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Arnoryopeletan 1 avttypapn, amodrixeucn xa Siovour Tng Topolcag epyactog, €€
ONOXATIPOU 1) TUAUATOG UTHG, YId EUTOEIXG OX0To. Emitpéneton 1 avatuwon,
amo¥iMELOT) XL BLAVOUT| VIl OXOTO U1 XEEOOOKOTIXO, EXTIOUBEVTIXAC 1 EPEUVY-
TS @OoTNg, LTS TNV TEoUTOVEoT Vo avapEQETAL 1) TNYY| TROEAEUCTC XoL VO
dltneeitar To mopdy ufvuua. EpwtAuata tou agopoly 1 yeron g epyaciog
Y10t XEEOOOKOTUXG GXOTO TEETEL VoL AMEVTVVOVTOL TPOC TOV CUYYQRPEA.

Ou amoddeic xon To CUUTERACUOTA TTOL TEQLEYOVTAL OE AUTO TO EYYPEUPO EX-
ppdlouv TOV GLYYPAPEN XL OEV TEETEL VoL EpUNVELTEL OTL AVTITPOCKTEVOLY TIg
enionueg Véoeig Tou Edvixol Metoodfiou IToduteyvelou.



ITepiAndm

Yy mapoloa BmAwUaTxy epyacior Topouctdleton 1 avdmTuln evog e€loop-
comioth EAdytotwy Méowv Tetpaydvov (LMS) yio por Lev€n dedopévwy u-
miric Torytntag mou yenowornotel Ilohupepinéc Muxpoxupatixéc Tveg (PMF)
o¢ péoo petddoone. Ilopouvoidloviar 1660 1 avdnTuEn TOU TEOCUPUOC TIXOD
alyopiuou, 660 xou 1 oyedlacy xon TEAYHATOTONoT TV BoNUNTIXGY OAOXAN-
PWUEVWY HUXAWUATWY TOL amanTovTaL Yo T Aettovpyia Tou €£lG0PPOTIOTH.

Apyind mopouctdleton 1 Leben dedopévwy xou e&nyeiton 1 emioyy tou PMF
YU TN OUYXEXEWEVY epapuoyT). Kotdmyv dlyeton 1 avdynn elooywyhc evog
£€100pEOTIOTH, X0 TR TIEVTAL OL TPOGEYYIGELS TTOU UTOEOLY Vo axolouindoly
yio vor tparypatonondel 1 e€iooppdnnon. Agol alioloyniolv xou cuyxerdoly,
emAéyeTtal vor vhomotnUel €vag eElG0PPOTIOTAS UE BUVATOTNTA TEOCUPUOYHC OTNHY
TAEUPA TOL BEXTY).

21 ouveyela Yiveton pol eloaywyt| oTn Yewpla TEOCUPUOCTIX0) EAEYYOU,
xou mapovotdlovton xdmoleg cuviiel Tpooeyyioele. Metd amd o Sadixacio
a€LOAOYNONS oL CUYXELONG, XATUANYOUUE GTO CUUTEQUOUO OTL 1) TROTIUOTE-
o1 VAoToinoT Tou TEOCUPUOGTIXOU aAYopilUou Yiol TNV EQupUoYT pag elvon o
alyoprduoc LMS.

Kotomy avamtdooovion 1o OAOXANEOUEVO XUXAGUATO TOU AVIAOYIX0) UEPOUC
Tou €€I60PPOTIOTY, CUYXEXEWEVA €va (piktpo Butterworth, évoc avahroyinde
TOMOATAACIAG TAC X0l €VaC PETUTRPOTENS Pnpiaxol oe avahoyxd ofjua. E&n-
yeltan 1 Acttoupyiol QUTGY TWY XUXAWUATWY Yol TOEOUCIALOVTOL T OY NUATIXG
TOUC %Ol TOL XUXADUOTA TTOU Y ENOULOTOLUNXOY Yio TNV TOAWGY| TOUC.

Ev téhel mpocopoimvetan 10 oUOTNUA TOU avamTOYUNXE 070 TAXGLO QTS
¢ gpyaotog, xar emaindedeTon xou aflohoyeltar 1) Asttovpyia Tou.

AéCeic-Khewdid: Ipooapuootinog Edicoppomiotic, Erdyiota Méoa Tetpdyw-
va, Alyopripog Eradepol IThdtoug, ITohuvuepnr) Mixpoxupatint| Tva, ®iktpo
Butterworth, Avoloyixdc Iohhamhacioo g






Abstract

In the present thesis, the development of a Least Mean Squares equalizer
for a high speed data link using Polymer Microwave Fibers as transmission
medium is presented. Both the development of the adaptive algorithm, as
well as the design and implementation of the auxiliary Integrated Circuits
necessary for the operation of the equalizer is shown.

We initially present the data link and explain the choice of transmission
medium for this application. Next, we discuss the need for the inclusion of
an equalizer in the data link, and proceed to present the different approaches
that can be taken to perform equalization. After evaluating and comparing
them, we reach the conclusion that the use of a receiver-side equalizer capable
of adaptation is the optimal implementation for our application.

