63.7 41 53.1
23 47.15 63.66 0.05

Table 31: Cascaded amplifiers measurements

We notice we have pulse drops. This happens because for low power values the gain is in-
creasing in the second amplifier. So, during the pulse as input of the amplifier increases so is

the gain, resulting in uneven amplifying of the pulse.

The system can deliver the 1600 Watts of power needed to operate at 16dBm input. This
leaves enough margin to push the amplifiers and generate more power, or operate at that level

and minimize the stress to the equipment.
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Notice that the driver has serious intermodulation problems at 13 dBm and 14 dBm input.
This needs to be studied. The problem can be noticed in the next picture:
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Figure 6.48: Signal Analyzer screenshot for harmonics distortions

The next measurements presented are about the 1% iteration. As mentioned before, the
1*" iteration was resonant at a different frequency than the operational of the accelerator.
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i /
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Figure 6.49: Screenshot from VNA Smith chart measurements of

The amplifier resonates at 295 MHz for the S11 parameter.
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The first step in understanding what caused this misalignment was to test if the transmission

line is 50 Ohms. For that, I soldered two 1000hm resistors in parallel and measure S11 be-
havior:

Figure 6.50: Picture of the circuit created to measure the characteristic

@ 6/27/2024 12.62.06 AN

101 GOVOKZ2-Y01 582-F

Trgl == 517 Smith 200 MU/ Ref 1 U Cal OFf 1
i *M1 35221 Mz 50538 0

12692 0
1216278 nH

L

Ch1 Center 352.21 MHz Pwr -10 dBm Bw 10 kHz

Spen 100 MHz

Figure 6.51: Screenshot from VNA Smith chart measurements of impedance

The smith chart indicates that the matching is almost perfect at the operational frequency.

Following this measurement, the researcher returned to the simulation model and verified the
issue that had been corrected during the second design iteration.
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For iteration 3 and 4 we did not manage to complete the measurements. For iteration number

5 we have:

Current Consumption

Input Power (dBm) | Output Power (dBm) | Output Power (W) Gain (dB) (mA)
0 28.9 0.776247 28.9 400
1 29.71 0.935406 28.71 402
2 30.75 1.188502 28.75 407
3 31.7 1.479108 28.7 411
4 32.7 1.862087 28.7 415
5 33.7 2.344229 28.7 421
6 34.65 2.917427 28.65 428
7 36.1 4.073803 29.1 430
8 37 5.011872 29 450
9 38 6.309573 29 464
10 38.9 7.762471 28.9 483
11 39.8 9.549926 28.8 505
12 40.7 11.74898 28.7 535
13 41.6 14.4544 28.6 567
14 42.45 17.57924 28.45 610
15 43.3 21.37962 28.3 660
16 44.15 26.0016 28.15 715
17 44.95 31.26079 27.95 777
18 45.6 36.30781 27.6 838
19 46.1 40.73803 27.1 886
20 46.5 44.66836 26.5 927
21 46.8 47.86301 25.8 960
22 47.1 51.28614 25.1 992
23 47.4 54.95409 24.4 1024
24 47.64 58.07644 23.64 1054
25 47.9 61.6595 22.9 1.083
26 48.16 65.46362 22.16 1.1
27 48.35 68.39116 21.35 1.13

Table 32: Power and current consumption measurements for iteration #5
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The PCB iteration 5 can deliver almost 70W of power at lower current consumption. Also, at
operational conditions it behaves better thermally:

21.5 $FLIR ,

Figure 6.52: Pictures from the thermal camera monitoring the temperature of the transistor
and the output coupling capacitor of iteration #5
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6.7 Summary

This section outlines the process of designing, manufacturing, and testing the first
stage of the SSPA driver, emphasizing the steps taken to ensure its compliance with specifi-
cations and functionality in the overall system.

