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AmaryopevETaL 1) AVTLYPAPT], ATOONKELOT KO SLOVOLT TNG TOPOVGOS EpYaciog, £ OAOKAPOL
N TUNHOTOS OVTHG, Yo EUTOPIKO okomd. Emtpénetal ) avotdmmor, amobnkevon Kot dtovoun
Y10 GKOTO U1 KEPOOOKOTIKO, EKTOOEVTIKNG 1 EPEVVITIKNG GVOTG, VIO TV TPOHTOHEGN VoL
AVOPEPETOL 1) TNYT TPOEAELONG Kol VoL dtoTtnpeital To mapov pvopa. Epotuota mov
a@opovV TN ¥PNON NG EPYAGING Y10 KEPOOGKOMIKO OKOTO TPEMEL VAL amevBHVOVTAL TPOG TOV

CLYYPOUPEQL.
Ot amdWyELS KO TO GUUTEPAGLOLTO TTOV TTEPLEYOVTOL GE QLTO TO EYYPAPO EKPPALOvV TOV

oLYYPOPEN KOl OV TPETEL VO pUNVEVDEL OTL avTImpocwmeHovV TIg emioneg BEGEIC TOV
EBvikov Metodfiov TToAvteyveiov.






Iepiinyn

AvTikeipevo ¢ Tapovcos OMAMUATIKNG EpYaciog anotelel N oyediaon Kot 1
vAomoinon &voc olokAnpwpévov, Up-converting kor down-converting, dumAd
e€loopponnuévov, evepyol pikt, ocvvoeouoroyiag gilbert cell, oe teyvoloyia SiGe
BiCMOS 0.13um, pe Aettovpyio. otv D {dvn TOU @AGUATOS TOV pOSIOGUYVOTHTOV, LE
Kevipikn ovyvotnta ota 145GHz. H epyacio avty amotélece pépog evog opadko
project kat, 7O GLYKEKPIUEVO, TNG OGYESAONG KOl VAOTOINGNG €VOG TOUTOSEKTY,
teyvoroyiog 6G (130GHz émw¢ 170GHZ), evobpuatng emkovmviag UiKpov-pETPLOn
LUNKOG YPNOILOTOIOVTAG TANGTIKOVG Kuuatodnyods (PMF). E@apuoyéc e opadikng
gpyaciog apopovv chyypova Kot HeEALOVTIKE TtpoidvTa Tng Te)voloyiag 6G.

Yt akorlovBa kepdloto yivetor BewpnTikn avAAVON TOV TNAETIKOIVOVIOK®OV
0AVGIOMV, TOV KATNYOPLOV TOV UIKTOV KOl TOV YOPAKTNPICTIKOV TOVG. AKoAovOel
TAPOLGINGT TNG TEXVOAOYIOG TOV EMEAEYON, TNG APYITEKTOVIKTG Kat TG HebBodoroyiog
TOL AKOAOVONONKE KOl TOV OTOTEAEGUAT®OV TOV TPOGOUOIDCEDV TOV AVOTEP.
‘Emerta, akolovbel n oyxediaomn tov KukAduaToc o€ pLoko eninedo (layout), omov pe
KOTOAANAEG NAEKTPOUOYVITIKES TPOCOUOLDGELS, EEAYOVTOL TA TEMKO OMOTEAEGLOTOL
TPOGLLOUDCEMV.

H eoticon tov emddcewmv tov design éywve otn yYPOUUIKOTNTO, GTO KEPOOG
HETOTPOTNG, Kol TNV €VPLLO®VIKOTNTA, ETITVYYOVOVTAG, GUVOAIK(H, TO OTOLTOVUEVOL

Heyeon.

AéEeic- Khedd: Evepyoc Mikng, 145GHz, BiCMOS, conversion gain , gilbert
cell, up-converter, down-converter






Abstract

The subject of this thesis is the design and implementation of an integrated, up-
converting and down-converting, double balanced, active mixer, in gilbert cell
topology, in SiGe BiCMOS 0.13um technology, operating in the D band of the radio
frequency spectrum, with a center frequency of 145GHz. This work was part of a team
project and, more specifically, the design and implementation of a transceiver, 6G
technology (130GHz to 170GHz), a short-medium range datalink using Polymer
Microwave Fibers (PMF). Applications of the group project concern current and future
6G technology products.

The following chapters provide a theoretical analysis of telecommunication
chains, mixer classifications and their characteristics. This is followed by a presentation
of the technology chosen, the architecture and methodology followed and the results of
the simulations of the above. Then, the circuit design in physical plane (layout) follows,
where with appropriate electromagnetic simulations, the final simulation results are
extracted.

The focus of the design performance was on linearity, conversion gain, and the
frequency range, achieving, overall, the required quantities.

Key words: Active Mixer, 145GHz, BiCMOS, conversion gain , gilbert cell, up-
converter, down-converter






Evyoaprotisg

®a MBeia, apykd, vo guyaplotiom Tov kadnynt) pov lodvvn Iomavavo yo
TNV EUMIGTOCLVT OV HoL £d€1&e avafétovtdg pov to Béua g SUTAMUOTIKNAG OV
gpyaciog kot TG Kabodnynons mov Hov TPocEPePE Yo TV oAokApmon tng. Eniong,
TOV EVYOPLOTM YO TNV ELKOLPIC TOV POV TTPOGEPEPE va Ppedd 610 emayyeAlaTIKO
nepifarriov ¢ etaupeiog Infineon Technologies AG, 6to TAaiclo ¢ SUTA®UATIKNG
LoV gpyaciag, oTnV omoie amEKTNGO TOAVTILEG YVAGEIS KOl EUTEPIES KAl YVAOPLGQ
KaAOVG @iAovg, aAAG Kot Yo TG GLUPOVAEG kot Tn Porfeld Tov Y TN petémeita
emayyehpotikn pov {on. Evyapioto, eniong, tov Franz Dielacher mov pov édwoe v
gvkopion vo epyaotd otnv oupddo tov ko tov Siegfried Krainer yio v opoin
ocuvepyacio kot v Kabodrynon.

Mia peydain evyopiotio opeidm ot1o @ido kot cvvepydrtn Baocileto Mavovpd,
VoY ELo d1ddkTopa Tov Kalnynm lwdvvn [amavavov, yio v kabopiotikny copfoin
Kol fondelo otV SUTA®UATIKY POV €pyacia, TNV VTOGTNPIEN OTIS TPOKANGELS TOV
TPOEKLYOLV KL TIG YVADGELS TOV LoV TpocEpepe. Enetta, Oa n0eha va evyaploticm Toug
ouvepyateg Kal gidovg Baciielo Alakdovn, vroynetlo 616dktopa Tov kabnynti Ilodvvn
[Moamavavov, kot TMavieAenuov ToaPard, yw ™ ovvepyacio kor ™ Pondeid tovg
KaB’0oAn 1 O1dpKElD TNG SUTAMUOTIKNG KO TV GTOVOMY HLOV.

21 GLVEXELD, EVYOPIOTO BEPLd OAOVS TOVG PIAOVG LoV, TOVG TAALOVG OALA KOl
TOVC VEOUC, YioL TN OLOPKT LOCTAPIEN, TIC CLUUPOVAEC Kot TIG EVYAPIOTEC OTLYLES.
Ewdwa, peydro evyapiotd opeidw ot @idn pov Kovortavtiva Ztepyiov kat 6to ¢ilo
pov Anoctoro Beddvn.

Téhog, TO HEYAADTEPO €LYOPIOTO OQPEIA® o©TOVG Yovelg pov, lmdvvn ot
Awatepivn, kot T1¢ adehpég pov Baotukn kot Aptepncio, yu 6,1t pHov €xouvv
TPOGPEPEL AVIOIOTEAMG Kot 060 cuveyilovy va pov mpoopépovy Kadnuepivd. Eidikd,
TOV TATEPA LOV Kol TNV adeA@n pov Apteunocio Oa MBelo va Tovg €uYXOPIGTHOM
EeXOPIOTA KOt MG GVVAOEAPOLGS, Yo TNV KaBodyNnom Kot TiG GVUPBOVAELS.
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Extetapévn Ilepiinyn

Me ta Tpdta fripato g te)voroyiac SG, £xovv 1o dtapopPmOel véec 10€e¢ Ko
Kowvotopo oxéda ywo v teyvoroyia 6G. To 6G Oa ecdyel 1 véa kowvwvio
emuovovidv Tov 2030 mapéyovtoc TpdcOeTeg dUVATOTNTES Kol TEXVOAOYIES Yoo TNV
eEummpénon tov ypnotav [1]. Iaykoouimg, ot opyavicuol d1epguvodv Tov KovoTOpo
topén Tv THZ teyvoloyidv, avapévovtag to ETOUEVO. XPOVIO VO £XOVV ATEPIOPLOTN
Kol TANPN acVPUOTY ETIKOWVOVIN, Y10 EPAPUOYEC POVIAP, TAONYNONG, EVIOTIGLOV
Béonc, aviyvevong, emkotvoviav kK.Am. [2], [3]. Ot amortoelg, ETOUEVMG, Yo To VEQ
diktva 6G agpopolv T dlaxeipion Tov PAGUATOG Kot TG 16YV0G, TOV UEYIGTO pLuOUod
dedopévov, v kobvotépnomn, N yopnTtikoédTa kol v Kivnukomra. Ilo
oLYKEKPIUEVA, 0 UEYIOTOG pLOUOC dedopévav avapévetal va vaepPaiver to 1 This,
onrad” 100 popég vymidtepog amd 10 5G, 0 puOUdS dedopévmv mov PrdveL 0 XPNOTNG
1Gb/s, dnradn 10 @opéc vynAdtepog amnd t0 5G, 1 kabvotépnon 10-100 s, m
mokvoTNTa d1kTvov 10 Popég vymAdtepn amod to 5G, 1 evepyetaxn amddoon 10-100 ko
N amodoTIKOTNTA PAcpaTog 5-10 popég vymidtepn amd to 5G [4].

Opiopéva mheovektruata g véag {dvng cuyvotntav givol To yeyovog 0Tt dgv
vrdpyer "eacpotiky] cupedpnon” kai, emmAfov, N KAlpoko oyediaong eivar woAD
uikpotepn. To péyebog g kepaiag eaptdrotl and T0 UNKOG KOUOTOS TOV GYLOTOC,
EMOUEVMG, O YDPOG TOL KOTUAAUPAVEL LEUDVETOL GNUOVTIKO KOl TO OVOAOYIKE Ko
YMEKE KOKA®UATO YivovTol EXiong moAD pkpdTEPA, OTMS LITOINADVEL 1] TEXVOAOYiM,
tov 130 nm mov ypnowonomdnke yoo tv mapovoa dtotpiPn. H mapovoa datpin
acyoleitarl pe tn oxedioon Kol TV VAOTOINGT €VOC OAOKANP®UEVOD TETPUYMOVIKOD
Stpopem™ 1/Q D-Band, evog amd ta mo kpicipa blocks etove ohyypovoug moumove
mm-wave kot Sub-THz [5]. Yiomowmoewg tétowwv dSwpopemtodv 1/Q D-Band
nepthapPdvovtol o apketéc mpdoeatec papuoyéc 6G katl tépav tov 5G [6], [7], [8].

Tniemkowvoviokn Alvcida

Téoo ot1g Yynouokég 660 Kol OTIG OVOAOYIKEG EMKOWMVIEG, TO CLGTNUA
emovoviag meptAapuPdvel To cOGTNUO TOUTOD KOl TO GUCTNUO 0EKTN HETOED TMV
omoiwv moapeuPdrietal To kovail petddoons. H dtapopd petah tov avaloyik®y Kot
TOV YNEOKOV CUGTNUATOV E£YKELTOL GTI LOPPON TOV UETASOOUEVOD GUATOC, GTNV
eneEepyacio TOV GNUATOC KOl GTOVS GTOYOVS OTOO0GNC.

['evikotepa, o moumdc ektedel emeCepyacia Paocikng {ovng, Oapudpewon,
evioyvon Kot IATPAPICUA Y0 TNV OITOPLYN SLPPONG GE YELTOVIKA KavaAlo. Ao TV
GAAN TAELPA, O OEKTNG EKTEAEL QIATPAPIGUO, OTOSOUOPPMOT KOl EVIGYLON, EVO
Kopimg, emefepydletar 10 emMAEYHEVO KOVOM OmOPPIMTOVTOS, EMOPKAOC, 1GYVPES
YELTOVIKEC TTOPEUPOALS.
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O piktng

O piktng eivor éva and to mo kpicua blocks otovg cvyypovove TOUTOSEKTES
Kopdtov mm kot vrmo-THz [5]. H 0éon tov oty alvcida tov TOUTOOEKTN
amewoviletor mopandvw. AvalvTiKOTEPO, 6TOV TOUTO, 0 HiKTNG Ppioketal cuviBmg
TPV and Tov VIV woyvog (PA), 6mov o poLog tov givar va petapépet To embounto
onua 6€ VYNAGTEPES CLYVOTNTEG TPV Ad TNV EVIGYLGT KO TNV TEMKN LETAPOPE TOV
HEC®O TOVL KOVAAOV. XTO OEKTN, O UIKTNG Tomofeteiton cuYvA HETE TOV €VIOYLTN
yopuniov BopvBov (LNA) kat 6tod)0g ToL €lval 1 peta@opd Tov AapPovOopevov GrHOTOg
0€ YAUNAOTEPESG GLYVOTNTEG TPV AVTO GTOAEL TPOG enesepyacio amd T GLGKELT).

‘Evag piktng cvyvotitov elval éva niextpovikd kKOkAopo tpiov Bupdv, 6to
omoio opilovrtatl ot Bpeg €160d0V Ko N BVupa €£6d0v. O 1WoVIKOG HIKTNG LETATPOTNG
TPOG T TAV® £YEL dVO BVPEG E1GO0V, AVTEG TNG PEPOLGOG GLYVOTNTOS, TOV GLVNOWG
napéyovral and Evav tomkd taraviot (LO), kot g evdiapeong cuyvotmrag (IF) kot
pia 00pa €600V padtocvyvottag (RF). Xty mepintwon tov piktn petatponén mpog
T0 Kato, ol B0peg IF ko RF avtiotpépovron kai, emopévac, n Bupa RF givar Bupa
€10000v ka1 1 Bvpa IF BOpa e£ddov.

Me tov O6po pi&n RF evvoovpe tov moAlamiaciacpd d00 onudtomv yuo ™)
onuovpyio véwv onudtmv, o€ VEEG GLYVOTNTEG, TAPAYWOYO TOV GLYVOTITOV TOV
apyikav onudtov. Fevikotepa, 6tav dvo onuota, finl kat fin2, diépyovrat amd éva un
YPOUUIKO KOKA®UO, TOTE oty £€5000 TOV KLKAMUOTOG Onpiovpyovvtal mTpdcsbeta
ofuota 6to dfpotlcpa Kot 6N dlaPopd Tmv dVo apykdv cvyvotitev (finl+fin2) kot
(fin1-fin2) avtictoyo. Tétowo un ypappikd ototyeio 6 Eva KOKAMUW, TOV dPOVV MG
TOAMOTAAGIOOTES, UTOPEl va elval pua 61000¢ kot evepyd ototyeio, ommg to. BITS kot
HBTSs, ta omoia Pacilovian otig ekbetikég 1-V yapaktnplotikés e pn évoon 1 ta
MOSFETs 11 ta HEMTS, mov akolovbohv ™ cuumepipopd TeTpay®viKod VOLOL GE
YOUNAES TPOYLATIKEG TAGELS TOANG, AAAG 0€ KOUBOVG VOVOKALOKOG COUTEPLPEPOVTOL
YPOLLUIKAL.