We then discuss the theory behind adaptive control engineering, and
present some common approaches. Through an evaluation and comparison
process similar to that mentioned above, we reach the conclusion that the
preferred implementation of the adaptive algorithm for this process is the
Least Mean Squares algorithm.

In the next steps we develop the Integrated Circuits that will make up
the analog parts of the equalizer, namely a Butterworth Filter, an analog
multiplier, and a Digital to Analog Converter. We explain the function of
these circuits, present the schematics used for their realization, and also the
biasing circuits used to ensure their proper operation.

Finally, we perform a simulation of the complete system developed within
this thesis, verify its functionality and evaluate its performance.

Keywords: Adaptive Equalizer, Least Mean Squares, Constant Modulus
Algorithm, Polymer Microwave Fiber, Butterworth Filter, Analog Multiplier






Euyaplotieg

Apywd Yo fieha vo evyaplotAow Tov emBAETOVTA XNy T Hou, xVpto Tedy-
v Hamavdvo, yio Ty eniBAedn xan Ty moAdTIUN YVGOT ToL You Tapelye xo’
OAn T Bradwacta ohoxAfipwong autrg g epyactag. Ao Hela eniong va eu-
Yaplotow tov %. Ilanavdvo yio to yeyovog 6Tl pou mapetye tn duvatdTnTo VoL
EXTIOVYOW AUTH TN OtmAwuaTind| w¢ Tpoxtixdelog tne Infineon Technologies AG,
OTOU UTOPEGA VoL avamTOE Lol XOADTERT) LOEX TOU TS AEtToupYel war etonpeio
aUTHC TN XAlpoag, ohAd xon ToL TS EQYALETOL EVOC UMY AVIXOC.

Oa fHela emiong va exppdon Tig euyoploTieg You tpog Tov Ap. Siegfried
Krainer xou tn Ap. Parastuty Zulaicha yia v utootipiln xou 0 ouvepyasia
TOUG %O TN OLPXEL TNG TEUXTIXAG UoU, xaddg xou TO ECUPETIXO EQYATIXG
xhipor Tou apéyouy oe O ToL UEAT) TN OUAOS MO,

Mo dwdtepn evyaplotio ogelleton xon oTOUC PIAOUC XAl GUVEQYUTES, L-
Toriproug Sddxtopeg UTS TNV enifBiedn Tou x. Ilamavdvou, Baciin Aoxdvn
xou Baothn Mavoupd, mou ue urootrhpillay xou Aoy mévTo Stadéotuol yio va
ToEEYOLY TEAYHATIXG TOAITYY Bordeta.

Téhog, Vo Rleha va eLYdUPOTACL TNV OWOYEVELD UOU, TOUC YOVEIC UoU
Y1ddn won Idvva, xou Ty odep@y| pov Moplla, xodode xon Toug @iloug uou
TOU, UE TN PEOVTION xaL TNV UTOOTARLEY| TOUG, oL ETETEEYAY VO EXUETUAAEUTE
0TO ETOXPO TIG EUXAUPIEG TTOU UOL TTPOCHERUNXAY.
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Extetopevn Ilepiindmn

Me v avdntuén 160 TV TEYVOAOYLOV TOU YENOWOTOOUVTOL GTO TNAETL-
AOWVOVLOXE CUCTAUUTA OGO X0l TWV UTUTACEWY TWV YENOTWY, oL TayOTNTES
TOU EMTUYYEVOVTAL aLEGVOVTAL BlaPX®S, WIMVTAC To CUCTAUATA THAETIXOWVG-
VIOV ot oplar TG Asttoupyiog Toug. To yeyovog autd xadiotd T dubpdwon
TWV TNAETUXOVOVIOXGY CNUSTWY 0XOUa THO avaryxafo or’ 0,TL 0Td GUC TAUATY
TOUAALOTEPWY YEVEWY, ol Eival auTH 1) avdyxr GTNY oTtolol EMLYELPOUUE VoL AV To-
ToxELOUUE PE QUTY| TN DITAWUATIXT EpYaGTaL.

Y10 mAaiolo aUTAC TN OLTAWUATIXAG avamTUEAUE Evary €ELCOPPOTIOTY Yot
wee evolpuatn Cevin dedouévwy Lhnirc ToydTNTaC Tou AEtToupYEl GTO EUPOSG
ouvyvothtwy sub-THz, o omolog npoonoel va dopdoet Tor ueTadLdOuEVL O-
OOUEVAL UECW WULOC TIPOCUPUOCTIXHC Bladxactag, €YovTag T dUVITOTNTA Vo -
vTlo Toduioel avamdvTeyeg HETHB0MEG OTY) GUUTEQLPORE TOU XUVAALOU XATH T
OLAPXELL TNG HETADOOTG, BEATIOVOVTOG T1) CUUTERLPOES GAOU TOU CUC TAUNTOC.

