ABSTRACT

Title of Dissertation THERMAL CHARACTERIZATION and FEEDBACK
DRIVER CIRCUIT DESIGNof INTEGRATED 2D
NANOPHOTONIC PHASED ARRAYSor VR and
LIDAR APPLICATIONS

Po-Chun Huang, Doctor of Philosophy, 2021

Dissertation dectedby: Professor Martin Peckerar
Department of Electrical and Computer Engineering

Nanophotonic phased array (NPA) technology has been an active topic of research
for many years. This is due i3 widespread applicability in the emerging fields of
virtual reality (VR) and light detection and ranging (LIDAR). This thesis describes an
integrated NPA system consisting of an optical phased array and its electrical driver
circuit. Thesetwocomponents® r eal i zed i n two separate fACc
for generating and routing light; and, fimot her board chipd ( MB)
current drivers for the individual elements of the arfBlye driver circuit sources
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dissertationcenters on theealization of a scalabltnermcoptic based NPAystem

The thermeoptic based system changes the phase of the output beam emerging from
an individual emitter by locally heating the optical path through which the beam
emerges from the arrayo realize a large NPA system with pitelel independent
phase conul, the size ofa driver circuit unit must bematcted tothe size ofthe
individual phased array element, or pixihis must be accomplished, while at the same
time avoiding interconnection congestion issUdss poses a critical design challenge

for thedriver circuit limiting itsfunctionality. Also, a large amount of heat is generated

in the thermeoptic system.Unintentional spreading of this heat through the array
(known as proximity effect) not only introduces phase errors across the array|dmt it a
causes reliability issues in the densely integrated electronic elements of the array. To
overcome these issues, my thesis was divided into the following tasks.

First, I conducted a comprehensive simulation based thermal study of our
proposed integrateNPA system usinghe COMSOL finite element method (FEM)
solver. The study includes detailed single pixel simulations charactgtie therno-
electrical properties of the systefrhis helped guidthe driver circuit desigrit further
enabled smallrray simulation forquantifying thermal spread blurringpfoximity
effec) and phase errarThe thesis includesansient simulatiosto show theesponse
speed of the systerh show that our system requirkess than 50 ps to reach a target
temperature | introducea model simplification methotb redue the computation
resource requirement of systdavel simulationsThese calculations tell us how large
the array can be without incurring thermal damage

This thesis further discloses unique brokettoop feedback control system to
achieve pixelevel temperature regulation for phase error minimizafidre control

system uses an integrated tfil)m thermocouple/heater device to sense the



temperature feedback signal and to sourcergectifor providingthe requiredphase
shift. This devicerequires but aingle contacpostbetween each phase array pixel and
its control circuit In this way,the OC and theMB chips can beintegrated by most
availableflip-chip bondng technologes Two design implementations of the driver
circuit sourcing 4.8 m\\erpixel from a2.5 V supply voltagere provided. One design
can be realized in an area of 15 pum x 15 um per pixel with-f@xel independent
phase control usinthe TSMC 65nm technology nodeT his exactly matches the size
of the NPA pixel. The other desigoan meet the same area constraint usaangore
advanced technology node.

This thesis also provides axperimentalcharacterization othe driver circuit
designed and fabi cat ed on the TSMC f.cEgpartnenyabs 65nm
results ofcharacterizinggach comporré of the driver circuit are provided. The broken
loop feedback control method was electrically evaluated independl¢éné optical
system by using a resistor to genessganulated feedback signdlhe circuit achieves
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Chapter 10verview
l1.INanophBhaséed Array

A phasedcalkkr@¢gtnidearva dual el ectromagnetic e
sums in the fdesfretddr adi dtoiroon apattern. T
controlling either the phase or amplitude
beams interfere with each other either con

to create the desired pattern.