DOWNCONVERSION UPCONVERSION

fie = [fio - ol foer = flo - T foea = fio + fie

DC Frequency o DC Frequency

Power
‘s
/
Power

Radio Frequency 4 Intermediate Frequency Radio Frequency W% Intermediate Frequency
o O~ () () R0 )

O Q)

Local Oscillator Local Oscillator
fo) (fio)

Zynuo 1: Opiopoi s HeTaTpoThS mPos Ta. KATW Kol THS UETATPOTNS TPOS TO, TAVQ.
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H emioyn tov Bupov IF 1 RF yo onpo 16660v e€aptdror amd tv epappoyn
tov piktn. Otav n emBountn) ocvyvotnta e£6dov eivan younAdtepn amd T cvyvoTNTa,
€10000V, TOTE £(OVILE LETATPOTT TPOG Ta KATM Ko 1) Bvpa RF glvar Bupa 160500 kot 1
B0pa IF eivar BOpa e£0d0v. Xe avtn v mepintoon, N e&icwon (1) mov meptypdpet
Aertovpyio TOV piKTN, 610 TEGIO TOL PAGHOTOG, Eival 1 akOAOLON:

fIF = [fLO - fRF] (1)

Yy avtifem nepintmon, 0tav 1 entBount cuyvotnta 50000V gival vYNAdTEPN
amd T oVYVOTNTA €1GO00V, TOTE 1 d100IKAGI0 OVOUALETOL LETATPOTY] TPOG TO TAV® KoLl
n IF glvar n OOpa €10600v, evd 1 RF givar 1 B0pa €£660v, omdTe 10y0EL N akdAoLON
elowon (2):

fRF = fLO + fIF (2)

H a6porotikn cuyvomnta fRF = fLO + fIF eivar yvoot og dve mhevpkn {dvn
(USB) kou n dwpopd fRF = fLO - {fIF ovopdletor kdtw nigvpikn (ovn (LSB).

Ot dopopemtéc (modulators) umopovv vo cvvhécovy KLKAGUOTO, Y0,
napaderypo tororoyieg Gilbert, ywo va mapdyovv aviiypaea I kot Q tov @épovrtog
onuotog (quadrature modulation) [5]. Xpnoyomoiovv vpidta 90 pop®mv Tov GNUATOG
Kol 6T1G 000 draopikéc BUpec 16600V Kal avaroya pe TV embount Tisvpikn (o,
tifeTton 10 MPOONUO. XTO oYNUO 2, TOPOLGLALETAL £va TOPAOEIYUO OLOLULOPPMTT,
Baciopévo og tororoyia Gilbert.

L]

i A R I

-IE I Hl{ IT} I.:‘:l‘l;‘ﬁ:ll:t” -|E I h*é“'lj
= Pt =

IN

Zynua 2: Zynuoatikn avemopootach CMOS evog diauoppwty QPSK xouatoc mm mwov faociletor
cequadrature modulation xaz Gilbert cells.



Ye avtifeomn pe tovg pikTeg, TO HELOVEKTNUOTA TOVG givol OTL KataAapBdavovy
ueyoAvTepn emeavelo oto chip kot 6Tt amotovy peyaAdtepn 1oy0, aALd, Eva KOPLO
TAeoVEKTNLO Eivon 1) odppryn ikdvag (image rejection) mov umopei va emttevydei.

Aiktva Ttpocappoyns [14]

Ye avtifeomn pe Tig yapunAés cvyvotnTeg OOV TO UNKOG KOUOTOG TOL GNLOTOG
vrepPaivel To Eva HETPO, GTIC VYNAES GUYVOTNTEG 1 NAEKTPIKT OTOCTOCT| HLETAED TV
OKPOJEKTAOV TOV KUKAMUATOS KO TOV EEMTEPIKAOV OKPOIEKTMOV YIVETOL GLYKPIGIUN LE
T0 UNKOG KOUOTOG ToL onuotog. Ot avavtiotolyieg cvvBetng avtictaong oe KaOe
TAELPE TPOKAAOVV AVAKAGGELS TOV UITOPOVV VO LELOCOVY GTUAVTIKA TNV 1o(0 TOV
ONHOTOG TTOV PTAVEL GTO KUKA®UA Ttpooptopov. H tumikn tyun odvOetng avrictaong
OV EMPAALETAL ATTO TOV TUTOTOMUEVO EEOTAIGUO dOKIUMV givor S0Q.

Emniéov, mpoxeipévov va eEacpaliotel n HEYIGTN SuVATH LETAPOPA 1GYVOG
petalh e TyNg oNUATOS Kot EVOS KUKAMUATOG, 1 avTioTaoN 16000V TOV EVIGYLTH,
ZIN, mpéner va toupralel pe ekeivn g myng oNUatog, ZS, Kal, To CLUYKEKPIUEVA,
npénel va. akoAovBel v e&icmon Zin = ZS* (culuyng mpocsapuoyn). To id10 woydet kot
Y10 TN LEYLOTN LETAPOPE 1Y 00G 0o To KOKAMUA 6T0 popTio Tov. H chvBetn avtictaon
e€6oov tov KuKA®patog, ZOUT, npénetl va mposapuoletal oy avtictacn @optiov,
ZL. Enopévamg, mpénel va eioayfodv to avtiotoryyo diktuo TposapUoyns HETaEy TO
KUKADLOTOG KoL TNE TNYNG ONUATOC Kot LETAED TOV EVIGYLTH KOl TOL POPTIOV.

2uyva, Ge €QAPUOYEC LYNMAGDV cLYVOTNTOV, ol ZS kol ZL eival ioeg pe o
Tpaypatikn avrictaon Z0.

H enidoon evog pixtn xaBopiletor amd moArég mapouéTpovs. Avtég ot
TOPAUETPOL EMIOOONC TEPLYPAPOVY GUVORTIKA TNV TOOTNTO KOl TIG SVVOTOTNTEG
Aertovpyiog Tov piktr. Ot onUAvVTIKOTEPESG TAPAIETPOL EIVOL O1 TOPUKATO:

1. ITpocapuoyn (Matching) otig 00peg RF, LO ko IF
2. Képdog Metatponng (Conversion Gain, CG)

3. Ewoéva ®opovpov (Noise Figure, NF)

4. I'pappuxdtnta (Linearity)

I. Znueio Xvpmieong 1-dB (1-dB Compression Point)

ii. Hapopdpemon Evdodiapdpemwong kot Enueio Moapeppoing 3ng tééne (Third Order
Intercept Point, IP3)

5. Amopdveon peta&d @upmv (Port-to-Port Isolation)

7. Evotdbsio
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["a 10 cwoTo GYEdIACUO VOl KOO VO EXOVLE 6T 0140€0M LOG La EKTIUNON
NG TLUKVOTNTOC PEOLATOG, V1o TN PEATIOTN TayhTnTA TNG cvokevnc. To oyfua 3 delyvel
OT1, T0 LYNAGTEPO KEPSOC Lovadlaiag cuyvatntag (cuyvotnta dtélevong) fT~280 GHz
EMTVYYAVETOL OTOV O GLAAEKTNG TOL TPOVEIGTOP SLOPPEETOL OO TUKVOTNTO PEVILOTOG
nepimov 14 mA/um2.

300.0
275.0
250.0
225.0 1
200.0

175.0 1

ft (G)

150.0%
125.0
100.0 E
75.0%
50.0%
25.0 1

0.0 7

25,0 3 .

IIII 300

Je(mA/um ™ 2)
Zynua. 3: Aidypouuo. e ovyvotnrog IT oe oyéon ue to pedua oviréxty yio éva HBT vyniig toybmnrac,
emoaverog 0,22 x 1 Oum®.

H oyediaon mpayuatoromOnke oto mepipdiiov Virtuoso® g Cadence®, evod
N TeYvoAroyio. Katackevng tov piktn, €ivar 1 B11HFC tng Infineon Technologies.
Enyepeitar 1 mapovcioon twv mpodtaypapmdv g v A0y oyediaong, m pon g
oyedioong Kot 1 avAAVoT TOV TEYVIKOV EUTOSI®mV TOL GLVOVTHONKAV KATA TN SLApKELL
¢ dadikaciog ochvOeong Tov pikt.

H pon oyediacpon teptlapfdvet ta akdAovba Pacikd onueio:
1. KaBopiopdg tmv mpodiaypapav Yo, TNV amdd0cT TOV EVIGYLTH.

2. Emioyn tov tpaviictop mov yapaxtnpilovv v evepyd didtaln tov pixtn, pe fdon
T povtéda tpaviictop g teXVoAOYiaG.

3. Zyedloopnog Tov KUKAGNOTOS ENG te wovikd modntikd ototyeia g Pipriodnkng
avaroywov lib kot evepyd HBT 1tng teyvoloyiag.

4. AvTiKatdotoon TOV 1W00VIKOV TodNTIKOV GTOWEI®OV e TPOYUOTIKE HLOVTEAD TNG
TEYVOAOYIOG, OYEOOUOC KUKAOUATOV  €100000 Kot  €E600L Kol  eEaymYN
AmOTELEGUATOV YPaPIKNG Tpooopoimong (Cadence Virtuoso® Spectre®).

5. Zyedoopnog Odtoéne, eE0y®YN] MOPACITIKOV — OVIICTAGE®MY, OVTETUYOYDV,
YOPNTIKOTNTOV Kot apolPoiov avtenaywymv o€ emieypéva tunpata (e€aywyn RLCK)
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Kol TPOGOUoimon TS dTaéng 6To TPOYPOULLE NAEKTPOUAYVITIKNG TPOGOUOIMONG
ADS Momentum.

6. E€ayoyn ypaowkdv anotehecpdtomv ntpocopoionong (Cadence spectre) tng didtaéng
TOV TPOGOUOIMONKE LE NAEKTPOUOYVITIKT] TPOCOUOIMGCT Y10l TOV YOPOKTNPIOUO TNG
amddoong Kot TG 0pHng Aettovpyioag Tov piKe.

7.'Eheyyoc DRC (Design-Rule Checker) ka1 LVS (Layout versus Schematic).

H cepd tov mapoandve Pnudtov dev gival avotpn oALd eravaropavovtal
péxpt va emitevyei n emBoun Asttovpyio TOV KUKAOUATOC.

2T0Y0L Y10 TIS EMOOGELS TOV PIKTY)

[Ma tov piktn g Tapovcag dtatpPng tédnkav opiopéva Attovpytkd 0pia 1OG0
Yy TV avtdvoun Aettovpyic Tov 0G0 Kot Yyl Tn AETovpyio. TOL GTO TAMIGLO TOV
opadikov €pyov. Ta Opla avtd a@opodv o peyédn mov &xovv eEnyndel Aemtopepmq
TPONYOLLEVIS (G TTPOG TN CNHOGIO KO TN AELITOVPYIKOTNTA KO €IvOt 1 YPOUUKOTN T,
T0 KEPOOC WETATPOTNG, 1 TPOCUPUOYN €16000V/e£0d0V, M KOTAVAA®ON KOl 1)
evpulovikoTNTa. OVOUAGTIKE, 01 TPOSLOYPAPES AVTEC TAPOLGLALOVTOL TOPAKATO.

Baowkég mpodiaypa@és yia tov piktn QDB:
* IF gbpog Lovng: 1-20 GHz
* 3dB IF woy0g onpatoc dBm ~ -40 — -15 dBm
* LOwoyvg~-5dBm — 5 dBm
* 3dB RF gbpog {dvng: 30GHz (130GHz-160GHz)
* SSB képdog petatpomnc: 0 — 10 dB
+ OP1dB >-18 dBm
* OIP3>-7dBm
« IRR>20dBc
* LO-to-RF anopéveon > 30 dB
* Pdc <100mwW
*  Tepuatioupoi ota 100Q2
Yyediaon piktn

O evepyog piktng mov oyedidotnke eivar OmAd e&icoppomnuévoc, oe Gilbert
tomoloyia, Onwg paiveTal 1o Zynua 2. Oreg ot evepyég datacelg stvar HBT, pe to id10
mAatog pdokog ekmopmov 0,22 um. To drokontikd otddto amotereital amd 600 (gvyn
[10] Q1, Q2, Q3 ko1 Q4, pe unkog nackog EKToumov ico pe 2,7 um, Kot givot ToAouévo
Kovtd omnv mepoyn pinch-off, Asitovpydviag wg dSwakdntec. o ™ Pabuida
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dwyoyomrag, ta tpaviictop Q5 kot Q6, pe unkn packog ekmounov ica pe 4,5 um,
petatpémovv 10 onuo taong IF oe peduo Ko moldvovior otn BEATIOTN TLKVOTNTO
peopatog yio péyotn ft [2]. To pedpo ovpdg péer péso tov HBT Q7 10 omoio €yet
unNKog paokog ekmopmov 10 pm.

Ov ypappég petapopdc TL1 wor TL2 ypnoipomotodvtol yioo Tov €moymyiko
EKPUAGLO EKTTOUTOD, BEATIOVOVTOC TN YPOUUIKOTNTO TOV KT, VD ot Ypoauuég TL3,
TL4 oty £€£0d0, ypnoyomolovvtal ywo TV €MPOAN TOVL eMTELYOEVTOC KEPOOVC
petatponng [10]. Aiktva Tpocappoyng eVTOG TOL KUKADUOTOG TOL OTOTEAOVVTOL Atd
mokvetéc MIM, ypoapupég petapopdc kat avtiotdoelg TaN tpootifevian otig O0pec LO,
IF ka1 RF y1a va emtevyBel o svpulwvikodc cuvtoviopog cvyvotrog. H koyéin tov
piktn Ppioketoar vwd thon tpoodocsiag 3,3 V, evd n moéiwon kabe HBT
npaypotonoteiton pe eEmtepkd  eleyyOueves aveEaptnteg mMYEC TOONG UECH
OVTIGTAGEMV TOAVTLPLTIOV.

2yniua 4. Xynuatiki avomopaotact e Tpotelvouevs kowédng uiéne D-Band.
Xye0lao OLOROPPOTY

O dapopemtg amoteleitan amd 600 KOYEAEG IIKTN OVOOIKNG LETATPOTNG, LE
v d1a TomoAoyia OTmC eaivetal 6to Xy. 5. Ot 600 HikTEG AEITOLPYOVV TETPAYWOVIK(,
dtpopemvovtag to dtopoptkd onuata I kor Q pe ta dtapopucd onpata LOI (pdon
Opoipec) kot LOQ (pdomn 90uoipeg) avtictorya [11]. Me avtdv tov tpdmo emituyydveTon
0 Adyog amdpprymg ekovag ywpig  xpron tpodchetov piktpapiopatog [S].
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LT

2x. 5. Zynuotikn avomopaotacy To0 TPOTEIVOUEVOD OLOUOPPUOTH UETOTPOTHS TPOS TO, TAVW YOUNANG
mAevpixns {wvng.

Yyeoiaon Layout

O dwpopewtg I/Q viomoeiton oe depyacia SiGe BiCMOS 130 nm pe
ovyvomta otérevong f T =250 GHz kot cuyvétta taddvioong f max =370 GHz. H
teyvoroyia Ow00étel 6 OTPOUATO YOAKOD Kol £VO OVAOTEPO WHETOAMKO GTPOLO
aiovpviov. Awatifevton emriong mukvetég MIM, avtictacelg moAvmupitiov kot TaN. To
EVOLOUECO WETOAAO 4 YPNOIUOTOlEITOL ®G Yelon avaeopds, evd 1o HETOALO 3
YPNOLOTOLEITAL G EMiTESO TPpOoPodoGing. Ta katdTepa LETAAAM 1, 2 ¥pnoipomotoHvtol
Y SGVVOEGELS GLVVEXOVS pedpatos. Ta mayd avodtepa pEToAa 5 Kol 6 YoUNA®V
OTOAELDV VAOTOL0VV OAES TIG 0opéG RF mpoopépovtag petmuévn yopntikn ovlevén pe
) yeloon.