Ewcaywy?n otnv E€icoppdnnon

O 6pog eiooppdmnoT avapépeTtar o o Sladixacio EAEYyou 1 omtola emtyetpel va
OLVOUXATACHEUACEL EVOL TURUUORPOUEVO G TIOU Eyel UETad0VEl UEGW EVOG Xa-
VOALOU TOU ELGAYEL QUTY) TNV ToRooePwoT), avtio taduilovtag Tny enidpaot tou
XAVOALOU OTO PETUOWOOUEVO oriua. Mmopel emouévie va eldwiel wg Eva xhaoind
TEOBANUA AmOGUVEMENG, UE TOV EELOOPEOTILO TY| Vol TEOCTIOWEL VoL ATOUOVIOEL TO
ofjpo s(t) and 1o Angiéy

r(t) = /oo s(t)h(r —t)dr (1)

=—00

6mou pe h(t) ouuBolileton n xpoucTixy| andxpelon Tou xovaiiol. Av 1 €£060¢ Tou
e€looppomioth) cuUBoloTel ue y(t) xar 1 andxplon oLy vOTNTES Tou Pe Heg(w),
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xatahyoupe oty e&lowon
Y(w) = Heq(w) R(w) (2)

6mou Y (w) xou R(w) elvon ol paoportor Uy vOTNTAS TV oNudtey €650 X €L
c600u ToU e€LIG0PEOTIG TH, avTioTorya. AV 1 andxplor GLUYVOTNTIC TOU XAUVIAOU
etvar ) H (w), mpoxinter n e&lowon

Y(w) = Heq(w)H(w)S(w) (3)
Enopévwe, otny woavixh nepintwon, 6tou Y (w) = S(w), npoxintel 61t

*

Hi(w) = ) (4)

xa dpot 0 e€Lo0PEOTIOTAS EYEL CUUTERLPORE avTIGTEOPY AUTHS TOU XUVIALOD.

YVotnua npog E&icoppdnnon

To tniemxovwviond oG TN Tou Xoheiton vor avTio Taduioet o e€160ppoTIo TS
TOL TEOVGLALETAL 0 elvar Evar EVEUPUATO GUC TNUO ETUXOWVOVINE TTOU UETABIOEL
Ta ofjuato Yeow Wwag IoAvuepuic Mupoxuuatinrc Tvag (PMF). ArnoptieTon
and éva Lebyog moumol/déxtn Tou yenowwonooly xepaiec Vivaldi xou pixtec,
EVIOYUTES LoYVOC %ol TOMATAACLAG TEG GUYVOTHTWY TOU €Y0UV TEPLYPUPEl OE
mponyolpeves epyaoiecl, 2, 3]. O nounde xaw 0 BExtng BEYoVTOL GHUATO TOTL-
%00 todavtwth (LO) %o 1o ofua tpoc yetddoon diopoppuuévo e T pédodo
QPSK ané e€wtepinéc yevwiToleg ofUatog, xaL 1) HETA000T YivETU UECW EVOQ
PMF. M uhomolnon Tou cLGTAUNTOS UE OTOYO T UETENOT) TOU PoiVETL GTO
oaxohovdo Myfua 1.

12



Keysight
M8199A AWG

Keysight DSOZ632A
Infiniium Oscilloscope

LO Generation 1

Agilent
PSG E8257D

Yyfua 1: Ldotnua npog e€iooppdnnon

IInyec IHapapdppwong

To tnAemxovmviaxd cuo Tt ETNEEGLOVTOL OO TOAAG (UVOUEVA TTIOU TEOXO-
AOUV TORUUORPOCT) GTO UETABLOOUEVO GHUN. LTNY TEQITTWON TWV EVOUQUATWY
TNAETUXOWVWVIGY To o oLVADY omd auTd elvon To EMOBEQUIXG PULVOUEVO OTU
UETOAAXE U€GO UETABOOTS, Ol NAEXTEOUAXY VTIXEC TaPEUSOAEC TUTOU Blao Ta-
EOUUEVNC CLUVOUALIG ot GHUATA TOU UETABIBOVTOL HEGE YELTOVIXMY BLADROUMY
UETABOONE, 1 XOUTH| TOU PEGOU, Xou 1) TUREUSOAT| UETAEY GUUPBOAGY, Tou OQele-
Tou 6T €€dpTNoT TNG Tor UTNTAC OPEDdAS A6 TN CLYVOTNTA. LTNV TUO CUYXE-
xpyevn mepintwon tou PMFE, xadd¢ 10 xah@dlo uetddoong elvor xataoxeua-
OUEVO amd TONUUERY|, BEV UTAEYOUV PETOAMMXES OMMOAEIEC OTWS TO ETUOEPULXO
ouvouevo. Emimhéoy, tor uhxd autd efvon mo avIeXTind 6 NAEXTEOUY VITIXES
Topeforés, xan €yet o ety el 6TL 1) xaumy| ToL LALXOU Tpoxahel TEploplouévo
TEOBANUA GTNY ToLOTNTA Tou ofaTog. To TACOV onuavTXd amd To PavOUEVY
TIOU GUVELGPEPOLY OTNY TUPAUOLPWOT] TOU GAUATOG, ETOUEVWLS, Elval 1) TopEy-
Bolt) cuufBoiwy, cuvitwe cuuBohlouevr ye to axpwvouo ISI. H napeuBoin
TOU TEOXAAELTAL amd TNV EMXGAVYY YEITOVXGOY GUUBOALY oxtaypougeltal 6To
Yy 2. Me v mapopdegnon tou cuuBohou €Tol WoTE Vo dlapxel yiol TE-
ELoCOTEPES amo piot TEpLdBOUS GuUBOAOU, Ta YELTOVIXS GUUBOAN ETIXAAUTITOVTAL,
€70l WOTE T0 AoPPavouevo cUUBolo Vo TEQIEYEL TANPOPORIEC Umd TEPLOCHTERY
oo évar YeTadwoueva ovufora. H podnuotiny| éxgpoaon mou neprypdpel oty
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Yyfuor 2: Emidudm XuuBoiwy