Te basichaded afraypcan be tNoabteddrleadcle t o
FerdinapdBrBawmny@st ami sbed of three equally s
guawihere wvebmatyr odamcerde towf the antseéeeeadngodt

adiation HMHeamowlurmemo2uts r es[e2ahla]he sbednes

]

conducted in thikedireoni ciploasedear mayls eus

)

RF) swaeein widespr ead48uasnred ibne abmg &nd Jefeorri mi gn ¢

-

adar fsgrt mmkl8jtand yweat hdr ® [Leess evae lollo bad ei n
communicati g2n2RAppl i cati on

Optical p H{ @O uds)i anrgr aoypst i ¢ a | beams (mostly 1

ight) find even twiedaerctampmliicc atoiumnt s rtpraar .
of t hesiendlewdlee ¢letagHtmmimgg (LI DARB HAdeViI cas
communi ¢ 8RR ®Ds hol ogr ap[h#@anidmangai nnygThoet her s .
advance of deep sulimichimaia e ¢ © eeidomanr kuadtl cer
devel opment sul fii mlee natniolsichad moyfodael vhii cseoswo r k i ¢
achieve cosntpaalcet,, anadr gheit gh per f ormance nanop
systtemave focused on t héeérimalt helsa se focnutsres|
el ectcuo mieadvierrtan tpreci si omeadrir lelsd dyfn amiec r «
and realizfedr t$hcRA asbyirset tieNis wvmnr hobdRehi ¢y

i maging and LI DAR applications.
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l2Characteristics of aSyNsatheonphot oni ¢ Phased

The perfbodmphgsesi calofclamN®At ey s s einzcessan be
by the fol] %] ng criteri a

Wav el ethhget hwavel ength of the | i gNPAbeam u
systeaemmsper attéicen fi magrieodn nrges 1550 nmShwavelrengt |
wavel engd aumsgi si bl e red | i ght with waveleng
demons 4 M48Bt,-HBID |

Arr ayt sd zreumber ant e haea asa dlnhaet hreagda gast boer ns.
arrangrrar idnwme rissainodn t he diest ameen best wet nec
equal

Pitch size: the di aatnd reanauaisieftoadreralcye dwdPAd | a
Tgether with tikdet astmiagge maxiemum hfiisel d of %
mi ni mum beam width.

Control mMeocah [dRA amtilees phasngloviudkeé saout put
beams. Thesecamecbaniesantsengathiani cail ¢r oe. g.
el ectromechani cal [sbyashtde-nmeotnNMB ME Y athg pteiogs el e
(EQBG8t hetomo i c( EQHM,8tmet hods.

System i nthegrmettihomrd:s of assembling a NPA
cCirdhiet system can be é@dxnéenbhep54applaetd rd@dmuthe i
het er olgiemteagwbaetr &8 PAhardt ectroni cacentochtedr
ons e p acrhaifpgss Jfouli Iny e d ma ta -cshii npg Ibay ntghees ifgarbr i cat i ¢

procesNPdd béadaecompatible wit®6s].67i con pr oc:

Phase error: the difference between the d
| maysrdirtom process variations i momdeh!l opti c
effects Iin electronic driver devi ces, and

A feedback comdm obe mercdniamp simztee d hteo phase er
-2-



Power eftfhiec ipeorwey: r e qu’iprheadcs etoss hgadhmeirdl dt & aan g4
amplitude vapiaaticn|] aphysamogaaNtPadopti ng th
thewomod i cared fietctl i mits the array enze as wi l

To sum up, an ideal NPA system should ha
minimize the beam width and maxi mize the
el ectronicwcohtfekbdbhottlbdobéeropighaNPA integil
tackuce the systnednncroBripd e@ut putdh €acpcouwearc y

reqmemstboal sle kepwt f or aad kicgwkieng yst em.

1.3Cur INPAe dhnol ogi es

Il n this section, | brieftgcherol egi eeme cu
1. Lqui d dNrPY$5t8& R LIi qui d crystarle (bhats)e dNPASs
birefrpmageearctey of Alt gpCldevkircyesst@adrssi sts of
el I i pti cabk anndowibcehuelnde s n t waol i pagneaas €1 pl at es
Transparent el ectrodes are deposilLtiegghton t h
i snct dedrymaln one plfatoem anhde eomehregre s