[Tpoxeévov va mapéyovtal ot KatdAinies edoelc LO otig Pdoeig tov HBTSs
ToV otadiov peTayOYNg, moapepPdiietor €vac KoAd KOOOPIGUEVOS  O1apOPLKOG
ovlevktne LO petald tov kukimpatoc tapaymyng LO kot tov dtapopemti. TELog, 1
owataln viomomnke pe to gpyoreio Cadence Layout kor m telMkn oyedioon
angwoviletor oto oynua 6.

From Tripler
130 - 160 GHz

Vd peouejeg
pueg-q oL

Zynuo 6. Telixn draraln tov mpotervouevov diauoppwty 1/Q.
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ATOTELEGNATO TPOGOUOIMONG

H Aertovpyio vynAng cvyvotrtog tov mpotetvopevoy dtapopemt) I/Q amortel
akppn poviehomoinon TV UHETOAMKOV Olacvvoécewv TtV Tpaviictop. 'Etot,
ypnowonoteitar RC parasitic extraction péypt 1o p€taAro 4 yioo OAa To EMAEYUEVA
HBTs evd 1 dtasvvdeon péypt to kopv@aio HETAALO 6 kaB®G kal OAeg o1 dopég RF ko
ta dlKTVLa TPOCAPHOYNG Tpocopoldvovtal EM pécw oo Momentum ADS.

Mo chvoyn TV amoTEAEGUATMV TS TPOGOUOIMONG GE GUYKPLOT LE TIG APYIKEG

TPOOLALYPOPES Tapovstdletal otov mivaka, 1.

TABLE I. SUMMARY OF SIMULATION RESULTS

Suppression

Metrics Specification | Simulated
SSB Conversion | p0-10dB >5dB
Gain
OPldB > -18dB >-12dBm
OIP3 > -7dBm >-7dBm
Power Consumption | <100mW ~ 90mW
LO Rejection >30dB ~40dB
Sideband > 35dB ~40dB
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CHAPTER 1: INTRODUCTION

Radio Frequency Spectrum and 5th & 6th Generation Mobile

Communications

Electromagnetic energy travels in waves ranging from long-length radio waves
to very short gamma rays. Wavelength, which is a kind of classification of
electromagnetic waves, is one of their most important characteristics. For example, the
energy involved in an electromagnetic wave depends on the wavelength and is inversely
proportional to it, or equivalently, proportional to its frequency. Then, different
electronic devices detect different wavelengths of electromagnetic energy, so a number
of applications in telecommunications are classified by wavelength. In particular,
mobile communications are subject to the radio frequency spectrum from the order of
kHz to GHz.

In summary, the radio frequency bands can be defined as follows in Table I:

mm-wave frequency band Frequency Range (GHz)
Q band 30 to 50 GHz

U band 40 to 60 GHz

V band 50 to 75 GHz

E band 60 to 90 GHz

W band 7510 110 GHz

F band 90 to 140 GHz

D band 110 to 170 GHz

G band 110 to 300 GHz

Table 1.1: Classification of millimeter-wave frequency bands.

The transmission of the signal in space can be achieved by modulating the signal
in terms of amplitude (AM), frequency (FM) and phase (PM), or by a combination of
the former, in both analog and digital modulations. Internationally, the demand for
spectrum is constantly increasing with the growth in the number of electronic devices,
which makes the electromagnetic spectrum an important resource. Therefore, there is a
constant need to develop new technologies and spectrum management techniques to
optimally serve users. In recent years, research has turned to exploiting the higher
frequency spectrum, which remained unused, thus aiming at millimeter wave operating
frequencies.

With the first steps of 5G technology, new ideas and innovative plans have
already been formed for 6G technology. The 6G will introduce the new communications
society of 2030 providing additional capabilities and technologies to serve users [1].
Worldwide, organizations are exploring the innovative field of THz technologies,
expecting in the next few years to have unlimited and full wireless communication, for
radar, navigation, positioning, sensing, communications applications, etc [2], [3]. The
requirements, therefore, for the new 6G networks relate to spectrum and power
management, peak data rate, latency, capacity and mobility. More specifically, peak
data rate is expected to exceed 1 Tb/s, i.e. 100 times higher than 5G, user-experienced
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data rate 1Gb/s, i.e. 10 times higher than 5G, latency 10-100 ps, 10 times higher network
density than 5G, energy efficiency 10-100 and spectrum efficiency 5-10 times higher
than 5G [4].

Some advantages of the new frequency band are the fact that there is no "spectral
congestion" and, in addition, the scale of the design is much smaller. The size of the
antenna depends on the wavelength of the signal, therefore, the space it occupies is
significantly reduced, and the analog and digital circuits also become much smaller, as
suggested by the 130nm technology used for this thesis. This thesis deals with the design
and implementation of an integrated D-Band quadrature 1/Q modulator, one of the most
critical blocks in modern mm-wave and sub-THz transmitters [5]. Implementations of
such D-Band 1/Q modulators are included in several recent 6G and beyond 5G
applications [6], [7], [8].

In figure 1.1 [9] the three latest telecom technologies, the 4" 5" and 6%
generation, are presented, comparing applications and other technology features.

4G 5G 6G
* MBB * eMBB * URLLC * mMTC  * FeMBB * ERLLC » umMTC
Usage Scenarios « LDHMC = ELPC
+ High-Definition Videos = VR/AR/360° Videos * Holographic Verticals and Society
* Voice * UHD Videos * Tactile/Haptic Internet
+ Mobile TV = V2X * Full-Sensory Digital Sensing and Reality
+ Mobile Internet s loT * Fully Automated Driving
Applications * Mobile Pay * Smart City/Factory/Home » Industrial Internet
* Telemedicine * Space Travel
» Wearable Devices » Deep-Sea Sightseeing
* Internet of Bio-Nano-Things
Flat and All-IP *» Cloudization * Intelligentization
* Softwarization * Cloudization
Network « Virtualization * Softwarization
Characteristics « Slicing » Virtualization
« Slicing
People Connection (People Interaction
Service Objects and Things) (People and World)
Peak Data Rate 100 Mb/s 20 Gb/s =1 Tb/s
Experienced Data Rate 10 Mb/s 0.1 Gb/s 1 Gb/s
Spectrum Efficiency  1x 3x that of 4G 5-10x that of 5G
Netl‘i”fﬁg;e%gﬁ’gy 1% 10-100x that of 4G 10-100x that of 5G
KPI
Area Traffic Capacity 0.1 Mb/s/m? 10 Mb/s/m? 1 Gb/s/m?
Connectivity Density  10° Devices/km? 10° Devices/km? 107 Devices/km?
Latency 10 ms 1ms 10100 us
Mobility 350 km/h 500 km/h 21,000 km/h
+ OFDM « mm-Wave Communications * THz Communications
« MIMO « Massive MIMO * SM-MIMO
* Turbo Code +LDPC and Polar Codes LIS and HBF
« Carrier Aggregation  »Flexible Frame Structure  * ©AM Multiplexing
Technologies * Hetnet » Ultradense Networks *Laserand VLC
«ICIC « NOMA * Blockchain-Based Spectrum Sharing
+ D2D Communications  * Cloud/Fog/Edge Computing * Quantum Communications and
« Unlicensed Spectrum |« SDN/NFV/Network Slicing ~ Computing
* Al/Machine Learning

Figure 1. 1: The network features of 4G, 5G, and the future 6G.
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CHAPTER 2: MIXER THEORY

2.1 Transmitter-Receiver (Transceiver) Chain [10]

In both digital and analog communications, the communication system includes
the transmitter system and the receiver system among which the transmission channel
interferes. The difference between the analog and digital systems lies in the form of the
transmitted signal, the signal processing and the performance goals.

More generally, the transmitter performs baseband processing, modulation,
amplification and filtering to avoid leakage to adjacent channels. On the other hand, the
receiver performs filtering, demodulation and amplification, while primarily,
processing the selected channel by rejecting, adequately, strong adjacent interference.

2.1.1 The Transmitter

The transmitter’s aim is to embody the digital information, in the form of a
signal, to the modulated signal and to couple the modulated signal to the transmission
channel. In addition, it gives the signal the ability to self-correct, so that the
telecommunications system is more robust. For this purpose, it uses FEC coding, which
detects and corrects possible errors in the information digits. In the subsequent stages,
the information digits with the extra digits of the encoding are formed into symbols,
with a grouping that depends on the type of modulation used. After the signal is
converted from digital to analog, in the next stages, baseband filtering is performed and
signal mixing, to shift the signal spectrum to the desired frequency band. Then the signal
is filtered, by a bandpass filter, to reject unwanted frequency bands, and amplified
through the PA, before, finally, being sent to the antenna for transmission of the signal
in space. This amplification is fundamental, in order the signal to be transferred for a
long distance, however, is not ideally linear, thus causing some distortion. Such
distortions could be spectral spread, causing adjacent channel interference. The way to
avoid this problem is the addition of a bandpass filter (BPF). A short illustration of the
chain that was elaborated above is illustrated in figure 2.1.

Anterna

Bandpass Filter _

Modulator IF Filter MVixer JEPF} Pw&r{%ﬂrﬁer
Datain . e o

> ~= ~

Local

Oscillator
(LO)

Figure 2. 1: lllustration of a telecommunication transmitter chain.

2.1.2 The Channel
The modulated signals are transmitted either wirelessly or wired. Sometimes,
both modes may be combined to achieve the telecommunication link. In wireless
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transmission, the telecommunication channel is the ground atmosphere and ground
surface, which is exploited due to the reflections it causes, and the natural and artificial
obstacles that affect electromagnetic waves. In wired transmission, the
telecommunication channel is a wired transmission medium, such as coaxial cable,
optical fiber or metallic waveguide. It should be noted that within the group research,
of which this thesis was a part, a new approach to wired transmission, the plastic
waveguide (Polymer Microwave Fiber - PMF), was used.

Communication Channels
(Communication Media or Transmission Media)
|

I |
Guided Media Unguided Media
(wired or bounded media) (wireless media)
Twisted Pair Coaxial Fibre Optics Microwave Radio Wave Cellular Infrared Satellite

Figure 2. 2: Types of communication channels

2.1.3 The Receiver

In turn, the receiver consists of a number of functional units, where depending
on the application there are possible variations. In general, it consists of electronic
filters, which isolate the desired signal from the multitude of signals collected by the
receiver antenna, a low-noise electronic amplifier, one or more frequency mixers,
depending on the modulation technique, an intermediate frequency amplifier, followed
by the digital demodulation units.

For digital demodulation, a demodulator is used, whose role is to map symbols,
received from the environment and processed by the previous stages, into digits, using
a decision circuit that decides which point of the constellation of the digital modulation
scheme was transmitted through the received symbol. The stream of received digits
resulting from the digital modulation is then processed by the FEC decoder, if used in
the transmission system, to keep the information digits. Finally, the information is
derived from the receiving system as a digital data stream that is routed to the device.

Depending on the application and device requirements, the order and type of the
transmitter’s and receiver’s devices might vary. In addition, the receiver’s system is
required to consist of units designed with a low equivalent noise temperature, in order
to minimize the noise in the signal. It is significant, the low noise amplification,
implemented by the LNA, to be placed immediately after the receiver’s antenna, to limit
the noise added to the signal by the channel.
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A representative structure of the receiver telecommunication chain is shown in
figure 2.3.

ANTENMA
DOWN-CONVERTING IF SAMPLING
MIXER
BPF LA BPF —@— BPF ADC DIGITAL PROCESSOR
BAND IMAGE | IF
SELECTIVITY REJECTION L0 SELECTIVITY
FILTER FILTER FILTER IF SAMPLING

CLOCK
Figure 2. 3: Illustration of a telecommunication receiver chain

2.1.4 The Mixer

The mixer is one of the most critical blocks in modern mm-wave and sub-THz
transmitters [5]. It’s position in the transceiver chain is depicted above. In more detail,
at the transmitter, the mixer is usually found before the Power Amplifier (PA), where
its role is to convert the desired signal at higher frequencies before its amplification and
final transfer through the channel. At the receiver, the mixer is often placed after the
Low Noise Amplifier (LNA) and its target is to convert the received signal to lower
frequencies before it is sent to be processed by the device.

2.2 Mixing and Modulation [11], [12]

As mentioned above, one of the most important functions in the transceiver chain
is that of mixing. RF mixing enables the desired signal to be frequency-shifted, so that,
for example, its processing is carried out at low frequencies, where it is easier to
manage, while its transmission on the channel is carried out at higher frequencies,
depending on the requirements of the system.

A frequency mixer is a three-port electronic circuit, in which the input ports and
the output port are defined. The ideal up-converter mixer has two input ports, those of
Frequency Carrier, usually provided by a local oscillator (LO), and Intermediate
Frequency (IF) and one output port of Radio Frequency (RF). In the case of the down-
converter mixer, the IF and RF ports are reversed and, therefore, the RF port is an input
port and the IF port is an output port.

By RF mixing we mean the multiplication of two signals to create new signals,
at new frequencies, derivatives of the frequencies of the original signals. More
generally, when two signals, finn and finz, pass through a non-linear circuit, then
additional signals are created at the output of the circuit at the sum and difference of the
two original frequencies (fini+fin2) and (fini-fin2) respectively. Such non-linear elements
in a circuit, acting as multipliers, can be a diode and active elements, such as BJTs and
HBTSs, that are relying on the exponential I-V characteristics of the pn junction or
MOSFETs or HEMTs, that follow the square-law behavior at low effective gate
voltages, but in nanoscale nodes they behave linearly. Generally, MOSFETSs have
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weaker non-linear behavior than BJTs. This means that bipolar devices produce more
multiplication products, that needs to be removed.

If we consider the two input signals as sine waves, then as shown in figure 2.4,
at the output we expect a signal in which the sum and the difference of the input signals
co-exist. Due to the fact that the mixer is a non-linear circuit, as mentioned previously,
at the output, harmonics of the original signals appear. In order to eliminate these
harmonics, filters are used at the input and output ports LO, IF, RF to select the
appropriate frequencies of interest. However, not only harmonics have to be suppressed,
but, also, input signals (LO, IF or RF) that could appear at the output (RF or IF) as
leakage frequencies.

f

Tnout 2 | |IHH |
p |||||H|1'|||”||H|l"|l|‘| '|"|”||'|

“ ||| | L I ]ull |d| |.|| I||| |'.| l|‘| ||‘| |u| U

|
Output '||”l H”J ” M r||'|i||]|‘m f"' h' M
1|] WJ l|| H

Figure 2. 4: Mixing or multiplying two sine signals together
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DOWNCONVERSION UPCONVERSION
le = |fLO - fRF' fram = fLO - le fRF2 = fLO + le

.. Lo Lo
%) IF
IF RF1 RF2

5 5| AQ

2 ' 3 A -
o o
o o

DC Frequency DC Frequency

Radio Frequency N Intermediate Frequency Radio Frequency N Intermediate Frequency
Y O ) () 0 )

Q Q)

Local Oscillator Local Oscillator

(fo) (f.o)

Figure 2. 5: Definitions of down-conversion and up-conversion.

The choice of IF or RF ports for input mapping depends on the mixer application.
When the desired output frequency is lower than input frequency, then we have down-
conversion and the RF port is an input port and the IF port is an output port. In this case,
the equation (1) describing the operation of the mixer, in the spectrum domain, is the
following:

fir = |fLo - fre| (1)

In the opposite case, when the desired output frequency is higher than the input,
then the process is called up-conversion and IF is the input port, while RF is the output
port, so the following equation (2) applies:

frr = fLo % fir (2)

These cases are also described in figure 2.5. The sum frequency frr = fLo + fir is
known as upper sideband (USB) and the difference frr = fLo — fir is called lower
sideband (LSB), as illustrated at figure 2.6 [5]. Regarding of the desired output
frequency somebody can either choose the upper or the lower sideband, which are
always separated by 2*wlF in frequency. The other sideband, the undesired one, is often
called image frequency (IM), or, image. Several techniques exist for image rejection,
including band-stop filters, centered at the image frequency. Same logic applies to the
receiver too. However, the rejection of the image frequency, also means that half of the
output power is lost.
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Figure 2. 6: Measured spectrum at the RF output of an upconversion mixer showing the IF signal at
5GHz, the LO at 43GHz and the USB and LSB signals at 38GHz and 48GHz, respectively.