TNV TOEOUORPKOT) TR TiVETOL THUEUXATE.

L

y(t) =Y p(t) *alt = KTy) (5)

k=—L

TOnow E&wcopponictoy

Y Pihoypagia €youv xatd xoupols Tpotael TOAAEG EVOANUXTIXEG UAOTOL-
foelg €EI00PPOTIOTAY, OL OTOlEC UTopolV Vo xatatoy Yoy o xatnyoples, 1
x&e pla oamd T omolec TEOGPEREL TAEOVEXTAUOTO Xt UEtoveXTApoTo. [4, 5.
Mia mpwtn Boaoiny| Sudxeton mou unopel vo yivel uetald Twv dladéotuwy Acewy
elvon oyeTixd pe TNy mhevpd tne (ebing otny omnola emtyetpeiton 1) e€loopeomy-
oY), QUTY TOU TOUTOL 1| AUTH TOU BEXTY). LTNY TEWTY TEPITTWOT, EXOVTAS Uld a
priori yveon Twv YoupoxTelo TX®Y Tou xavahlol, urtopel va eloay Vel teyvnty
amOofEcT) GTIC TEPLOYES TOU PACUATOS TOU TO XAVIAL Bev Vo amooPEoel 1660
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evrtova, 1) va evioyutolv Tpoxatoolxd ol TeployEc Tou Yo avTHIETOTIGOUY Lo
Loy LT AmOOBECT XATE TN HETADOGT| TOUG, UE GTOYO TNV OUOLOUOR®T andolBeo
TOU GNUATOS GE OAO TO €0POC PACUATOS TOU.

Mo axdpa didixpron mou pmopel va yivel acileton ot oTotyela Tou amote-
AoUV ToV EELO0PEOTIG TH), X0l CUYXEXPLIEVO GTO XAUTE TOCO auTd elvan TardnTixd
1 EVERYNTIXE. LTV TeWTN TERITTWON 0 EELGOPEOTIC THS XATAVUADVEL CTUAVTIXS
Ay oTeen 1oy 0 % TopEyEL Euxohior TNV oy PUUULGT TNG ATOXELOY|G TOU, dA-
NG aduvoet vor avtomeCEAIEL o€ TOUPEXUAIGELS AT TNV AVOUEVOUEVT] GUUTERLPORT
TOU Xavohlol, xadde OeV UTOPEL Vol TEOGUPUOCTEL EX TWV UCTEQMV.

M emimhéov Sudixplon umopel vor yiver PVETaE) YROUUIXMDY XAl U1 YEUUUL-
AWV VAOTIOLACEWY, WUE TIC LAOTIOACELS TIOU TERLEYOLY [Ppdyoug avddpaong Vo
avolxouv otr deltepn xatnyopio. Ol UAOTIOWCEIC QUTEC UTOPOUY VoL OVTLUE-
Twricouy xaAbTepa To VopUBo Tou elodyeTon oty lcodo Tou e€lGoPPOTIC T,
oAAG AettoupyoLy Bdoel Tng Teolnddeong OTL oL TEOTYOUUEVES ATOQICELS TOU
€youv Anglel xatd tn daduacio TN e€lo0pEOTNONG NTAY OWO TES, Xl ETOUEVKSG
Tdoy0UY GUYVE ATO TO PAUVOUEVO DLEBOONG CPIAIATOG.

Téhoc, umopolue va dloywpelcoule TouC €ELCOPPOTIOTEC OE TEOCUPUOC T
x0U¢ ot pn. Ot TpdTOoL TOEEYOLY T BUVITOTNTA UVTYETMTLONG (POUVOUEVLY
Tou Oev etyav Angdel unt” 6y xatd TN oY EdiooT ToL EEIGOPEOTIOTH, dY VKOO TWY
YUQUXTNPLO TIXY TOU XAVOAMOU UETAO00TNS, 1) aXOUOL XU AVATIAVTEY WY UETAPB0-
AV 6T0 xavaAL. 'Eyouv ©¥GTOG0 TO GNUAVTIXG UELOVEXTNUA TNG CNUAVTIXNG
XATAVEADOTNG 16Y00C, XL TNG UTOYREWTIXNE YPHONG PNPLOXDdY XUXAOUATOY OE
ToMéc vhomotfoee [4].

o to oxond avtrc Tne epyaocioc, AauBdvovtoc Lt 6y Tor TAeovEXTAOTA
A0 UELOVEXTY LT TV OLAPORLY TROCEYYICEWY, ATOQAUCIOUUE VoL UAOTIOLACOUUE
Tov £€lO00PPOTIOTY WG EVOL TPOGUPUOCTIXG PIATEO GTNY TAEURd TOU BEXTT).