Parameter Specification per | Specification per Measurement
2024-02-12 2024-08-12 For PCB#2
Operating 352.21 MHz 352.21 MHz 352.21 MHz
frequency
-1 dB bandwidth >+]1 MHz >+1 MHz 50MHz
Peak output | 30 W (or higher) 50 W 58W
power
RF pulse width Up to 3.5 ms Up to 3.5 ms 3.5ms
Repetition rate Upto 14 Hz Up to 14 Hz 14 Hz
Gain 23 dB min 27 dB at 20dBm input 26.85 dB
Efficiency >50 % >50 % 68%
Maximum no- 26 dBm 26 dBm 26 dBm
damage RF drive
input
Harmonic con- <-30dBc <-30dBc -20 dBc, -27dBc¢
tent at output
power
Spurious and <-60 dBc <-60 dBc No spurious
sideband levels
in +20 MHz
RF Input N type, 50 Q, N type, 50 Q, Female N type, 50 Q,
Connector Female Female
RF Output N type, 50 Q, N type, 50 Q, Female N type, 50 Q,
Connector Female Female
Input/output 50 Q 50 Q 50 Q
impedance
Input VSWR < 1.2.:1 @if <1.12:1 or -25dB (if 1.5:1
possible) possible)
output VSWR < 1.2.:1 @if < 1.12:1 or -25dB (if 2.3:1
possible) possible)
Load VSWR Infinity Infinity
AG <£0.5 dB 2.95dB
Gain flatness (over 10dB dy- A(i OS dgoéir?frrfi?:\)/er
namic)
Phase flatness <2°over 10dB = 2;53‘;2;? dB 0.2°
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dynamic)

< 5% p-p (or 0.05 dB drop
I O’2ld_B)_ < 10% p-p (or Max
RF Power Drop (power) (Within 0,21dB) (power)
he pul 3.5ms RF pulse (Within 3.5ms RF
across the puise excluding first pulse excluding first
100us of the 100ps of the pulse)
pulse)
<0.25% rms No
(Within 3.5ms | <0 259 rms (Within
Power ripple RF pulse ex- 3.5ms RF pulse ex-
across pulse cluding first cluding first 100ps of
100us of the the pulse)
pulse)
< 5° (Within 0.2°
. 3.5ms RF vdul <10° (Within 3.5ms
Phase shift e . e RF pulse excluding
excluding first
across the pulse first 100us of the
100ps of the pulse)
pulse)
<0.25° rms No
(Within 3.5ms | < ¢.25° rms (Within
Phase ripple RF pulse ex- 3.5ms RF pulse ex-
across pulse cluding first cluding first 100ps of
100us of the the pulsc)
pulse)

-tO- o
Pulse-to p1.11'se <29, B, 0%
power stability
Pulse-to-pulse 0°
phase stability <2° <2°
(repeatability)

RF Pulse Rise/ 1l -
S
Fall Time =k = F
i 2
cc?mpress1on 54 W saw W
point @ 0,1dB
Total Group De- 6ns
lay (noF SHIe WE <50ns <50ns
need this param-
eter)
Size Max size of the | Max size of the PCB 10.6x6 cm
PCB 20x10 cm 20x10 cm

Table 33: Summary of specifications and measurements
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Pulse rise/fall time and load VSWR were not measured.

The chapter begins by detailing the creation of the Gerber files and the subsequent
PCB production process. This includes the layout considerations and optimizations necessary
for high-frequency operation. The next section discusses the assembly process, focusing on
the careful soldering and placement of components to ensure proper functionality and mini-
mal signal degradation. The key performance specifications for the amplifier are presented,
establishing the benchmarks for the subsequent testing phases. The next session covers the
preparation steps taken in the lab, including the equipment used and the setup of the testing
bench. The equipment is selected and configured to measure critical parameters like gain, ef-
ficiency, and power output accurately. The measurements section provides the results of the
testing process, including a detailed analysis of the amplifier's performance. Parameters such
as output power, gain, bandwidth, and stability are evaluated, along with comparisons to the
expected specifications.