Modulators can synthesize circuits, for example gilbert cells, to generate replicas
| and Q of the carrier signal, based on quadrature generation [5]. They employ 90
degrees hybrids of the signal in both input differential ports, and depending on the
desired sideband, the sign is set. In figure 2.7, an example of a modulator, based on
gilbert cells, is presented.

BRI kR

I Q
I I
-IE I Hl{ IT} 1~I;]11r:a[:n~ﬁ:|nftqr -|E I h*é“'lj
= T T =
1

N

Figure 2. 7: CMOS schematic of a mm-wave QPSK modulator based on quadrature and Gilbert cells.



Contrary to mixers their disadvantages are that they occupy larger area on the
chip and that they require higher power, but, a main advantage is the image rejection
that can be achieved.

For the mathematical analysis of the mixer block [13] we begin with the emitter-
coupled pair, figure 2.8, as it follows.

Ieg

Via
1

Q4

=]
- VEE

(a) (b)

Figure 2. 8: (a) A simple emitter-coupled pair. (b) A second input introduced through lee.

The collector currents, that are generated, are given by the equations (3) and (4),
that associate the inputs with the output currents:

I = I%E [1 + tanh (g)] 3)

Iy = IE7E [1 — tanh (g)] 4)

Where d = % and u;; = V;; — V;, is the differential-mode input signal.
t
The differential output voltage is
d
Uy = Vo1 = Vo = —RcUc1 — Icz) = —IggRc tanh (E) (5)

for small signals, d «< 1, and tanh (g) ~ gand
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Ui
u, = —IggR¢ W (6)
t

Adding a second input at the tail current Ieg, as shown in figure 2.8.b, we get
Vio = Ujp + Vo (7)
Then the total common-emitter current source is:

Viz = Vegon — (=Vig) Ui
=—41] 8
R, R, + Iz (8)

Igp =

Then, the differential output voltage of the ECP can be expressed as:

Rcupu;;  Relppuin

Y= TRy o, av, - tom TS Usettn) ©)

Uom IS the term of interest in the mixer and can be expressed as
Uom = —Kuju,;  (10)
where

R. 1

=< @1
R, 2V, b

One common technic to eliminate the second term of the output equation is to
use the following circuit in figure 2.9.
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Figure 2. 9: A fully balanced four-quadrant multiplier circuit.

In which the two common-emitter current sources are also out of phase and are
given by the equations:

leer = Igg + ige (12)

loez = Igg — lee (13)
And the output is then

u, = —[Uy — 1) + s — I)]R¢ (14)

[IEE tal’lh <2Vt> + IEEZ tal’lh (_ Z_I/t):l RC

U1
= —(Igpy — Igg)R-t h(—‘)
UgE1 re2)Rc tan 2V,

oy = Relgg .
— UYom — — 2 i1%i2
4V,
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The above circuit is referred as fully balanced four-quadrant multiplier. As the
output equation indicates, the circuit has the same relative behavior for all input vil -
vi2 combinations, but is dependent of the input signal’s sign.

+Vpp

o
@ VBE ]55

- Vss

Figure 2. 10: A MOS analog multiplier using source-coupled pairs.

To formalize the mixer operation, we assume now that in both inputs, i1, i2,
sinusoidal signals are implemented, as follows,

Vi1 = Vinacoswit  (15)
Viz = ViZACOS(UZt (16)
Assuming that the mixer has a constant gain K, the output, as proven from the

previous analysis is

K
Vour = §Vi1AVi2A [cos(w; —wy) t + cos(wy + wy)t]  (17)
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2.3 Matching Networks [14]

In contrast to low frequencies where the wavelength of the signal exceeds one
meter, at high frequencies the electrical distance between the circuit’s pads and the
external terminals becomes comparable to the wavelength of the signal length. The
impedance mismatches at either side cause reflections that can significantly reduce the
signal strength that reach the destination circuit. The typical impedance value imposed
by standard test equipment is 50€2.

In addition, in order to ensure maximum power transfer between the signal
source and a circuit, the input impedance of the amplifier, Zin, must match that of the
signal source, Zs and, more specifically, it must follow the equation Zin = Zs* (conjugate
matching). The same applies to the maximum power transfer from the circuit to the its
load. The output impedance of the circuit, Zout, must be matched to load impedance,
Z.. Therefore, the corresponding matching networks must be introduced between the
circuit and the signal source and between the amplifier and the load.

Often, in high frequency applications, Zs and Z. are equal to an actual impedance
Zo.

2.4 S-Parameters [15]

At microwave and mm-wave frequencies the S-parameters, as well as the ABCD
parameters, play a primary role thanks to the ease of extraction and measurement.

The S-parameters are defined by the ratios of incident and reflected power
waves. The normalized incident, a;, and reflected, bi, power wave is written respectively
as shown below.

aj=V;*NZ0and b;= Vi NZO (18)

First, the scattering matrix (19) is used to derive the equations that describe the
relations between a;, bj and S-parameters. It consists of the equations of Sjj with the
normalized incident voltage waves ai and the normalized reflected voltage waves bi.

i}

Where
Sij=bilaj[axr=0 for k #j] (20)

51 1 o Sln al

X (19)

Sn,l e Srm an

In the above equation indexes i and j indicate the ports. Thus, S;j is the coefficient
transmission from the port j to port i. It can be found by driving the port j with an
incident wave a; and by measuring the reflected wave bi coming out of the port i, while
the incident waves at all ports other than j are equal to zero, and these ports shall be
terminated with adjusted loads to avoid reflections. Sii represents the reflection
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coefficient on port i when all other ports are ports are terminated at adjusted loads. Also,
S-parameters are normalized with respect to the same reference resistance Zo, for all
ports.

For example, for the two-port circuit, in figure 11, we have the following coefficients:
b1\ _ (S S12> ay
(b2> B (521 S22 (aZ) (21) -

b1 = Suai + Seaz

by = Sa1a1 + S2a

Where,

S11, known as the input reflection coefficient or input return loss,
S12, known as reverse gain or bipolar isolation,

S21, known as bipolar power gain, and

S22, known as output reflection coefficient or output return loss.

The S-parameters are usually expressed in dB scale as 201og10(Sj)

I Y

Figure 2. 11: Incident a; and reflected b; waves in a 2-port.
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Figure 2. 12: Incident a; and reflected b; waves in a n-port.

2.5 Mixer specification [5], [12], [16]

2.5.1 Conversion gain

Conversion gain (or loss) is a fundamental metric for the performance of a mixer.
It represents the small signal transfer function from the IF input (for upconverters) to
the RF output and vice versa for the downconverter (equation). Conversion gain is more
often measured as power gain, as it can be measured with more accuracy at the input
and output ports. It can be seen that the local oscillator (LO) input does not feature in
this figure, although, conversion gain depends on the LO power, as the
transconductance is modulated by the large LO signal.

P
CGyp = 101log (Pi) (22)

RF

Correspondingly, conversion gain can be expressed as voltage gain

v,
CGyp = 20log (V’F'RMS> (23)

RF,RMS

We should point out that this gain refers to two signals in different frequencies,
thus explaining the term “conversion”.

Conversion gain can be maximized using the appropriate matching networks to
all mixer ports, LO, RF and IF. This means that conjugately matched impedances with
the input impedance of the port should be used, in order to minimize power losses, due
to reflections. Matching networks, also, contributes to noise minimization.
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By definition, passive mixers exhibit conversion loss and active mixers exhibit
conversion gain, when operating at proper conditions.

2.5.2 Linearity

Even though mixers are implemented with non-linear devices, it is desired the
mixer to be linear in its operation spectrum. The more linear, the better its performance
and quality.

It can be expressed using two specifications:

. 1dB compression point P1dB
il Third-order intercept point at the input, I1P3

2.5.2.1 1dB compression point P1dB
The 1 dB compression point is an important parameter used to evaluate the
linearity degradation of a circuit due to distortion.

An ideal mixer would operate linearly, i.e. for every 1 dB increase in the input
level, the output port would increase by 1dB too. However, a point is reached where the
output cannot handle the signal, and it starts to level out. This usually happens at higher
power levels for the input and beyond these levels the signal is getting compressed.

The 1 dB compression point, is the point at which the output deviates from the
linear curve by 1 dB, as shown in figure 13. The specification normally refers to the
input power level (IF level for upconverters) at which this compression occurs and, of
course, the higher the 1dB compression point the better. In other words, the 1dB
compression point is an indicator of the maximum input power level entered by the
input port (IF or RF).

The 1 dB compression point is easy to measure and it provides a useful
comparison between mixer to see what their high-level performance is like.
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Figure 2. 13: 1dB compression point illustration.

2.5.2.2 Third-order intercept point at the input, 11P3

RF mixers usually suffer from the level of unwanted, additional signals that are
generated within the mixing process, due to non-linearities, that can deteriorate the
overall performance. Such non-linearities can be caused when two signals, that have a
small difference in the frequency, are driven in this device and at the output
intermodulation products (IM) are generated on the sum and difference of the multiples
of the input frequencies, as shown in figure 14.

2f1-f2 2f2-f

Amplitude

3f1-22 3f2-20

4f1-3f2 4f2-3f1

Frequency

Figure 2. 14: The spectrum of intermodulation products from two signals.
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The n""-order intercept point of a mixer (or amplifier) is an important parameter
to evaluate the performance and the most commonly used is the 3. The 3" order
intercept point is a hypothetical point where the power of the third order products will
have the same power level as the fundamental, as illustrated in figure 15.

A ‘If/

/
o — — — —ff‘i— Intercept
‘) point, /P

OP\ 48 .
C Olllpl‘eSS 1011

Py (dBm)

IP 4g IIP;
P;, (dBm)

Figure 2. 15: Third-order intercept point, IP3, illustration.

The third order intercept point of a mixer of any other device is theoretical
because it lies well beyond the saturation level of the device, and it many cases it would
be well beyond the point at which damage occurred, especially in the case of a mixer.
However, it is still a useful metric to provide information for the distortion generated
by the circuit while the power levels rise.

The IP3 point can be defined for either the input or output ports. The input third
order intercept point is often designated as I1P3 and the one at the output is designated
OIP3. These intercept points differ in level by an amount equal to the small signal gain
(or loss) of the mixer.

Two main ways exist for the definition of intercept points:

Based upon the intermodulation products: The most common approach is to apply to
the input of the RF mixer two sine wave signals that have a small frequency difference,
ol and ®2. The intermodulation products then appear at spacing equal to the input
tones, and the levels can be measured. The third order products appear at three times
the frequency spacing of the two signals either side of them.

The frequencies of these intermodulation products are given from the equation
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fim=xqfr1xrfotpfro (2.24)
Where variables g,r and p are positive integer numbers.

For the 3™ order IP we focus on the 3-order intermodulation distortion products,
the IM3, 2w1 £ w2 and 2w + w1 and especially the difference terms 2w1-w2-wro and
2m2- m1-wro, Which are located in the output passband (RF for up-converters and IF for
down-converters), figure 16.
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Figure 2. 16: Intermodulation products at the output of a mixer, for f,, f, and fLo input frequencies.

Based upon harmonics: An alternative method is to use a single signal, and then the
products appear at multiples of the input tone. The third order product is at three times
the fundamental.

2.5.3 Isolation
With this term we describe the interaction between the IF, LO and RF ports. We
mainly focus on the following definitions:

e LOtolF, ISLo.F
e LOtoRF, ISiorF
e |FtoLO, IS0

Higher isolation is always the goal in the RF mixer and if not accomplished, signal
leakages are noticed between different ports. For example, if the local oscillator leaks
through the input port, it could rise intermodulation distortion and if it leaks through the
output port it deteriorates the overall performance. The later was a major problem
addressed in the present thesis, and is presented in the following chapters.
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Isolation can be achieved by the appropriate choice of mixer topology and/or
filtering. Ideally, the output port (IF or RF) impedance should be a short circuit at the
LO frequency and at all its harmonics. This will prevent the LO signal from leaking at
the RF and IF ports. Isolation higher than 40dB is possible with double-balanced mixer
topologies. Nevertheless, when all ports are differential, isolation worsens due to the
presence of amplitude and phase imbalances of the differential input signals at each
port. The maximum port-to-port isolation occurs when the LO and RF signals are truly
differential.

The isolation is measured in terms of dB, comparing the signal entering one port, to
the same signal level at the other port where it is not required. Generally, with increasing
frequency, mixer isolation aggravates, due to the decreasing reactance of the stray
capacitance and the more apparent circuit imbalances.

2.5.4 Noise figure

Noise and matching characteristics are crucial to achieving acceptable levels of
performance in a receiver’s mixer. Generally, noise figure is a specification mostly used
to describe the down-converter mixer, in the receiver. It is a metric measuring the noise
that is added only by the mixer in the signal, compared to the already existing noise in
the signal. Noise is added from the active elements, like diodes and transistors, and from
passive elements, like resistors parasitic or not.

It is more common to use the noise figure (factor) rather than the noise
temperature but either way, there is a direct relationship between the noise factor at
temperature T and the noise temperature Ta of a mixer.

Noise figure is described by the following equation:
NFdB =10log( SNRin ISNRout ) (2.25)

Where SNR is the signal to noise ratio and, thus NF, describes how SNR worsens
by the noise added from the mixer when the signal is driven through it.

The noise figure is described in two ways for mixers, in contrast to other circuits,
the single sideband (NFSSB) and the double sideband noise figure (NFDSB). The
determination of the single-sided noise figure shall be made assuming that the desired
frequency spectrum is on one side of the LO frequency, whereas the determination of
the double-sided noise image shall be made when the spectrum of the input signal is on
both sides of the LO frequency. If the gain conversion gain is the same for the RF signal
and its image then it is shown that the following relationship:

NFSSB = NFDSB + 3dB  (2.26)
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2.5.5 Stabilization

Unstable circuit configuration stimulates oscillations, which are highly
undesirable for mixing operation. For that bias circuit, when used, should be stabilized
at all operating frequencies of input and output ports, LO, IF and RF. Stability analysis
can be done through Rollet's stability factor (K-factor). Where K is defined as

-~
4

P "+

- ‘Szz
2‘51252|
A=8,8y 8,5,

(2.27)

For unconditionally stable system K>1 and A<1. These two conditions are
capable of and necessary for the unavoidable unconditional stability and can be easily
assessed. Verification of unconditionally stability of the circuit, through Rollet’s factor,
can be done using S parameter of the circuit, as the formula suggests.

2.6 Mixer Topologies [5]

There are many types of mixers with their practical use depended on the
characteristics and performance they offer. One of the most significant classification is
the one that separates mixers in active and passive.

e Passive mixers use passive electronic components, typically diodes. These
components act as switching elements and, thus, this type of mixer does not
provide gain, but instead losses. Still this type of mixers can offer the desired
performance in many applications.

e Active mixers, on the other hand, contain active electronic components like
BJTs, FETs, HBTs etc. They can provide gain, with the appropriate bias,
exhibiting conversion gain.

Compared to active mixers, passive mixers have several advantages such as better
linearity, wider dynamic range and therefore higher compression point, as well as zero
requirements on
DC power consumption. However, passive mixers have a conversion gain of less than
0dB (essentially attenuating the input signal) or otherwise said to have a conversion loss
of (Conversion Loss, CL) as opposed to active ones which usually exhibit Conversion
Gain. In addition, they have a much larger image noise picture compared to active ones,
as well as significantly higher LO power requirements (the power available to the mixer
via the local oscillator). For these reasons, active mixers are in practice the preferred
mixers in modern telecommunications systems.