ITecocappootixol AAyoegrduol

2 Bihoypagpla Exouy avartuydel Tohhég uédodot LhoTolNoEC TEOCUPUOC TI-
xwv ahyoplduwy. Xto mhaicwo tng epyaciag avthg Yewpriooue dV0 TEOCEY-
yioewg, auth e pevddou Exdytotwy Méowv Tetpoywdvwy (LMS) xou aut tou
Alybprduou Lrodepot IThdtouc (CMA). Kou ot 800 pédodol, wvtuc tpocopuo-
ool oy dprduoL, ETLYELROLY VoL EVIUERMOOLY €V BLEVUGUA Bapty 00TWE WOTE
VoL EAOYLO TOTIOLHo0UY Xdmota cuVAeTNnon-ctoyo. H ouvdptnomn auth emhéyeton
€10l WOTE va ehayioTonolelton 6ty 1) €€0d0¢ Tou ElI00PEOTIOTY TAVTIOTEL UE
xdmolo emuuntéd orjua avagopds. H Swagopd uetald twv 600 alyopliuwy
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EYXELTAL GTNV EMAOYT TNG CUVRETNONG GTOYOL 0AAA xou oT1| EYodo e€arywyhg
TOU GHUATOS GQAINIATOC.

Yy mepintwon tou LMS o ofjpa €£680u tou eilcoppomiotr cuyxpiveto
ouvdwe pe Wi axohovdior exmaideuong, uor axohoudiar GUUBOAWY TOU UETO-
oldeTan amd oV ToUTO ahAd ebval YVWOTH 0TO BEXTY), 0UTWS WOTE 0 BEUTEROG
VoL oUYXEIVEL TO ANgiéy ofua e To UETABWOOUEVO. Mot evolhoxtixt| Tpocéyyion
elvai 1 AEYOUEVY TUPAY) EELCOREOTIOT), XATA TNV OTtola BEV LUTARYEL YVOON TNG
UETAOLOOUEVN S axohovdiog GLUBOAWY GTNY TAEURE TOL BEXTT), 0 oTtolog XohelTon
Vo Tapdel uévog tou To ofua avagopds. M cuvnhouévn pédodoc yior vo
emtevy el autd elvon 1) Ypron AATOLOL CUCTHUATOS ATOPAUCTS TOU “UTOXMOLXO-
molel’ Ty €€060 Tou e€looppoTo T Xou TNV witl oToV a6 acTeptond. Aol
mpaypatonomndel 1 olyxpeLon Tou GHUNTOS EE6B0U UE TO WaVIXO, 0 ahydpriuog
LMS emyepel va ehoyto ToTOIcEL T0 HEGO TETPAYWYO TOU GYAAMIATOC.

Yy nepintwon tou CMA 1 e€looppdmion elvon mévtar TUQAY, xS o oh-
YoprIUOg AUTOHC EXUETUAAEVETOL TNV OLOTNTU XATOLWY TEYVIXGY OLAUOLPWOTS VoL
Toedyouy clufBoka e (010 TAATOC, X0 ETOUEVLS CUYXPIVEL Tol EELCOPPOTNUEVA
oUUPola ye éva oTadepd OTud TOL AVTITPOCWTEVEL TO WavVIXd TAdTOS Tou Yo
énpene va elyoy Tor oOUBoAa oy Bev elyory Topopop@eUEL.

Aol xatohflope oTIc €EIOMOOEIC TOU TEPLYPAPOLY TN Bladxasia Eviuépe-
OM¢ TOU BLVICHATOS Bapy TOU TEQLYPUPEL TO QIATEO, TEAYUATOTOLCUUE TTPO-
COHOLOOELS TWY dLO aUTOY ALCEWY oTo TepBdihov g Matlab o0twg wote
VO OUYXQPIVOUUE TNV AMOTEAEOUATIXOTNTA Toug. Apyixd cuyxpivaue 600 UAO-
nojoelc tou ahyopripou CMA e Sraviopata Bapdv Sopopetixol unxous (7
xou 15 Bden), xatodiyoviac oto cuunépacya 6Tt 1 adZnon tou oprduod Twy
Bopwv Behtidvel TN olYHMOT Xt TO TEAXO QAU ahhd dev hivel To Paoind
TeOBANUa awTo) Tou akyoplduou, TV aduvauio Tou va avtioToduiosl TNV xa-
Yuotépnom gdong mou elodyetan and To xavdhl. O ypapixés TupacTdoelg Tou
TEoEXLYAY A6 TIC TPOCOUOLOOELS PAlvOVTaL GTO Ly 3.