The amplifier manufactured complies with all the critical specs for power, gain and
efficiency. The measurements results are very similar to the simulation results as indicated by
the following graphs:
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Figure 6.53: Comparison of measurements and simulated results of output power as a func-
tion of input power
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Figure 6.54: Comparison of measurements and simulated results of S-parameters as a func-

tion of input power

Blue graphs: Measurement
Red graphs: Simulation

166



Chapter 7: Conclusion

7.1 Summary

During this six-month internship, the author was engaged as an RF Engineer within
the RF Sources Group at the European Spallation Source (ESS) in Lund, Sweden. In the first
weeks, all the necessary safety and hazard training sessions were completed, ensuring com-
pliance with ESS laboratory standards and procedures. The trainings attended are listed
below:

e Basic Access to GO1

o ESS Internal Safety Training

e Training for Electrical Authorisation at ESS
e Cryogenic Safety Awareness

o Radiation Protection Awareness

During this period, the RF Sources Group initiated a collaboration with Uppsala Universi-
ty to design an alternative system for powering the spoke cavities. To meet the energy de-
mands of the system, it was decided to utilize Solid-State Power Amplifiers (SSPAs) as a re-
placement for traditional tetrode-based amplifiers. The complete system consists of 26 spoke
cavities, each requiring 400 kW of power, and therefore 26 SSPA systems will be manufac-
tured, each delivering 400 kW.

In the first month, the author contributed to the project by developing the Bill of Ma-
terials (BOM) based on the designed system architecture. Through this process, valuable ex-
perience was gained in identifying and selecting essential RF components and in understand-
ing the critical parameters affecting their performance and reliability.

In the following months, the author embarked on a personal project, taking on the re-
sponsibility of designing and manufacturing an RF amplifier to serve as the first stage (Driv-
er) of the SSPA system. The amplifier was designed to operate at 352.21 MHz and deliver 50
W of output power, while meeting stringent specifications to ensure proper operation without
introducing issues to the low-level RF systems or the traversing beam.

The amplifier was designed and simulated using Advanced Design System (ADS) by
Keysight, while the layout was developed in Altium Designer, providing substantial experi-
ence in RF circuit and PCB design. The prototype was subsequently manufactured and tested
in the RF laboratory, offering hands-on experience in PCB assembly, SMD soldering, and the
use of RF measurement equipment. A complete characterization of the amplifier was per-
formed, including work with high-power applications up to 2.5 kW. The project concluded
successfully with the fabrication of an amplifier capable of delivering nearly 70 W of power.
The work was later presented to the ESS community.

In summary, this internship provided the opportunity to work within a high-caliber
scientific environment, marking both the beginning of the author’s professional career and his
first experience living abroad. The placement not only offered invaluable hands-on
knowledge in RF engineering but also allowed a meaningful contribution to a major interna-
tional scientific project. It was a rewarding experience that combined technical growth,
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teamwork, and personal development — a small yet significant contribution to the broader
pursuit of scientific progress.

7.2 Next steps

In this chapter, the next steps after completing the 6-month internship. The tasks left
to complete the driver are mentioned and possible extensions in the future are analyzed.

Bias topology switch

Since the amplifier is working under pulsed conditions, there is no need for it to oper-
ate for 360°. A switch that is triggered synchronously with the input pulse needs to be de-
signed. This way, the power consumed, the heat generated and the deterioration of the
equipment will be reduced.

Improve Rise/Fall time

For accelerator applications, it is important to have sharp rise/fall time. Both can be
improved, especially fall time, because all the components in the circuit can charge and save
energy capacitively or inductively. Parallel L-C circuits to the matching networks can help
minimize this effect. If applied, there is need for careful redesign of the matching networks.

Microcontroller

A microcontroller can be designed and assembled to closely monitor the amplifying
process and protect against arcs or system failure. This way we can monitor the entire system
block by block for parameters like input/output power, current consumption and temperature.
This system could also be programmed to cut the power supply or disconnect the amplifier
from the system with switch to protect against damaging other equipment in case of failure.

Shielding Box

Every PCB has power dissipated both thermally and by radiation losses. Since the
PCB has contact with the environment, some RF power is being radiated, causing possible
problems interfering with the other systems and becoming dangerous for human exposure. A
shielding box that would block all incoming and outcoming RF power would both improve
the performance and increase safety.