Another classification of mixers depends on the number of ports the circuit contains,
or, in other words, the number of terminals the non-linear device has. Depending on
this criterion, the mixer can employ:
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e One - port devices, such as diodes, with the combinations of filters (figure 2.17).

e Two — port devices, such as transistors, and filters (figure 2.18), or

e Three — port devices, using again devices such as transistors, but employing
different device terminals for each signal. For this, differential or cascaded
topologies can be used (figure 2.18).
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Figure 2. 17: Single diode mixer schematics with filters at the RF, LO and IF ports.
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Figure 2. 18: CS, CG and cascode (or dual-gate FET) mixer topologies.

Generally, as it is shown in the above figures, filters or duplexers and an
inductive choke (large inductor) are employed to provide isolation between the port
signals and between the port signals and the power supply.

Mixers can also be categorized in balanced and unbalanced topologies.

Unbalanced (or single-ended) is a mixer that simply achieves the multiplication
of two signals, but in the output co-exist significant levels of the input signals. It consists
only of one mixing device (transistor or diode) and, also, a switch or diplexer to separate
LO and IF signal. LO and IF inputs are followed by two bandpass filters, with LO and
IF center frequency each, and both inputs are single ended, as the RF output too.

Examples of unbalanced mixers are topologies with single input ports and with
no use of baluns or any other balancing circuit.
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Single balanced mixers include a single balun at the LO port to provide isolation
between the LO and the output port (RF for upconverters), figure 2.19(a). Thus, the LO
input is differential, the RF output is also differential, but the IF input is single ended.
Theoretically, single balanced mixers consist of the two single ended mixers. An
important drawback of single-balanced mixers is the LO-IF feedthrough. The emitter
coupled differential pair, for example, of figure 2.19(b), acts as an amplifier for the LO
signal and, if the IF frequency is not much lower than the LO frequency, then LO may
not be adequately suppressed by the lowpass filter at the IF output, without, also,
attenuating the IF. As a result, the large LO content may desensitize the IF amplifier
[17].

RF ® —~>_
> —o
—~ IF
LO
®) vV vV
DD DD
VDD
IF- P
- - LO+H
LO. LO+ LO- Lg_'| ke,
RF
RF > RE o

Figure 2. 19: (a) Single-balanced diode and (b) BJT/HBT and MOSFET mixer implementations and
their conceptual equivalent circuit with anti-phase switches controlled by the LO signal.

Double balanced mixers provide high level of LO-RF isolation and LO-IF
isolation and it provides a reasonable level of RF-IF isolation. The most traditional
topology employs four Schottky diodes in a quad ring configuration (figure 2.20).
Although single-balanced and double-balanced mixers were first implemented with
diodes, the most common double-balanced topology today is the Gilbert cell.
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Figure 2. 20: Double-balanced (a) diode and (b) resistive FET mixer topologies

2.7 Gilbert cell

The gilbert cell mixer or multiplier is a very common topology in integrated
circuits, first used by Barrie Gilbert. It is a double balanced mixer, which means,
according to the previous paragraphs, that is able to remove unwanted LO and IF output
signals from the RF output, due to the symmetrical topology it employs. The gilbert cell
consists of a switching quad formed by two, cross-coupled differential transistor pairs
preceded by a differential voltage-to-current converter (or transconductance) which also
acts as gain stage. The above is illustrated in figure 2.21.

J—vo*

RFJ;__”:M1 M, :Il_o RF~

Figure 2. 21: Downconverter RF mixer in gilbert cell topology
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M1 and M2 form the transconductance stage and M3-M6 the switching quad.

Typically, the input from the local oscillator has an amplitude greater than 4Vt
~ 100 mV. With this large an input, the transistors M3-M6, in figure 2.21, quickly
switch from their active to the off regions and vice versa, thus transistors act as fast
switches. The amplitude of the lower stage M1-M2 can also be large, but proper
operation of the mixer is also obtained for small amplitudes.

In essence, the transconductance stage converts RF input voltage signal to
current signal. The current signal is then fed into the switch core of M3-M6 which turns
ideally on and off at a frequency of LO drive, resulting in the desired IF current [18].

The gilbert cell theoretically consists of two single-balanced mixers or four
single-ended mixers and is a fully balanced circuit that can be successfully used as a
mixer of multiplier within RF integrated circuits.

Comparing to other mixing topologies, such as the diode ring, the gilbert cell-
based mixer has the positive that requires lower LO-signal power and provides higher
conversion gain [19]. Therefore, the proposed design is based on double-balanced
Gilbert cell mixer [20].

2.8 Modulator and Image Rejection

As discussed in previous sections, modulators are commonly used to cancel out
the unwanted mix products and more specifically, the image signal. To achieve this, the
modulator utilizes phasing techniques, with the use of two balanced mixers and the
quadrature (90°) hybrids as shown below.

T

I Input i : Mixer
Oscillator
+ Qutput
90° Phase
Shift

Q Input :‘ : Mixer
R

Figure 2.22: A modulator’s representation consisting of two mixers in quadrature.
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The two balanced mixers within the image reject mixer are driven in quadrature
by the IF signal. The LO drive to each mixer is also 90 degrees shifted and the output
Is combined by the outputs of both mixers.

Perfect cancellation in practice is not possible as it requires identical mixers,
perfect phase shift of the quadrature products and perfect amplitude balance.

However, modulators have some disadvantages, such as higher power
consumption, due to two mixers employed, image rejection is frequency dependent and
conversion gain is decreased comparing to a regular mixer, because the losses include
the loss of the image too.
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CHAPTER 3: B11HFC TECHNOLOGY [12], [15]

Infineon Technologies' B11HFC technology was used to build this modulator. It
is a 400GHz/130nm SiGe BIiCMOS technology with copper metallization for analog
and mixed signal mmWave applications, which provides high performance and at the
same time low power consumption. This SiGe BiCMOS technology combines the
technologies of two different types of transistors, bipolar and CMQOS, in the same
integrated chip. HBTSs offer high speeds and high gain, quantities very critical for analog
components high frequency analog components, while CMOS technology, with its in
turn, enables the implementation of low power logic gates. This unique combination
offered by modern BiCMOS technologies opens up horizons for Si-based RF system-
on-a-chip solutions.

The technology provides various devices and passive components such as npn
transistors, metal-oxide-semiconductor (MQOS) transistors, metal film resistors, metal
insulator metal (MIM) capacitors, junction capacitors (metal film resistors), metal
insulator metal (MIM) capacitors, junction capacitors, PIN diodes and microstrip
transmission lines between the metal 6 and the metal 2 or metal 4. The vertical cross-
section of the stack-up of the technology is shown in Figure 3.1.

As we can also see from the figure, technology provides us with six copper (Cu)
layers, four thin (M1-M4) layers located at the bottom and two thick ones (M5-M6)
located high up. In addition, above the six metal there is one layer (Alu) for the contact
pads and for wiring.

HV SiGe NPN SiGe NPN pMOS nMOS Isolated nMOS Pad
psupb B E BC B E BC pSub D G S aW D G S pW pSubnPock D G S pW nPock pSub

Figure 3. 1: 130nm SiGe BiCMOS B11HFC techology stack-up (Infineon Technologies)
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3.1 High Speed HBT

For the mixer Heterojunction Bipolar Transistors (HBTS) were used as active,
non-linear devices. FET and CMOS mixers are typically used in higher volume
applications where cost is the main driver and performance is less important and as a
result they were not used for this application.

Infineon Technologies AG's B11HFC technology provides a variety of npn SiGe
Heterojunction Bipolar Transistors, which are the high speed npn, the medium speed
npn and the high voltage npn. As the name suggests the high speed npn can reach much
higher frequencies than the other two types. For example, the transit frequency fr for
the high speed npn is twice, or more, that of the others.

For this thesis, it is paramount to reach the higher possible frequencies, to
achieve the 6G standard, thus only high speed npn transistors were used.

HBTs have two dimensions, the emitter length, which varies from 0,7 um to 10
pum, and the emitter width, which varies from 0,22 pm to 0,34 pum. In order to find the
real dimensions, the effective area Aefr, we subtract the mask area which adds 0,09 um
both lengthwise and widthwise.

In order to derive some basic characteristics of the high speed npn transistor of
this technology, the following schematic was used figure 3.2.
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Figure 3. 2: Cadence schematic designed for hs HBT characterization.

For proper design it is advisable to have at our disposal, an estimate of the current
density, for the optimal speed of the device. Figure 3.3 shows that, the highest unit
frequency gain (transit frequency) fr~280 GHz is obtained when the transistor collector
is passed by a current density of about 14 mA/um?. It should be noted that transistor’s

51



models are frequently updated and, as a result, it is possible to have deviations from
time to time.
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Figure 3. 3: Fr frequency versus collector’s current plot for a high speed HBT of 0.22 x 10um? area.

Also, indicatively, the figure 3.4 of beta gain (B) versus frequency, was extracted.
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Figure 3. 4: Beta gain versus frequency plot for a high speed HBT of 0.22 x 10um? area.

Generally, the equation that connects the current density with the current at the
collector of the HBT employs the effective area Aetr as seen below,
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3.2 MIM Capacitors

We randomly select a 100fF MIM capacitor from the library of and examine it
for the dependence of its capacitance C and its quality factor Q versus frequency f.
Figure 3.5 illustrates the Capacitance versus frequency plot, from which we can
conclude that the capacitance of the MIM capacitor is inversely proportional to the

frequency.
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Figure 3. 5: Capacitance versus frequency of a MIM capacitor 100fF.

Figure 3.6 shows the Quality factor versus frequency plot, from which we can
conclude that the quality factor of the MIM capacitor is inversely proportional to the

frequency.
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Figure 3. 6: Quality factor versus frequency of a MIM capacitor 100fF.

3.3 TaN Resistors

As shown in Figures 3.7 and 3.8 the TaN resistance models, like the MIM
capacitor models, exhibit a frequency dependence. Their value versus frequency
appears to change as if some parasitic capacitance is connected in parallel to the resistor.
Furthermore, the performance of the resistors seems to depend on their dimensions, as
resistors of larger dimensions seem to have a larger parasitic capacitance. Figure 3.7
shows the plot of the real part of a 200 Q2 TaN resistor TaN versus frequency and Figure
3.8 shows the corresponding plot for the imaginary part of the resistor.
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Figure 3. 7: Real part of a TaN resistor 2000hm versus frequency plot.
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CHAPTER 4: SCHEMATIC DESIGN OF UP-
CONVERSION MODULATOR

In this chapter the design of the up-conversion modulator, with 145GHz center
frequency, is described. The design was carried out in the Virtuoso® environment of
Cadence® while the mixer fabrication technology, is the B11HFC from Infineon
Technologies. The specifications for this design, the design flow and an analysis of the
technical obstacles encountered throughout the mixer synthesis process are attempted.

The design flow includes the following key points:
1. Establishing the specifications for the performance of the amplifier,

2. Selection of the transistors that characterize the active device of the mixer, based on
the transistor models of the technology.

3. Design of the mixing circuit with ideal passive elements of the analog lib library and
active HBTs of the technology.

4. Replacing the ideal passive elements with real models of the technology, designing
input and output circuits and extracting graphical simulation results (Cadence
Virtuoso® Spectre®).

5. Layout design, extraction of parasitic resistances, inductances, capacitances and
mutual inductances in selected sections (RLCK extraction) and simulation of the layout
in the electromagnetic simulation program ADS Momentum.

6. Extraction of graphical simulation results (Cadence spectre) of the EM simulated
layout to characterize the performance and proper operation of the mixer.

7. DRC (Design-Rule Checker) and LVS (Layout versus Schematic) check.

The order of the above steps is not strictly the above but are iterated until the desired
circuit operation is obtained.

4.1 Targets for mixer performance

For the mixer in this thesis, some operational limits were set for both to operate
autonomously and to operate within the group project. These limits relate to the
quantities that have been explained in detail in a previous chapter in terms of importance
and functionality and are linearity, conversion gain, input/output matching,
consumption and broadband. Nominally, these specifications are presented below.

> Key top-level specifications for the QDB Mixer:
* IF Bandwidth: 1-20 GHz
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» 3dB IF Signal Power dBm ~ -40 — -15 dBm

* LO Power ~-5dBm — 5 dBm

« 3dB RF Bandwidth: 30GHz (130GHz-160GHz)
+ SSB Conversion Gain: 0 —10 dB

+ OP1dB >-18 dBm

« OIP3>-7dBm

* IRR>20dBc

* LO-to-RF isolation > 30 dBc

* Pdc <100mwW

* Terminations 100Q

More specifically, in the context of the team project it was chosen that all port
terminations be made at 50Q and, therefore, differentially at 100Q. Therefore, for all
three input and output ports of the circuit, as differential, it was required to design
matching networks at 10002, with extra caution to ensure LO to RF isolation higher than
30dB. Then, due to the requirements of this telecommunication application, the IF input
signal bandwidth is from 1 to 20GHz, with signal power from -40dBm to -15dBm, and
the LO bandwidth is required to be from 130GHz to 160GHz, with LO power from -
5dBm to 5dBm. The above aim to achieve, approximately, an output RF bandwidth of
30GHz, from 130GHz to 160GHz. For the significant specification of conversion gain
(CG) itis desired to achieve a value from 5 to 10 dB, and more strictly to be higher than
0dB. The 1dB compression point (output referred) needs to be higher that -18dBm, the
3rd order intercept point (output referred) higher than -7dBm and the image rejection
ration (IRR) higher than 20dBc. Moreover, for the power consumption criterion, Pdc
(mW), which, as is known, is required to be the minimum possible, an upper limit of
100mW was set.

The complete transmitter chain of the team project is presented below, in figure
4.1, with the mixing stage designed and implemented in the context of this thesis
indicated by the red frame.
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Figure 4. 1: Transmitter chain for short-medium range datalinks using PMF

4.2 Selection of the modulator core
In the following figure the gilbert cell mixer is presented in a simplified way.

Vce

+
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matching
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RF+ T
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V1 matching
| Sp— network

+ +
V1 A

Figure 4. 2: Gilbert cell up-converting mixer.

First of all, the VVcc supply voltage is applied to the output matching network and
the other dc voltage sources (VO0, V1, V2) are applied at the base of the HBTSs in order
to properly bias the transistors. Secondly, the current source at the lower level of the
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circuit can be replaced by an HBT too, with proper dc voltage to its base. It does not
receive an input signal at its base, as happens in the other stages, but this stage, the tail
current stage, controls the flow of current to all branches.

In addition to the known gilbert cell, three matching networks are used, one for
each port. It should be noted that all ports are differential, which is indicated by the plus
(+) and minus (-) indexes in each port, LO, IF and RF.

4.3 Selection of the supply voltage

To begin with, the choice of the supply voltage level was decided based on the
minimum required dc fluctuation, to ensure the proper biasing to all stages, but limited
to not cross the power consumption specification. Due to the fact that the current of
each branch is determined by the optimal current density Jopt, which implies the optimal
performance of the HBT, power consumption can be mostly limited by the voltage level.
However, this is not that a simple relationship, as dc level affects the quiescent current,
which is proposed to have the Jopt Optimal value. For the above reasons, the voltage level
of 3.3V was chosen for supply voltage, suggested by b11hfc technology too, and with
proper biasing adjustments, the optimal quiescent current can be achieved.

4.4 Selection of the active devices

As it was discussed earlier, in the previous chapter, the HBT that was used for
this circuit was the high speed npn. Different emitter lengths were set for each stage,
but the same emitter width, with the value of 0.22um, was used.

According to figure 3.3 for the current density, it is suggested that for optimal
operation the HBT should have a current density around 10 to 14 mA/um?,

However, not all stages have the same requirements. For the switching stage, as
the name implies, transistors are biased near to pinch-off region to act as switches at LO
frequency, from 130GHz to 160GHz. Thus, it is needed these transistors to have small
dimensions and, of course, to use the high speed npn transistor model. Nevertheless, for
the switching stage, it is suggested the transistors to be biased with current density that
equals to fr/1.5 at figure 3.3. In other words, not Jopt, but a smaller current density is
desired.