X1 ouvéyela vhomolfjooue Tov ohydprduo LMS pe tpec SapopeTinoic
TEOTOUC: aEY WA YE TN Yenom Wag axoloudluc extoldeuong, ot CUVEYELL KOS
€vary TUQAG oy 6pLluo Tou TepuaTiCEl GTaY TO GPIAUN ATOXTATEL UNBEVIXT| T,
%o TENOC G EVay TUPAG ahybprduo e avoy ) opdAuaTog, o otolog Tepuatilet
OTAY TO QAU TEGEL XYTe o EVa AmodEXTO XaUTWPAL. ATd 11 clyxplon auTy
xatoAAEUUE 0TO cUUTERACHA OTL 1) axoloudia exmaldevonc Oev eivan amopaitnTy,
X OTL 1) ELoUY WYY EVOS AmodEXTOU ETUTEDOU GRPIAUUTOS xorho T T1) SLadLxacia
eConpeTind ypriyoprn. To amoteAéouato TV TEOCOUOCENY TUEOLCLALoVTaL
ot Ly fAuato 4 o 5.
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7-tap CMA ization Results
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Chapter 1

Introduction

1.1 Motivation

With the prevalence of telecommunication systems in our everyday life, both
the technologies used in them and the needs of their users have developed
accordingly. With the dramatic increase in data rates, the systems tasked
with providing information are pushed to their limits, and their performance
struggles to meet expectations. This has made signal correction an even
bigger necessity than in previous generations of systems, and it is to this
necessity that this work aims to respond.

In the context of this work, we have developed an equalizer solution for
a high rate wireline data link operating in the sub-THz band of frequencies,
that attempts to correct the transmitted data in an adaptive fashion, with
the ability to properly compensate for unexpected channel behaviour while
transmission is in process, increasing the performance of the whole system.
Through the analysis and evaluation of the already available methods and
the development of a new solution, this work attempts to provide a com-
prehensive answer to the issue of equalization in modern, high data rate
systems.

1.2 Introduction to Equalization

The term equalization refers to a control process that attempts to reconstruct
a distorted, transmitted signal to its original form, compensating for the effect
the channel has had to the signal. It can be seen as a classic deconvolution
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problem, where the equalizer attempts to extract the signal s(t) from the
received signal

r(t) = / s(t)h(r —t)dr (1.1)
where h(t) is the channel impulse response. If y(¢) is the equalizer output,
and Heq(w) is the equalizer frequency response, then we can arrive at the
expression

V() = Heq(w) R(w) (1.2)

where Y (w) and R(w) are the frequency domain expressions of the equalized
and received signals respectively. If we denote the channel frequency response
as H(w), we arrive at the expression

Y (w) = Heq(w)H(w)S(w) (1.3)

In the ideal case, then, where Y (w) = S(w), it would appear that

1
H (w) = —— 1.4
eq( ) H(W) ( )
and the equalizer is the inverse model of the channel. Of course, in most
cases, the equalizer only achieves an estimate of this inverse function. The
many methods employed to realize this inverse behaviour will be presented
in more detail later on in this work.

1.3 The System to be Equalized

As mentioned above, while this work aims to provide a comprehensive overview
of the subject of equalization in general, its starting point is the equalization
of a real system, which we will be presenting in this Section. This system is
based on the use of a Plastic Microwave Fiber (PMF) as a wireline channel
for the achievement of high data rate transmission with efficient cost. The
choice of PMF over the more conventional copper or optical fiber solutions
lies in the fact that the PMF is an "in between" material that combines the
high data rates achievable by optical fibers with the cost efficiency of copper
wires. [6]

In the case of copper wires, we are mainly faced with issues regarding
performance. These solutions are often plagued by issues like electromagnetic
influence (EMI) and crosstalk susceptibility, dispersion in the transmitted
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signal, and losses highly dependent on carrier frequency, mostly due to the
skin effect. However they present us with the significant advantage of cost
efficient transmission.

With optical fibers, on the other hand, we are provided with a much less
lossy channel, but are faced with many issues regarding efficiency and overall
system costs. Optical systems require one or even multiple integrated light
sources, and expensive interconnects for the silicon to optical interface. They
are also generally more power hungry than their copper counterparts, and
much more sensitive to misalignment and bending, with optical components
having to be aligned with pm-range accuracy.

These aforementioned characteristics have left a gap in the 1-25 meter
range that can be covered by PMF systems. This is illustrated in Figure
1.1, where the results of recent publications in the field of PMF systems are
compared to those reported for copper and optical fiber systems. Besides the
increased link efficiency in that distance range, the PMF also offers benefits
such as higher EMI tolerance, due to its dielectric nature. It also has the
significant advantages of more robust interconnections than its optical coun-
terparts, as well as large available bandwidths due to the fact that it allows
for mm-wave frequency range operations|6].