Amplitude Tuner

As discussed in the system overview, there is a need for an amplitude tuner capable of
providing 25 dB gain at 0dBm to 5dBm input power values. As showcased by the lab meas-
urements, the driver’s 1% stage manufactured in this report is capable of offering almost 30dB
of gain at that power level, making it a viable option for this system architecture.
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More PCBs to evaluate in order to have 16 for the spoke cavities

After all these steps are evaluated and completed, we need to manufacture at least 16
operating amplifiers to test the entire system and however more we need in order to have
spare ones in case of failure or for amplitude tuner use.

7.3 The Road Ahead

The continuous advancement of Solid-State Power Amplifier (SSPA) technology is
redefining the future of high-power RF systems in scientific research and accelerator facili-
ties. As semiconductor devices evolve toward higher power densities, improved efficiency,
and operation at increasingly higher frequencies, SSPAs are rapidly emerging as the next-
generation alternative to traditional vacuum-tube technologies. Their modularity, scalability,
and reliability make them ideally suited for large-scale infrastructures such as particle accel-
erators, fusion reactors, and radar systems, where long-term stability and precise control are
paramount.

In the context of accelerator science, the transition toward solid-state RF sources
promises not only enhanced operational robustness but also greater flexibility in power distri-
bution, redundancy, and fault tolerance. Looking ahead, advances in wide-bandgap materials
(such as GaN and SiC), intelligent power combining architectures, and digital control systems
will continue to push the limits of efficiency and power density. These developments will en-
able accelerators to operate with higher repetition rates, improved beam stability, and reduced
maintenance demands—ultimately contributing to more reliable and energy-efficient research
infrastructures. The convergence of solid-state RF engineering, advanced materials science,
and accelerator physics thus represents a pivotal direction for the next generation of scientific
discovery.
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Appendices

The following poster presents the abstract and announcement for my presentation ti-
tled “Design and Manufacture of the Driver’s 1st Stage of the 400 kW SSPA System to Power
the Spoke Cavities”, delivered at the European Spallation Source (ESS) in Lund, Sweden, on
Tuesday, 3 September 2024.

This presentation summarized the design process, simulation, and experimental vali-
dation of the developed Solid-State Power Amplifier (SSPA) prototype, and was part of the
internal ESS research dissemination series. It was a great honor and a defining moment for
me, marking my transition from being a science enthusiast to actively contributing a small
part to the greater project called science.
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Design and Manufacture of the Driver’s 1st stage of the
400kW SSPA System to Power the Spoke Cavities

Speaker: Panagiotis Vlachos

Abstract:

The European Spallation Source (ESS) is a multidisciplinary research facility that is being
built in Lund, Sweden and will be the most powerful linear proton accelerator when
construction is complete. Even though ESS will contribute greatly to the future research, the
facility will be a large power consumer with significant environmental impact. Therefore,
environmentally- sustainable developments are undertaken towards the adoption of energy
savings and improved energy-efficient approaches. One example of that approach will be
the new system that will be implemented to power 26 spoke cavities. The Spoke cavities are
the first stage of superconducting acceleration at the ESS linear accelerator (LINAC),
consisted of 26 double spoke cavities, with 400kW power per cavity requirement to
operate. To mitigate the risks associated to the spoke station, ESS has decided to explore
technical alternatives to power the spoke cavities.

This presentation will discuss designing, simulating and manufacturing a Solid-State Power
Amplifier (SSPA) tailored specifically to serve as the first stage of the driver within the
400kW SSPA system that will be installed to power the superconducting double spoke
cavities at European Spallation Source. This study begins with an in-depth analysis of the
system requirements and operational parameters of the entire system, identifying key
performance metrics such as output power and efficiency. Through rigorous simulation and
optimization using software tools (Advanced Design System (ADS) and Altium Designer), a
robust SSPA architecture is developed, capable of meeting the stringent specifications
demanded by the application while mitigating issues such as harmonic distortion and power
dissipation. Special attention is given to the selection and integration of high-power
transistors, impedance matching networks, and decoupling networks to ensure optimal
functionality and longevity under varying operating conditions. Furthermore, experimental
validation of the designed SSPA prototype is conducted, involving comprehensive testing
and characterization across the entire operational range.

Time: 15:00-15:45 Tuesday 3 September 2024
Place : Universe and Zoom
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