Then, transconductance stage receives a slower input signal, the IF, from 1 to
20GHz and, also, this stage acts as current source for the switching stage, which means
that the collector’s current is split in two for the emitter coupled differential pair. As a
result, these HBTs have bigger emitter length. For this stage the transistors are naturally
biased for Jopt, that equals to fr [2]. It should be noted that linearity is more important
for the transconductance stage than for the switching stage because of the cascode
structure [21] and, thus, larger dc currents are used to increase the current flow through
this stage and the device operates in triode region.
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4.5 Spectre simulations
In order to test the performance of the mixer, from the first to the last stage of
design, a few analyses form the Virtuoso® Spectre® environment were chosen.

First of all, of course, the DC analysis was used, to provide information for the
biasing of each stage, to check the quiescent currents, the region of operation and other
metrics that describe the transistor’s operation. The setup was simple and is presented
below.

Secondly, in order to focus on the small signal analysis, the harmonic balance
(HB) analysis was the most appropriate choice. It is a very efficient analysis for systems
that have sinusoidal tones. However, as the tones become more non-linear, or real, the
HB is getting slower because it enables more harmonics of each tone to describe the
signals. The HB algorithm is flexible and calculates the steady state solution directly,
by using the Fourier series. More specifically, as a frequency domain analysis, it first
calculates the steady state of small signal frequency domain components and then on
larger signals, which generate many new harmonic components.

Mixers are prime candidates for the use of harmonic balance analysis, among
many others, that exploit non-linearities to achieve the desired performance.

The HB method is very efficient for simulating circuits such as low-noise
amplifiers that have only low order harmonics. Mixers with a low moderate-tone power
level can also be represented with low order harmonics. In general, problems related to
multi-tone simulation in QPSS can be reduced in scope or even eliminated by using the
HB method.

The set up used for the HB analysis is changed depending on the results that need
to be extracted, enabling the sweep option for power sweeps of the IF (Piip3) and LO
(P1) input power, figures 4.3 and 4.4.
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Figure 4. 3: HB setup with IF input power sweep on, for up-converting mixer.
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Figure 4. 4: HB setup with LO input power sweep on, for up-converting mixer.

Then, transient (tran) analysis was used to check the performance of the mixer
on the time domain. More specifically, with tran both input signals are illustrated on
time, to ensure that the desired waveform, amplitude and phase, is received by the
HBTs’ bases and, also, to check that the output waveform, amplitude and phase, is

appropriate.

Finally, the scattering parameters analysis (sp) was significant in order to
acquire the S-parameters that characterize our electrical network. Sp analysis was used,
primarily, to design the input and output matching networks and extract the results of
their final performance. In sp analysis the frequency range was set to 170GHz (from 1

to 170GHz).
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4.6 Gilbert cell design
To begin with, a gilbert cell on b11 technology was designed, with ohmic load,

of 50022, and without matching networks. For input and output ports we used ideal dc-
feed inductors and dc-block capacitors from analoglib library. The schematic is

illustrated below, figure 4.5.
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Figure 4. 5: Cadence schematic of an up-converting mixer, in gilbert topology, with ohmic load.

On this experimental design stage, the goal is to test this topology in combination
with the capabilities of B11 technology. No significant conversion gain is expected, as
this is a preliminary design without matching networks.

Indeed, with hb analysis the output spectrum shows that we have a conversion
loss of 5dB, with -10dBm at the input and -15dBm at the output.
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Figure 4. 6: Output RF spectrum for fir = 2GHz, P\r = -10dBm, f.o = 140GHz, P.o = -5dBm

However, the above results indicate a proper function of the RF mixer, for
example two output frequencies are generated, the frr = fLo - fir and frr = fLo + fiF, with
the same level of amplitude. Many improvements should be made regarding the
topology that will enhance the performance.

4.7 Mixer design

The next step is the following mixer in figure 4.7.

Figure 4. 7: Mixer schematic for sub-terahertz frequencies
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In this schematic, a tail current was added, consisted of two HBTs with emitter
length of 5um, or, alternatively, of one HBT with 10um emitter length, connected to
both branches, to avoid mismatches.

The resistive load at the output is replaced with inductors, in order to amplify the
achieved conversion gain [13], performing no significant dc voltage drop, that, also,
increase power consumption. These inductors are part of the RF output matching
network too, right up on the schematic. The LO input matching network is composed
of an LC network, between the differential input. No baluns were needed for this design
as all inputs and outputs are preferred to be differential.

For improved harmonic suppression and linearity, inductors in series and in
parallel with the branches are added between the transconductance stage and the tail
current.

Again, hb analysis was enabled for the graph generation, using the familiar setup.
Figure 4.8 below show the spectrum of the RF output for fir = 5GHz, P = -30dBm, fLo
= 142.5GHz, PL.o = 0dBm.
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Figure 4. 8: RF Output spectrum for fir = 5GHz, P\ = -30dBm, fio = 142.5GHz, P.o = 0dBm of the
mixer

Then, we sweep the input IF power Piip3 from -40dBm to -10dBm and plot the
output RF power versus input IF power, for LO power equal to 0dBm. The 1% order
frequency at the output has to be chosen, which comes from the formula fo- fir = 137.5
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GHz for lower sideband up conversion. This plot is presented below, in figure 4.9,
notating the 1dB Compression Point too.
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Figure 4. 9: Output RF power vs. Input IF Power with 1dB compression point equal to -23.4dBm, for
fie = 5GHz, fLo = 142.5GHz, P.o = 0dBm of the mixer.

After the Compression Point curve, another simulation has to be run in order to
plot the input referred 3 order Intercept Point. In the IF setup another tone is added,
with frequency very close to the first one, for example, fira = 5GHz and firp = 5.2GHz,
with same power amplitude. The first tone will be set as large and the second as
moderate at the HB menu. For this graph it is needed to specify the 1% and 3™ order
frequency, which depends on the LO and IF frequencies.

The 1% order is coming from the relationship:

e fLo+ fira for upper sideband mixer and
o fLo- fira for lower sideband mixer.

The 3 order follows:

o 2* (fLo+ fira) — (fLo + firn) for upper sideband mixer and
o 2* (fLo- fira) — (fLo - firp) for lower sideband mixer.

The result is the following figure 4.10.
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Figure 4. 10: RF output Power vs. IF input Power, 11P3 = -14.6dBm for the mixer.

4.8 Quadrature Double Balanced Mixer (QDB-Mixer)

The final up-converting topology is the modulator, consisted of two gilbert cell
mixers, in quadrature operation, in figure 4.11.
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Figure 4. 11: Quadrature Double Balanced active Mixer based on gilbert cell topology

The two mixers operate in quadrature, modulating the differential I and Q signals
with the differential LO, (0° phase) and LOq (90° phase) signals respectively [22]. The
topology of each mixer (I and Q), in quadrature, is the same with the mixer design
described in the previous section. The switching stages consist of two emitter-coupled
pairs [13] each with emitter mask lengths equal to 2.7um, the transconductance stage
4.5um and the tail current, consisting of one transistor, 10um. All transistors have the
same emitter width of 0.22um. Vbias for switching stage is 2.9V, for transconductance
stage 1.85V and for the tail current 0.88V resulting in a Vee of around 0.88mV for the
switching and transconductance stage, providing the 5.047mA and 10.12mA
respectively. It is noteworthy to mention that the vbias of the tail current stage
determines Vbe of all stages, through the quiescent current that is evolved. All voltage
sources are chosen in a way to achieve optimum current densities, analyzed in section
(selection of active devices).

For the modulator to operate properly and to ensure the image rejection [5], input
signals have to be received in a specific way. If the upper sideband is the desired signal
at the output, and assuming that I mixer has IF (0 degrees) and LO (O degrees),
differentially, then the Q mixer needs IF (90 degrees) and LO (270 degrees), or IF (270
degrees) and LO (90 degrees), differentially. If the lower sideband is needed, the Q
mixer needs IF (90 degrees) and LO (90 degrees), figure 4.12. Generally, | stands for
IF in 0 degrees and Q for IF in quadrature, 90 degrees. For the output, the positive output
of the | mixer is connected to the positive output of the Q mixer and same for the negative
output. As a result, the modulator has one differential RF output shared by the 1 and Q mixers.
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Figure 4. 12: Lower Sideband Up Conversion Modulator

4.9 Modulator Simulations
For all the following simulations, a temperature of T = 45°C was selected.

Using hb analysis the following plots were generated. Figure 4.13 below show
the spectrum of the RF output for fir = 5GHz, Pir = -30dBm, fLo = 142.5GHz, P.o =
0dBm.
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Figure 4. 13: RF Output spectrum for fir = 5GHz, P\r = -30dBm, f.o = 142.5GHz, P.o = 0dBm of the
LSB modulator.

Then, we sweep the input IF power Piip3 from -40dBm to -10dBm and plot the
output RF power versus input IF power, for LO power equal to 0dB, as shown in figure
4.14. The 1% order frequency at the output is set again at 137.5 GHz, as for the mixer.
The input referred 1dB Compression Point has a value of — 14.2dBm approximately,
accordingly to the specifications.
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Figure 4. 14: Output RF power vs. Input IF Power with 1dB input referred compression point equal to
-14.2dBm, for fir = 5GHz, f.o = 142.5GHz, P.o = 0dBm, of the LSB modulator.
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Then, the conversion gain is plotted, setting the input IF frequency and the output
frequency the modulated fio - fir = 137.5 GHz, for lower sideband up conversion.
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Figure 4. 15: Conversion Gain vs IF input Power for flIF = 5GHz, fLO = 142.5GHz, PLO = 0dBm, of
the LSB modulator.

Same as previously, we sweep the input LO power P1 from -10dBm to 10dBm
and plot the output RF power versus input LO power, for IF power equal to -30dBm.
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Figure 4. 16: Output RF power vs. Input LO Power with 1dB input referred compression point equal
to -7.5dBm, for fir = 5GHz, P\ = -30dBm, fLo = 142.5GHz, of the LSB modulator.
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A summary of the conversion gain for different values of input IF and LO frequencies
could be extracted by running multiple harmonic balance analysis, with an IF frequency
parameter (fif) changed by the Parametric Analysis tool at Cadence. The fif sweeps at
the Parametric analysis from 2 to 20 GHz, for a specific LO frequency. This procedure

is repeated three times, each for a different value of the LO frequency. The result, is
illustrated below, figure 4.17.

3 - Freq LO = 142.5GHz
12.6 7

2 P_IF = -30dBm, f LO = 142.5GHz, P_LO = 0dBm Freq LO = 150GHz
12.4-

P IF = -30dBm; f LO = 150GHz-E_LO = 0dBm Freq LO = 160GHz

12.2 1

E P_IE.;’:BUHI'BE,)F_EO - 160GHz, P_LO = 0dBm
11.6 - _

Conv. Gain (dBm)

LR ALaa AL unta e L o R B BB B B AR Ba e a R
20 30 40 50 60 70 80 90 100 11.0 12.0 13.0 140 150 16.0 17.0 18.0 19.0 20.0
fif (G)

Figure 4. 17: Conversion Gain vs IF frequency for P = -30dBm, P.o = 0dBm, for different f.o
frequencies, of the LSB modulator.

Also, to ensure that the circuit has a proper behaviour, we run a transient analysis
in the time domain. Indeed, the results in the time domain were expected and are
presented in the plot below.
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Figure 4. 18: Time domain results, for fir = 5GHz, P\e = -30dBm, fi.o = 142.5GHz, P o = 0dBm, for the
LSB modulator.

From all above graphs we observe a satisfying behaviour of the mixer for the selected
operation range. Some fluctuations are expected, but still, for all values the mixer meets
the expectations.

4.9.1 Matching Networks Simulation

The matching networks that are designed for each input port are same for the two
mixers (in quadrature), for example for the IF inputs, | input has the same matching
network with Q input. The LO matching network consists of a tline in series with a
mimcap and the IF same, but between these two elements a restan is connected in
parallel to the ground. This resistor is significant for the matching, because it achieves
the matching at the lower frequencies of IF, but, also, provokes losses, due to its ohmic
behavior. The RF matching network for both mixers is shared, as the RF output is
shared. All above presented at the modulator schematic, figure 4.11.

With S-param analysis we extract the scattering parameters for all ports. To LO
port was given the number 1, to IF port number 2 and to output RF port, number 3.
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Figure 4. 19: Reflection coefficients for all ports, from SP Analysis 0-170GHz, of modulator.

The proper matching is achieved for the desired frequencies, 0 to 20GHz for the
IF (red color), 130 to 160 GHz for LO (green color) and RF (yellow color).

Also, other coefficients, that prove the ports isolations, are presented below,
figure 4.20.
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Figure 4. 20: Scattering coefficients for port isolation, from SP Analysis 0-170GHz, of modulator.
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4.9.2 Temperature Simulation

In this part, it is important to test the mixer’s performance, not only for 45°C, but
for a wider and realistic temperature range. For this purpose, running again HB analysis
and using the parametric analysis tool, we sweep the temperature from -10 to 100 ° C
and we calculate the output RF power for each temperature value, which are presented
in figure 4.21.
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Figure 4. 21: Output RF power (dBm) vs. temperature (° C) for fir = 5GHz, Pz = -30dBm, fio =
142.5GH, P o = 0dBm, of the LSB modulator.

4.9.3 Voltage Supply Simulation

Moreover, the voltage supply levels are crucial to be tested to define the
acceptable limits. However, usually a fluctuation of around £10% of the nominal value,
3.3V for this project, should be tolerated by the circuit, which represents realistic
scenarios. Again, the same procedure is followed, as for the temperature test, but, now,
the supply voltage, Vcc, sweeps from 2.9V to 3.7V. The output RF power is plotted
below, in figure 4.22, where a proper operation is verified for this voltage range.
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Figure 4. 22: Output RF power (dBm) vs. Vcc (V) for fir = 5GHz, Pir = -30dBm, f.o = 142.5GH, P.o =
0dBm, of the LSB modulator.

4.9.4 Monte Carlo and Corner Analysis

In addition, Corner and Monte Carlo analysis are essential for a deeper insight
into the circuit. With these analyses many other uncertain scenarios regarding
fabrication mismatches can affect the electrical behavior of the circuit. Also, again,
environmental changed in supply voltage and temperature are tested.

Firstly, for Monte Carlo analysis, we open ADE XL and we enable the setup,
figure 4.23.
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Figure 4. 23: Examples of Corners’ setups

For this analysis, all model libraries run simultaneously, not only the
hicum_nom, that was chosen until now, to consider all possible transistor’s behaviors.
The analysis runs for Vec =3.3V and T =45° C.

The output RF power versus the input IF power, for all model libraries, is shown
in figure 4.24.
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Figure 4. 24: Output RF power vs input IF power, for all model libraries.

Same for the output RF power spectrum, figure 4.25.
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Figure 4. 25: Output RF power spectrum for fir = 5GHz, P\r = -30dBm, fLo = 142.5GH, P.o = 0dBm,
of the LSB modulator, for all model libraries.

It is clear that small fluctuations are observed for different model libraries,
concluding that the modulator can tolerate extreme manufacturing variations.

Finally, we perform Monte Carlo analysis, setting the setup below, figure 4.26

and 4.27.
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Figure 4. 26: Monte Carlo setup for variable temperature and supply voltage
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Figure 4. 27: Specification of instances for Monte Carlo Analysis

For Monte Carlo two extreme values are selected for temperature, -10°C and
100°C, and voltage supply, 2.9V and 3.7V. All transistors, tlines, resistors and mimcaps

from the schematic are selected for Mismatch and Process for Monte Carlo Analysis.