The proposed PMF system can be seen in Figure 1.2. It is comprised of
a transmitter and receiver featuring Vivaldi antennas, and receiving Local
Oscillator (LO) and In-Phase and Quadrature (I/Q) signals from external
waveform generators. The PMF cable is used to connect the two IC’s and
the received signal is adepicted on an oscilloscope. This setup was used to
perform some measurements to evaluate the performance of the system in
a previous work (Papananos, Liakonis, Manouras, 2023). The transceiver
architecture does not lie within the objects of this work, and will not be
extensively discussed, since it has already been presented in previous works
1, 2, 3].

1.4 Structure of this Work

Chapter 1 functions as an introduction to the subject of this thesis. In
Chapter 2, the theory behind the transmission of electromagnetic signals,
the distortion it causes and the process of equalization will be presented in
short, followed by an overview of the main approaches to equalization. Chap-
ter 3 contains an introduction to adaptive control, as well as an evaluation
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and comparison of two commonly used adaptive algorithms, the Least Mean
Squares (LMS) algorithm and the Constant Modulus Algorithm (CMA). In
Chapter 4 we discuss the implementation of the integrated circuits (ICs) that
comprise the system, and present their behaviour and the process of their de-
sign. Finally, the results of the simulations of the complete equalizer system
are presented in Chapter 5.
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Chapter 2

Equalization Theory and
Available Solutions

In this chapter we present the basics of equalization theory, as well as an
overview of the solutions so far available in the literature. We will begin
by presenting the effects of transmission on the transmitted signal and its
quality, and then present the main categories of equalizer systems.

2.1 Transmission Effects

Any signal transmitted through a non-ideal (lossy) channel will deteriorate.
Depending on the transmission mode employed in the telecommunications
scheme, as well as the physical properties of the channel itself, the way the
signal deteriorates will vary. Effects that may be present in a transmission
system include but are not limited to metallic channel losses, inter-symbol
interference and crosstalk, the effects of which will be discussed shortly.

2.1.1 Metallic Losses

In most metallic channels, like PCB channels in chip-to-chip communication,
or metallic cables (coaxial, shielded twisted pair cables and so on) a fre-
quency dependent loss characteristic can be observed. These high-frequency
losses are mostly due to the skin effect and dielectric losses. The term "skin
effect" refers to the phenomenon of current flowing only on the surface of the
conductor in the case of high frequency signals due to the induced magnetic
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field. The dielectric losses are caused by the non-ideal characteristics of the
isolating material that is used as cladding of the conducting medium. When
both of these factors are taken into consideration, the channel loss can be
described by Equation 2.1:

C(f) — o [hs )V F+hafll (2.1)

where h, is the skin-effect loss coeflicient, h, is the dielectric loss coefficient,
[ refers to channel length and f to frequency [4]. This exponential depen-
dence of loss on frequency that is evident in Equation 2.1 explains the lim-
ited bandwidth of metallic transmission media. The dependency on channel
length also shown in Equation 2.1 explains the limits of distance in wireline
transmissions.

2.1.2 Inter-Symbol Interference

In the case of a channel with frequency dependent loss characteristics, it is
obvious that the different frequency components of the signal will be differ-
ently attenuated and delayed. This variation in magnitude attenuation and
phase delay causes dispersion to the different frequency components con-
tained within the transmitted signal, which in turn causes neighboring sym-
bols to overlap. This phenomenon is referred to as inter-symbol interference
(IST).

In the case of ISI being present in a transmission scheme, the received
signal y(t) can be described by the following equation:

y(t) = Z p(t) * a(t — kTy) (2.2)
k=—00
where p(t) is the channel response and a(t) is the transmitted signal. T},
refers to the bit period, and the symbol % denotes convolution.

Assuming a causal channel response, that is, a transmission channel that
allows interference from preceding symbols, but not succeeding symbols, the
range of k£ can be limited to positive integers only. If we make the additional
assumption that the effects of preceding symbols on following symbols die
down after a certain number of symbols, L, this range can be further limited
until Equation 2.2 takes the form

y(t) = Zp(t) x a(t — kTy) (2.3)
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Figure 2.1: ISI Illustration

Inter Symbol Interference is mostly due to channels not having constant
group delay. Group delay refers to the time delay faced by signals of different
frequencies when transmitted through the same medium. In the case of a
QPSK signal, for example, whose frequency information can be approximated
by a sinc function, there might be a significant difference between the delay
faced by different parts of its spectrum, and it is this variable delay that
causes the overlap between succeeding symbols.

This effect is illustrated in Figure 2.1, which shows how overlapping might
happen in the case of a symbol that has been spread out to longer than a
symbol period. [4]

2.1.3 Crosstalk

Crosstalk is the electromagnetic interferenece caused by coupling between
signal lines due to mutual capacitance and inductance. This phenomenon ap-
pears in two different forms, near end crosstalk (NEXT) and far end crosstalk
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Figure 2.2: Crosstalk Paths

(FEXT). NEXT refers to interference caused by transmitters close to the
receiver, while FEXT refers to that caused by far away signal sources. Ob-
viously, since the signal has to travel further in the case of FEXT) it is more
severely attenuated than in the case of NEXT, which renders NEXT the
source of more significant problems. It has been shown that NEXT has a
more severe effect the higher the frequency. This has made it so that NEXT
can be a critical issue in a system. The two different crosstalk phenomena
are illustrated graphically in Figure 2.2 [4].