Wit hout any! tagpdpdmncelde cauliegsn wi t h t he direc
alignmentAnplelteecst ri c field between the two
direction of theanmdepdndandnttbhkeerdbtatdontr
the effective r erfaoramali Glefvi a € eokdaual | abt eegdmtbhye t h
applied voltaget hTehimsptlilecmgt bpratthhr alugér ¢ he | i
medi AMPA i s applwamrgoldiyages to di E€Cerent |

devsaebe phases of thas iun gdutifhfldeorgedftit alpeaalm ss

devecae be independently controll ed
The omajadvantage of this approach is tha
di splay technol ogy, so highemedalvltgioavreri s

-3-



The response timel axatmeomif oed tihy tLiCe mol ecul
i dl ea msiditsst eon t he ordepeafli mpl bnsebengar amet
device thickness anidt LICs vinesrce sch galglidiiegired o
beam scanning in. LAMDARheappdrnawhawowkhsi s t ha
i nt egrCatNeeA wi hhegphéedssuadadviasedevices fabr
sil-oaammul ator (®Othotutechpet.ngly process ste
2. EONP&utit hreeckel s or wikKiech eédecitbe a | in
guadratic relationship between the variati
electric field presenfbd&d itnhlti hkee diehdei huena sree s
LdOhase, shhéet eefirsacntoidoun aitnedde xbmadc ddaireglird g t
permittivityt hrmadugloltalre zaapgploined el ectric fi
EO phase modul atthoat icf falsd E&u stehaine e macr os
mo | e anolvaerme nt I's invol ved Dernvitcheep enwdad unloant i 0 |
speed on tlhgehecdemmaofeial |y avail abl e.

The maj orhedrreehtabieac EO coef ficients of most
are quliaehl ewe t hphasqa bsihgidafdti,2 paust nveod dt eadg e
the | edgtvacehgat he | ight mpotep sgateiran dirrdea
magnitude greater t han [ 6 8 egHiGgahv eil emuwtt hv wlft
requirement poses design chall enges on el
submicron technol ogyl iwhitlse tlhcen gf ittedadi coef swvi
di me n\sPiAa n
3. MEM®NP&consists of ami emiorammnosid tohnc no f i | m
cantil evef[6s/7 bMi rsrporrisngasr e movedjndepentedt or
addresbabtltei caactadrotorimiclreeda s e . Rohre eoxpatmpclae, |

mi r rcoornst r ol | ed by pi swemt iacad lulayp dirers dmar reaciinoeol®
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of the incidewaveélighgt hAdh atpof aaccehnpednaes aas 2r e ¢
shift.

I n general, | arge phase shift with fast

achieved by a MEMS NPA comparimng wiatmh btehe
combined wimkt btodier e dNIPIAze wides alnwtl ieo na nlde ah
steering atbyt hhemvsfainges tt | anted goadri MEMSt eNPlIAar ge e
contamadl a second stage NPA fodi §d¢d met eangtl ep s
the fiObtvieshhalbwmai h dtohwen sd edvkeiitciges iialsiswe | at e d
wi physimoavlilnyg part s.
4. Ther-ompt IOfNRAIThese ddyugtedtrmaeti ve i ndex of
modulbayt grait si h @ c ala btoevrnep @ rhaet warmd[i 4ed]t e d termipe r a t
current f 1l owi-fnigl m hireatgehr aneari na phase modu
phase modul ator provi ddsest hedhéeampeoat ae et «
Like LC NPAs, ,tdbeet mrmeempstriantewrceanr ibsee t i r
reducehlaibnyg t he i npuut ctulre etnur rprofffi |tei.meB i s
ornvar isoggoisd em p a rTahmeest eé misnt col rust Bseu cthh earsma | resi
bet ween a phase modul ator and a heat sink.
fasterr ohani ¢ h é@msopleeecdu | oefs .