The Monte Carlo cases with the simulation results are shown below, figures 4.28

and 4.29.
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CHAPTER 5: LAYOUT DESIGN OF THE UP-
CONVERSION MODULATOR

This chapter describes the whole process of designing the modulator at the layout
level. It presents the techniques and problems that encountered by the passage of the
design from ideal-schematic level to Layout. Each part of the up-converter mixer at the
Layout level and the different ways of simulation for deriving the parasitic elements of
all passive networks are demonstrated.

At the end of the chapter, the final design is presented with all the necessary
additions at the layout level, which was handed over for fabrication to Infineon
Technologies AG.

5.1 Active devices and interconnections

The 1/Q modulator is implemented in a 130 nm SiGe BiCMOS process with a
transit frequency fr of 250 GHz and an oscillation frequency f,,.x Of 370 GHz. As
previously mentioned in the previous chapter, the selected area of each bipolar transistor
of the active device topology is 0.22 x 2.7 um?, 0.22 x 4.5 um? and 0.22 x 5 um?,
accordingly, for each stage, while each transistor consists of one block and has a double
base (BEBC). The technology features 6 copper layers and a top aluminum metal layer.
MIM capacitors, polysilicon and TaN resistors are also available.

The intermediate Metal 4 is used as reference ground, while Metal 3 is used as a power
supply plane. Lower metals 1, 2 are mostly used for dc interconnects. Low loss thick top
metals 5 and 6 realize all the RF structures offering reduced capacitive coupling to the
ground. Particular attention was paid to the interconnections in order to meet the current
limits requirements for the metal widths and, thus, secure the metal connection from high
current values. Also, the parasitic capacitance and inductance, that all metal
interconnections add, were controlled by adjusting the length, width and metal layer, to
not exceed an acceptable value.

For the power supply, measurement acquisition and even packaging of an
implemented integrated circuit, it is necessary to introduce contact pads to all the inputs
and outputs of the circuit, whether we refer to the dc power supply or to the input and
output of RF signals. The Contact Pads used in the implementation of the power
amplifier in this thesis are Aluminum Pads. More specifically, all the contacts of the
circuit consist of a stack of shorted metals the highest of which is aluminum [15].

In order to provide the proper LO phases at the bases of the HBTs of the switching
stage, a well-defined differential LO coupler is inserted between the LO generation
circuitry and modulator. The layout was implemented with the Cadence Layout tool and
the final design is illustrated in figure 5.1. Also, the complete design of the transmitter,
which was sent for the tape out, is presented in figure 5.2., where the mixer of this thesis
Is presented inside the red frame.
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Figure 5. 1: Final layout of the proposed I/Q Modulator.

Figure 5. 2: Final layout of the PMFTX.

removing the ground and supply plane, is

A version of the I/Q Modulator layout
shown below in figure 5.3. The total area of the integrated designed is 0.455mm?.
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Figure 5. 3: Final layout of the proposed 1/Q Modulator, without ground and supply plane.

The high frequency operation of the proposed I/Q modulator requires an accurate
modeling of transistors’ metal interconnects. To test the performance of the up-
converting mixer, we used RC parasitic extraction (Cadence tool) for the HBTs up to
metal 4 and, then, the ADS Momentum tool was used up to metal 6 for the HBTSs as well
as for all circuit elements and interconnections, to run electromagnetic (EM) simulation.
The extracted S-parameter data were imported in Cadence and the following results were
extracted, running harmonic balance analysis.

The metal stack used in the given 130nm technology is shown in figure 5.4.

W Metalt
#l Metal2
H Metal3

B Metald
B Metals
B vetale

Figure 5. 4.: Metal stack.
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5.2 Modulator design

The significant specification of LO leakage was highly affected by the layout structure
and especially by the mixer core’s structure. At such high frequencies the layout design
Is challenging because the inductive and capacitive phenomena between different metal
planes are more pronounced. Therefore, particular attention was paid to the overlaps and
distances between the interconnect metals and to the choice of metals in terms of their
dimensions and level. Noteworthy is the fact that different metal levels imply different
values of equivalent inductance and capacitance with the ground plane. More
specifically, lower metals (metal 1 to 4) exhibit lower inductance than higher metals
(metal 5 and metal 6), which are thicker and, thus, have higher current tolerance. In
addition, for the same metal level, the use of a ground plane can change the behavior of
the metal, for sub-Terahertz frequencies.

For example, we EM simulated, in Momentum, a single metal2, of 30um length,
assuming that its ground plane is implicit, or equivalently the substrate. The resulting S-
parameter data of the EM simulation are then imported to the schematic cell of figure
5.5.

il | S-PARAMETERS
S Param
SP1
Start=1.0 GHz
Stop=200.0 GHz
: +f  Term il
o) Step=1.0 GHz
Num=2
Z=50 Ohm
o— -
1 k!
ads_test v1 _ 2l
X2 Zin
+4 ferm Zin1
Term1 Zin1=zin(S11,PortZ1)
Num=1
Z=50 Ohm

Figure 5. 5: ADS schematic cell for characterization of a single metal2 line.

Both ends of the metal are terminated in a 500hm port and this schematic is simulated
again, running an S-parameter analysis. From this simulation, we get the following
results, in figures 5.6, 5.7, 5.8.
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Figure 5. 7:Parasitic inductance of the input resistance for metal2.
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Figure 5. 8: Smith Chart of the input resistance for metal2.

The figures above indicate an inductive equivalent behavior, which is more
pronounced at higher frequencies. Figure 5.6 and figure 5.8 show that metal2 presents a
positive real part in the input resistance, thus inductive, and in figure 5.7 we calculate
that this parasitic inductor is around 38.5pH for the frequencies of interest (130GHz to
160GHz).

Now we repeat the same procedure, with the same metal but we used for ground plane
a metall plane, which is closer, than the implicit ground, to metal2. Again, the resulting
S-parameter data of the EM simulation are imported to the same schematic topology of
figure 5.9.

£0% [ S.PARAMETERS I

la
S Param
SP1
Start=1.0 GHz
e StopiZO0.0 GHz
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Zin1

Zin1=zin(S11,PortZ1)

Figure 5. 9: ADS schematic cell for characterization of a single metal2 line with metall ground plane.
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The results from this simulation are presented in figures 5.10, 5.11.
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Figure 5. 10: Magnitude, real and imaginary part of input resistance for metal2 with metall ground
plane.
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Figure 5. 11: Smith Chart of the input resistance for metal2 with metall ground plane.

The addition of a ground plane approximately 0.341um from metal2, which is the
distance between the two metals, is changing the behavior of metal2 significantly.
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Figures 5.10 and 5.11 show a negative imaginary part of the input resistance, or in other
words a parasitic capacitance formed between the two metals.

The above results underline that parasitic phenomena are highly observed at these
frequencies, but also that we should carefully use the ground plane to not have
undesirable parasitic behavior. As a result, for the switching and transconductance stages
the implicit ground plane was used and no other metal plane was added, in order to avoid
this undesirable distributed capacitance in the signal path.

Another key factor that determines the layout design is the symmetry in the signal
path. Any asymmetry inserted in the signal path can cause imbalances and thus
deteriorations, as the fully balanced gilbert cell topology gradually loosens. Also, of high
Importance was the placement of the rpoly resistors that provide the dc biasing to the
switching stage. In particular, the closer rpoly resistors are to the HBT’s base the better.

For the layout schematic, the first step was to design the structure of the switching
stage, the mixer core, which is the most challenging due to the number of
interconnections and signals it contains.

A first attempt was the following, in figure 5.12, presenting only the LO input and RF
output paths for the switching stage. In this case, asymmetry in the metal length exists
in the input LO signal path (metal 6). Additionally, LO input and RF output paths are
significantly overlapping. These characteristics can cause enough deterioration to the
mixer performance, in terms of the LO leakage, exceeding the acceptable level.

Figure 5. 12: Mixer core draftl for the I/Q Modulator.

Another proposal for the mixer core that was tested is the following, in figure 5.13,
with its 3D representation, in figure 5.14.

88



Figure 5. 13: Mixer core draft2 for the I/Q Modulator.

Figure 5. 14: 3D illustration of the mixer core draft2.

For this mixer core implementation, the asymmetry was transferred to the output RF
signal path (metal 3). Nevertheless, the specification of the LO leakage was slightly
improved, due to the fact that no overlap exists between the input LO signal path and the
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output RF signal path. However, still the results of LO leakage were not enough
satisfying, needing an improved approach.

From the above observations, the optimum performance was achieved with the
following structure for the mixer core, in figure 5.15. In this layout the majority of the
input and output paths are symmetrical for the differential signals and, also, the metal
overlaps between the paths are minimized.

S
LSS

ST ITASL S SIS ST
I AV e |//////////
NS S S SAS A S S 3

Figure 5. 15: Mixer core layout of the proposed I/Q Modulator.

The mixer core layout above is 3D illustrated in figure 5.16.

Figure 5. 16: Mixer core layout of the proposed 1/Q Modulator, 3D illustration.

Simulating, exclusively, the mixer core in the environment of Momentum and
importing the S-parameters to Cadence, we perform a harmonic balance analysis on the
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initial schematic. The performance of the mixer is presented in the figure 5.17, where a
leakage level of 50 dBc is observed.
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Figure 5. 17: Output spectrum for f.o = 142.5 GHz, P.o = 0 dBm, fir=5 GHz, P\r=-30 dBm of LSB
Up-Conversion Modulator, replacing the mixer core EM results.

A simple test to verify the results for the LO leakage is to compare the S-
parameter data of the first and the final mixer-core structure. For the first case of figure
5.12, presented also in figure 5.18, the S-parameters that describe the signal crossing at
the LO+ and the LO- path and the signal cross from the LO path to the RF path, are
shown in figures 5.19, 5.20 and 5.21.
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Figure 5. 18: Mixer core draftl for the 1/Q Modulator with highlighted port numbers.
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Figure 5. 19: S-parameter S12 and S45 coefficients for the LO+ and LO- signal path, for the mixer core
draftl.
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In figure 5.19, the comparison between the LO+ and the LO- signal paths is
realized. The seemingly identical paths give different S-parameter results, therefore
they are expected to cause imbalances at the signal flow. Also, in figure 5.20 we observe
for the LO path a transit coefficient of around -3.67dB, for the frequency band of
interest, and in figure 5.21 the rejection of LO signal at the RF output port is around -
22dB for the same frequencies.
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Figure 5. 20: S-parameter S13 coefficient for LO signal path, from the input pin to the HBTs’ base, for
the mixer core draftl.
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Figure 5. 21: S-parameter S39 coefficient for signal cross from the LO input to the LO output, for the
mixer core draftl.

On the other hand, for the final mixer-core, in figure 5.22, following the same
steps, we extract, correspondingly, the S-parameter results for the LO+ and — signal
path and the LO rejection at the RF output, in figures 5.23, 5.24 and 5.25.
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Figure 5. 22: Mixer core layout of the proposed 1/Q Modulator, with highlighted port numbers.

For the frequency band of interest (130 to 160 GHz) we get very similar S-
parameter values for the LO+ and LO- paths, in figure 5.23, which result in minimum
imbalances, in contrary to the previous structure in figure 5.18.
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Figure 5. 23: S-parameter S12 and S45 coefficients for the LO+ and LO- signal path, for the mixer
core.
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Additionally, in figure 5.24 we observe for the LO path a transit coefficient of
around -3.3dB for the frequency band of interest and in figure 5.25 the rejection of LO
signal at the RF output port is around -28dB for the same frequencies. These values
show an improvement for the performance of the mixer core compared to the previous
structure. This improvement is expressed in lower imbalances and, as a result, in
optimized LO leakage level.
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Figure 5. 24: S-parameter S13 coefficient for LO signal path, from the input pin to the HBTs’ base, for
the mixer core.
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Figure 5. 25: S-parameter S39 coefficient for signal cross from the LO input to the LO output, for the
mixer core.

The above tests lead to the conclusion that the proposed mixer-core, in figure 5.15
was more suitable for our layout, than the mixer-core draftl in figure 5.12.

The next step was to EM simulate the transconductance stage, and the LO and IF
inputs and RF output metal connections.

For the proposed mixer core, the following structure, in figure 5.26, was proposed for
the transconductance and output RF signal paths. However, the asymmetries in the RF
output path (metal 5, with metal 4 ground for return path) cause additional deteriorations,
exceeding the design specifications.
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Figure 5. 26: Transconductance stage and connections draft layout of the 1/Q Modulator.

As a result, aiming at the symmetry of the output signal path, the following structure
was designed, in figure 5.27, and simulated to Momentum.

Figure 5. 27: Transconductance stage and connections layout of the proposed 1/Q Modulator.

The layout above is 3D illustrated in figure 5.28.
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Interconnects carrying
AC currents

Transcond. St.

Figure 5. 28: Transconductance stage and connections layout of the proposed I/Q Modulator, 3D
illustration.

Again, running the EM simulations for the above parts of the layout, the S-parameter
results are imported to Cadence, including the mixer core S-parameter results, and we
perform a harmonic balance analysis to the modulator design. In figure 5.29 a
deterioration at the LO leakage is notable, with a LO leakage value of 35 dBc.
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Figure 5. 29: Output spectrum for f.o = 142.5 GHz, P.o = 0 dBm, fir=5 GHz, P\r=-30 dBm of LSB
Up-Conversion Modulator, replacing the mixer EM results.
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Finally, the LO, IF and RF matching networks were designed, in figure 5.30, 5.31 and
5.32, respectively, and simulated in Momentum.

Figure 5. 30: Layout of LO input matching network

Figure 5. 31: Layout of IF input matching network
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Figure 5. 32: Layout of RF output matching network

5.3 DRC Rules
After the completion of the physical design, as well as the interconnection of the
individual parts, an automatic program will check each polygonal element in the drawing

according to certain rules and report any violations. This process is called Design Rule
Checking (DRC).

The design rules are a set of parameters provided by the semiconductor
manufacturers, i.e. by each different technology, that allow the designer to verify the
correctness of a mask set. The design rules are specific to a particular semiconductor
manufacturing process. A set of design rules specify certain geometric constraints and
connectivity constraints to ensure sufficient margins to obtain account for the variability
of semiconductor manufacturing processes. This will ensure that all parts function
correctly [14]. The basic types of rules are presented in figure 5.33.

The three basic DRC checks

Width

Enclosure

ol |

Spacing

Figure 5. 33: Basic Design Rules
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The DRC run was performed in the mixer layout with no errors, as shown in figure
5.34.

Calibre - RVE v2018.1_65.60 : Modulator_final v4 drc.db

o[

T

¥iew Highlight Tools Window  Setup

ol &7 &| F e & || |search T4

% Show All 7| £ No Results Found

B! g Check/ Cell | Results

Figure 5. 34: DRC-clean.

5.4 LVS Simulation

A successful design rule check (DRC) ensures that the layout conforms to the rules
designed/required for the correct construction of the integrated. However, it does not
guarantee whether it actually represents the circuit we want to build. This role is
performed by the LVS checker. LVS, which stands for Layout versus Schematic is
performing a comparison between the layout and schematic that exist in the same cell.
The LVS control software recognizes the intended layout patterns representing the
electrical components of the circuit, as well as the connections between them. This netlist
Is compared by the “LVS” software against a similar schematic layout or circuit diagram.

The LVS check includes the following three steps [14]:

- Extraction: The software program takes a database file containing all the layers
drawn to represent the circuit in the layout. It then runs the database through several
area-based logical operations to determine the semiconductor components represented
in the design by their fabrication layers.

- Reduction: The software combines the extracted components in serial and parallel
combinations, if possible, and creates a netlist representation of the layout database.

- Comparison: The exported netlist layout is compared to the netlist obtained from the
schematic circuit. If the two netlists match, then the circuit passes the LVS check.

It is crucial that the simulation be successful, which was achieved for out layout, as
shown in figure 5.35.
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Figure 5. 35: LVS-clean.