2.1.4 Other Effects

Other effects that might cause signal degradation include power supply noise
and reflections. Power supply noise is caused by switching large currents in
short durations over the parasitic inductance of the power distribution net-
work, exacerbated by higher switching frequencies, larger output swing and
bigger number of switching drivers operating at the same time. Reflections
are caused by discontinuities in impedance, which often appear in card-to-
board connectors, long vias with their respective end pads, solder balls and
SO on.

In the case of wireline systems utilizing waveguides or optical fibers, an-
other matter of concern is the effect of fiber bending on the transmission. It
is generally understood that a large bend in the fiber introduces additional
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losses to the transmission path. The effect of different sized bends on the
propagation of a wave through a PMF can be seen in Figure 2.3. It is evident
that the field is disturbed after the bend, with this disturbance persisting due
to the introduction of a z-dependency into the wave propagation.

0 i 10 ()

(a) 10° Bend (b) 30° Bend

Figure 2.3: Bending Effect on Propagation

2.2 Equalizer Types

The process of equalization can be performed following many different ap-
proaches. Distinctions between different systems can be made with regards
to whether the equalization is performed on the transmitter or the receiver
side, with the first case sometimes referred to as transmitter pre-emphasis,
whether the equalizer is an active or passive, linear or nonlinear, adaptive
or nonadaptive system. Each approach provides its own strengths, and can
be more or less suited for a specific application. In the following paragraphs
these different approaches will be presented in some more detail.

2.2.1 Transmitter and Receiver Side Equalizers

Since in most cases, it is the high frequency part of the spectrum that is
more severely attenuated through the channel, a strategy that can be em-
ployed to counteract this effect is to pre-emphasize the part of the signal
spectrum that is expected to face this more extensive attenuation, by ampli-
fying it before transmission. While this process can compensate for a priori
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known bandwidth limitations, it may cause EMI and more severe crosstalk
problems. Another approach to transmitter-side equalization is to instead
de-emphasize the parts of the signal that will be less affected by the trans-
mission through the channel, and so receive a signal that has been more or
less equally attenuated throughout its spectrum.

Transmitter pre-emphasis is most usually realized through the use of FIR
filters. A simplified version of this approach is to use two differential am-
plifiers, the first one controlled by the original code to be transmitted, and
the second one by the original code after it has been inverted and delayed
by one symbol period. The second code is often referred to as "emphasis
code". The general, non-simplified approach is to implement the equalizer
as a group of differently weighted digital delay units, thus forming a digital
FIR filter. The delayed symbols compensate for post-cursor ISI.

Transmitter de-emphasis, that is reducing the power contained within
the low frequency components of the signal before transmission, can be most
simply realized by increasing signal amplitude at the transition edges and
decreasing it when there are no transitions. By inverting the previously
transmitted bit and using the generated sequence as an emphasis code, we
can amplify the signal whenever the previous bit is opposite to the current bit,
and attenuate it when they are the same. This is achieved by the equalizer
shown in Figure 2.4 |7, §].

Data .
’ > De-Emphasis
—o P 1
z Driver

Output Pad

» Main Driver

Figure 2.4: Block Diagram of a De-emphasis Equalizer

In both cases (pre-emphasis and de-emphasis) the equalizer has the trans-
fer function of a high-pass FIR filter. The implementation of transmitter-side
equalizers is generally easier than that of receiver-side equalizers, since the
bit sequence to be transmitted is readily available in a parallel data bus, and
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can be naturally fed into the FIR filter as an input. However, de-emphasizing
the signal obviously reduces the signal power, and since no channel informa-
tion is available at the transmitter side, this information must be sent back
to it from the receiver if we want dynamic equalization. Considering that
the task of adapting to varying channel conditions can usually be left to the
receiver, the second issue is not as significant.

2.2.2 Active and Passive Equalizers

Depending on the devices used to implement the equalizer, it can be deemed
as either passive or active. In the case of passive receiver side equalizers,
the designer has the significant advantage of being able to determine the fre-
quency response of the equalizer at different bands independently, since each
frequency band’s behavior is defined by different elements. This can be seen
in the example implementation shown in Figure 2.5, where the low frequency
response is determined by Ry and C,, the mid-band frequency response by
Ly and the high frequency response by L; and C;. The advantages of easy
implementation and low power consumption should also be taken into con-
sideration when deciding on which approach to equalization should be taken.
However, this approach comes with the equally significant disadvantage of
being incapable of realizing adaptive filters, and is therefore unsuitable for
many applications [4].

2.2.3 Linear and Nonlinear Equalizers

Whether digital or analog, discrete or continuous time, most receiver side
equalizer implementations comprise a linear FIR filter. In most if not all
of these cases, the FIR filter amplifies the high-frequency components of
the signal, thus also amplifying high-frequency noise, which can potentially
have an adverse effect on the system’s noise margin. This difficulty can
be overcome by following a nonlinear approach, such as using