5.5 LSB Modulator Performance

A final harmonic balance analysis was carried out on the schematic of the LSB
Modulator containing all the elements and interconnections simulated in the Momentum
environment. This final schematic simulated in Cadence is presented in figure 5.36 and
it consists of n-ports, that represent the S-parameter data, exported form ADS, for all

interconnections and elements used

in the final layout.
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Figure 5. 36: Final Cadence schematic of the proposed 1/Q Modulator, containing all S-parameter data
from ADS.

The simulation results are presented in the graphs below.

The output spectrum for fLo= 160 GHz, PLo=0dBm, fir= 10 GHz, Pir=-25 dBm, is
shown in Figure 5.37. A 40dBc LO rejection, or LO leakage, is accomplished for this
frequencies and power levels and a 41dBc image suppression.
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Figure 5. 37: Output spectrum for f.o = 160 GHz, P.o = 0 dBm, fir = 10 GHz, Pz = -25 dBm of LSB
Up-Conversion Modulator.

102



For the conversion gain versus the IF frequency fir, for different LO frequencies fio,
the following graph, Figure 5.38, was extracted, indicating, for the whole input
frequency range and with IF power equal to -30 dBm, LO power equal to 0 dBm and
temperature at 45°C, an almost flat gain, higher than 5dB.

Conversion Gain vs IF Frequency
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Figure 5. 38: Conversion gain vs. fie for four different f.o values, PL.o = 0 dBm, P\ =-30 dBm of LSB
Up-Conversion Modulator.

Also, conversion gain versus IF and LO power is presented in two separate graphs,
for IF frequency at 5 GHz, LO frequency at 150 GHz and temperature at 45°C, Figure
5.39 and 5.40. For the specified power range of operation, sweeping the IF power we get
satisfying results for the conversion gain. Sweeping the LO power, in figure 5.39, the
conversion gain is lower than expected for LO power below -3dBm and further increase
of LO power does not correspond to further increase of the conversion gain, due to
mixer’s compression.
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Figure 5. 39: Conversion gain vs. PIF, fLO = 150 GHz, PLO = 0 dBm, fIF = 5 GHz of LSB Up-
Conversion Modulator.
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Figure 5. 40: Conversion gain vs. Pro, fl.o = 150 GHz, fir = 5 GHz, P = -30 dBm, of LSB Up-
Conversion Modulator.
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The output power versus input IF power is, also, illustrated at Figure 5.41, for IF
Frequency at 10 GHz, LO Frequency at 160 GHz and temperature at 45°C. The input
referred 1dB compression point is around -15dBm and the output referred around -
11dBm, for LO power equal to 0dBm.

5 Output (RF) Power vs Input (IF) Power
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Figure 5. 41: Output power vs. P, flo = 160 GHz, fie = 10 GHz, for two Po values, of LSB Up-
Conversion Modulator.

A graph representation of the LO leakage is illustrated below, Figure 5.42, versus the
LO frequency, for two different LO power levels. In both cases the LO rejection ratio is
higher than 35 dBc for the entire LO frequency range. Also, it is clearly denoted that for
lower LO power level the LO rejection ratio maintains higher values.
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LO Rejection vs LO Frequency
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Figure 5. 42: LO Rejection vs. fio, fir = 5 GHz, Pir = -25 dBm, T = 45°C, for LSB Up-Conversion
Modulator.

Moreover, the sideband suppression versus the LO frequency is represented in Figure
5.43, similarly, for two different LO power levels. In both cases the sideband suppression
is higher than 38 dBc.

Sideband Suppression vs LO Frequency
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Figure 5. 43: Sideband Suppression vs. fio, fir = 5 GHz, Pir = -25 dBm, T = 45°C, for LSB Up-
Conversion Modulator.
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Finally, the scattering parameters of the input and output ports, using the matching
networks, are depicted in Figure 5.44. The small-signal simulation results show that the
LO and RF ports are well-matched to the differential 100 2 load while the matching at
the IF port is almost flat for the frequency band of interest.
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Figure 5. 44: S parameters (reflection coefficients). S11 stands for LO input, S22 for IF input and S33
for RF output.

A summary of the simulation results compared to the initial specifications is presented
in Table II.

TABLE Il.  SUMMARY OF SIMULATION RESULTS
Metrics Specification Schemgtlc . Layom_Jt
simulations | Simulations

SSB Conversion Gain | 0-10dB >10dB >5dB
OP1dB > -18dBm ~-3dBm > -12dBm
OIP3 >-7.dBm > -7 dBm > -7 dBm
Power Consumption | < 100mW ~90mW ~90mW
LO Rejection > 30dBc ~210dBc ~ 40 dBc
Sideband Suppression | > 35 dBc ~240dBc | ~40dBc

Table 5. 1: Summary of simulation results for the 1/Q Modulator.
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CHAPTER 6: DESIGN OF DOWN-CONVERSION
MODULATOR

In this chapter the design of the down-conversion modulator, with 145GHz
center frequency, is described. The design was carried out in the Virtuoso®
environment of Cadence® while the mixer fabrication technology, is the B11HFC from
Infineon Technologies.

The design flow includes the following key points:
1. Establishing the specifications for the performance of the amplifier.

2. Selection of the transistors that characterize the active device of the mixer, based on
the transistor models of the technology.

3. Design of the mixing circuit with ideal passive elements of the analog lib library and
active HBTs of the technology.

4. Replacing the ideal passive elements with real models of the technology, designing
input and output circuits and extracting graphical simulation results (Cadence
Virtuoso® Spectre®).

6.1 Targets for mixer performance

For this down-conversion mixer, similarly with the up-conversion mixer, some
operational limits were set for both to operate autonomously and to operate within the
group project, emphasizing on the following specifications.

Key top-level specifications for the QDB Mixer:

RF Bandwidth: 30GHz (130GHz-160GHz);
3dB RF Signal Power dBm ~ -35 — -5 dBm;
LO Bandwidth: 30GHz (130GHz-160GHz);
LO Power ~ -5 dBm — 5 dBm;

3dB IF Bandwidth: 20GHz (1-20GHz);
SSB Conversion Gain: 0 — 10 dB:;

OP1dB more than -18 dBm;

OIP3 > -7 dBm;

IRR more than 20 dBc;

LO-to-IF isolation more than 30 dBc;
Power Consumption less than 100mW,
Terminations at 100Q;

VVVVVVVVVVYVYY

More specifically, all port terminations were designed at 50Q and, therefore,
differentially at 100Q2. Therefore, for all three input and output ports of the circuit it was
required to design matching networks at 100Q. Then, due to the requirements of this
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telecommunication application, the RF input signal bandwidth is from 130 to 160GHz,
with signal power from -35dBm to -5dBm, and the LO bandwidth is required to be from
130GHz to 160GHz, with LO power from -5dBm to 5dBm. The above aim to achieve,
approximately, an output IF bandwidth of 20GHz, from 1 to 20GHz. For the
specification of conversion gain (CG) it is desired to achieve a value from 5 to 10 dB,
and more strictly to be higher than 0dB. The 1dB compression point (output referred)
needs to be higher that -18dBm, the 3rd order intercept point (output referred) higher
than -7dBm and the image rejection ration (IRR) higher than 20dBc. Moreover, for the
power consumption criterion, Pdc (mW), which is required to be the minimum possible,
an upper limit of 200mW was set.

The complete receiver chain of the team project is presented below in figure 6.1,
with the mixing stage designed and implemented in the context of this thesis indicated
by the red frame.
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! Mixer H
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Figure 6. 1: Receiver chain for short-medium range datalinks using PMF

6.2 Demodulator Design

As for the demodulator, a gilbert cell was chosen for the mixer core. Moreover,
a buffer was added, as shown in figure 6.2.
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Figure 6. 2: Down-conversion mixer, in gilbert cell topology with a buffer stage.
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From the above figure we can identify some basic parts of our circuit.

First of all, the VVcc supply voltage is applied to the output matching network and
the other dc voltage sources are applied at the base of the HBTs in order to properly
bias the transistors.

In addition to the known gilbert cell, three RC matching networks are used, one
for each port. It should be noted that all ports are differential, which is indicated by the
plus (+) and minus (-) indexes in each port, LO, RF and IF.

The supply voltage was selected similarly for the demodulator, as for the
modulator.

6.3 Selection of the active and passive devices

The HBT that was used for this circuit was the high speed npn. Different emitter
lengths were set for each stage, but the same emitter width, with the value of 0.22um,
was used.

According to figure 3.3 for the current density, it is suggested that for optimal
operation the HBT should have a current density around 10 to 14 mA/pm?,

For the switching stage, as the name implies, transistors are biased near to pinch-
off region to act as switches at LO frequency, from 130GHz to 160GHz. Thus, it is
needed these transistors to have small dimensions and, of course, to use the high speed
npn transistor model. Nevertheless, for the switching stage, it is suggested the
transistors to be biased with current density that equals to f1/1.5 at figure 3.3.
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For the transconductance stage, which converts the RF voltage signal to current,
transistors have emitter lengths equal to 4.3um and are biased to operate in saturation
region, with current density that equals to fr. Transistors at the transconductance stage
have higher emitter length than those at the switching stage, because the quiescent
current is doubled, but not too high, as the RF input port is tuned for D-band frequencies,
from 130GHz to 160GHz. The tail-current consists of a 10 Ohm TaN resistor, to
minimize the demanding voltage range.

Tlines TL1 and TL2, used as emitter degeneration, improve the linearity of the mixer
and rpoly at the output, act as load to increase conversion gain [13].

A second stage of two emitter followers, for each output, is added, to act as an output
buffer.

On-chip matching networks are added at all ports to achieve the broadband frequency
tuning. DC biasing is provided through rpoly resistors, for the switching and
transconductance stage, and independent voltage sources and the main supply voltage,
at the level of 3.3V, is provided through the output resistors, of 2800hm.

6.4 Demodulator Design

For the demodulator we employ two such mixers, separately operating, receiving the
same differential RF input, while the LO input is received differentially in quadrature.

The demodulator design in Cadence is presented below for the | demodulator, figure
6.3.

Buffer

OMN IF

IMN LO

LO(0°) e
switching St. o
LO(180°) |-
RF+ i _ﬁanscond. st.
RF-
IMN RF

Figure 6. 3: Demodulator schematic in Cadence.
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6.5 Simulations

Similar simulations, on schematic level, were performed for the demodulator, to
characterize the design. The same analysis, HB, trans, SP, DC, were used for this
purpose.

The output spectrum for fLo= 150 GHz, PLo= 0 dBm, frr = 140 GHz, Prr=-20 dBm,
Is shown in Figure 6.4,
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-308.7
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Figure 6. 4: Output spectrum for fi.o = 150 GHz, P.o = 0 dBm, frse = 140 GHz, Pgre = -20 dBm of
Demodulator.

For the conversion gain versus the RF frequency frr, for different LO frequencies
fLo, the following graph, Figure 6.5, was extracted, which indicates that the conversion
gain specification, for all input frequencies and with RF power equal to -20 dBm, LO
power equal to 0 dBm and temperature at 45°C, is satisfied.
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Figure 6. 5: Conversion gain vs. fre for two different fo values, P.o = 0 dBm, Pre = -20 dBm of
Demodulator.

Also, conversion gain versus RF and LO power is presented in two separate graphs,

for RF frequency at 140 GHz, LO frequency at 150 GHz and dBm and temperature at
45°C, Figure 6.6 and 6.7.
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Figure 6. 6: Conversion gain vs. Pre, fLo= 150 GHz, P.o = 0 dBm, fre = 140 GHz of Demodulator.
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Conversion Gain vs. LO Power
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Figure 6. 7: Conversion gain vs. Pro, fLo = 150 GHz, fre = 140 GHz, P,z = -20 dBm, of Demodulator.

The output power versus input RF power is, also, illustrated at Figure 6.8, for IF
Frequency at 140 GHz, LO Frequency at 150 GHz and temperature at 45°C. The input
referred 1dB compression point is around -12.2dBm and the output referred around -
5.5dBm, for LO power equal to 0dBm.
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Figure 6. 8: Output power vs. Pre, fLo= 150 GHz, frr = 140 GHz, Po = 0dBm, of Demodulator.

In addition, the third-order intercept point is illustrated in Figure 6.9.
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Figure 6. 9: Output power vs. Pre, fLo = 150 GHz, fre = 140 GHz, P.o = 0dBm, 1IP3 = -3.36dBm, of
Demodulator.

Finally, the scattering parameters of the input and output ports, using the matching
networks, are depicted in Figure 6.10.
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Figure 6. 10: S parameters (reflection coefficients). S11 stands for LO input, S22 for RF input and S33
for IF output.

Also, other coefficients that prove the ports isolations are presented below, figure 6.11.
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Figure 6. 11: Scattering coefficients for port isolation, from SP Analysis 0-170GHz, of demodulator.

A summary of the simulation results is presented in Table III.

TABLE Ill.  SUMMARY OF SIMULATION RESULTS

Metrics Specification Simulated
SSB Conversion | 0-10dB >5dB
Gain
11P3 > -7 dBm >-3.4 dBm

Power Consumption | < 100mW ~ 90mwW
LO Rejection >30dBc ~ 200 dBc

Table 6. 1: Summary of simulation results for the 1/Q Demodulator.
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CHAPTER 7: CONCLUSION AND FUTURE WORK

In this work, we implemented an active double-balanced, up-conversion mixer,
in gilbert cell topology from schematic level to layout level and an active double-
balanced, down-conversion mixer, in gilbert cell topology in schematic level, both with
145GHz center frequency. The mixer is one of the most important components in
microwave and millimeter-wave telecommunication systems and, therefore, was a
crucial part of the team project of short-medium range datalinks, using PMF. The main
challenge of design and implementation was to achieve the demanding specifications
but, as it turned out, it was LO leakage that determined the course of the layout design,
due to the high frequencies causing strong parasitic phenomena.

The performance of the modulator, as is already presented in Table5, is
satisfying, as all specifications are within the suggested limits. More specifically, for
the LSB up-conversion modulator the SSB Conversion Gain was above 5dB for the
whole frequency range, a logical value for an active mixer but demanding for a
frequency range of 30GHz, and the LO Rejection and the Sideband Suppression were
both around 40dB, implying an optimal behavior in the rejection of unwanted
frequencies. The OP1dB was -11dBm and the OIP3 around -6dBm, maintaining the
desired linearity limits. Finally, the Power Consumption was limited to around 90mW.
the minimum area of 0.455mm? is occupied by the complete layout.

Respectively for the demodulator, similar simulation results were extracted from
the schematic level. The SSB Conversion Gain was above 5dB for the whole frequency
range, a logical value for an active mixer but demanding for a frequency range of
30GHz, and the LO Rejection was around 200dB. The OP1dB was -12dBm and the
OIP3 around -3.5dBm, maintaining the desired linearity limits. The Power
Consumption level was again around 90mW.

The modulator circuit is currently under construction and, therefore, the next
steps include the measurement of the integrated circuit, in order to confirm the results
of the simulations, to identify the deviations and improve the design to further enhance
its performance. Also, an important step would be to implement the demodulator’s
physical design too, or else the layout, to obtain a complete picture for mixers in the D-
band.

A performance comparison between the proposed design and the state-of-the-art 1/Q
modulators is provided in Table IV. It should be noted that the performance of the current
work is related to simulation results.
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TABLE IV

COMPARISON TABLE OF PUBLISHED D-BAND I/Q MODULATORS

Conv. | LO- | RF/IF p
Ref. | Process Freq. Gain |RF |BW ( r;iwCW)
(dB) | (dB) | (GH2z)
This | 130 nm SiGe
work | BiCMOS 120-160 | >5 >35 |40/20 |90
250 nm SiGe
6] |5icmos 150-168 [34 |- |- 610
130 nm SiGe
[24] BiICMOS 119-152 | 9.8 31 |33/13 |53
[25] |65 nm CMOS | 144 97 |- [33/ 219

Table 7. 1: Comparison table of published D-band 1/Q Modulators.
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