We have sEOemetdodbweme NPA system design
fabricati,and itshesidmepviece i s famechadi aeallliyahb
moving sel &d&mentmaj or l i mitatiL&n ors EOhe hpse
modul at or sc ap &b ansabsitvé wchei ¢ hmaciamt & eviorl t ag e
wit hhredtr eah spwebbdtGnmet.he oTO@Gepkhadters
memor yhemosTonaanded aain a deasicleods epdh alsceo ps hsi yf st

stabilize the pixel temperatur ehgaommwercont i n

-5-



di ssipation

ma yy bleaxrogme whermitbha i vwerliser

of

| argd handize of i ndi vidual eWheemmre nd  d rsi wsenra
electrical circuit is closely integrated w
el ectrical circucietr tnauisnt tbher leksahpptt db etleod we aab u t e
Thi s t hesai st hporroowigdhe st her mhbsei gnabhhtient st de
he maxi mum achi swvalklra i Hd et grnd esat e suscyt sutreens .
Another issue of a TO NPA is the ther mal
nsul ated with each otheunawneathablkyse & he:
temperature at the adjacent pixels. A feed!l
Bi ispuevent ther mal runaway
Table 1.1 shows a summary of the perfor ma
Table 1.1 Comparison of peird®rmance of curre
NPA TYPESpeedPower Array System | nt
Liquid (SLOW | Low Hi gh Low
El eeotprto |[Fast (Medi uMedi utHi gh
ME MS Medi yMedi uMedi utHi gh
Ther-onpt i Medi yHi gh |Low Hi gh




1ANPA SyAsrtcehm taendt Cr@ent cal t Desi gn
Fi gurpa els.ents the design of our highly int

circAntelyectri cawefced ctuo tas htitpe cthotpheMhoar d
chipl-atpi p bomde dopwiitchaeThe hOg ¢®O©EC)ai ns the w
and heater el ement s, optical Aanvawnweaaso alt

beam for mati on.

Driver Circuit
FC Bonding

Heater

Output light beams (downward) Interconnection
Fi gll nt egwati ent adtNiPAnsystem

Each unit pixel i n t hteh iOrCh dcabtiheare s me c ot p la@
(TFH/ 7,C a silicon nitride integrated wavegu
ant emsnamenti oned i n tthhee QO euvtiiol ubsg esseccttaied ne, b &
to set the phases of each phase el ement 6s
arouhwdaveguides represeméghms easé atdlde ngf fwdg tc
refractive index darster ssshti.f tTelre swabwegguiedns/
gratings which[ L gdatag fsl,owhlei ghtad i ngs ef f
optical density wadegoi dei ztatwdpd i icrpd nd § &gt

-7-



refractive index so the maxi nmuhmasree qsunirfetd an
the pixelbs size are minimized.

Onc hi p meftialm thheiast eed st awva@emgturi @lemd gbhbhat or

t empeusTantizsr,e i n tur n, changes the optical p
with respecheattoe datpleeamiggosnit ructure of the h

appropriate resistance for generating need

constTrhael mtn.t enna i s desi grdedntweaocrdgtdeabat pbe
|l ight wondédt be bl ocked or absorbed by all ¢
chip. The constructive and destructive in
resufitromgt heptiherenof ect will form the desir

field, tavug tawrad ¥B)emogre tay |3 ¢ ie moreicamhg e flight i n
detection and rangin@.IDAR) applications.

The MBcarhsipsts of an arrayeobdtrectumireert urmit
t hreesi BRHI/ ve@n t he OCt alteordpmig si gnAl from
desired tdempern dtud riosn aocrihytellee O & alcbatdirn gy er
contains a contr odduwédhde MBASHET cceulrlr emrt a g
NPANncehlas its own deddepéedi cgroenwhebDlne ce
useda fVORR i maging system or a LI DAR applicat

The yell ¢whbradprsesieent t hd [-Oipimp bomdisndgaorT

MB and the OC communicate with eadbhbc®t her

the total number of connections between th
terminals is directlITyhiccormumsec toefd ntud ttipd eMB n
interl ayer contact vias i sAla utnhireg amattehceornt r
terminals are tied together inside the opt]

ground (or pg ai MTkeaipt bpen,dsVtightly connect |

-8-



with their dedicated currentandr-tosmtfganoaet w
signal routing. Therefore, mul tiple identi
si-dygsi de and it enables the proposed NPA sy
The wor k r eporftoecdu sienst hadm mia htehstisntidleat NPA 0

system agiidmuleassrtidgainmp | @meaachrettri oln dr i ver unit

141System Ther mal Simul ati on

To ascertain optimum system design perfo
el ement simulation to characterize the sys:

single NPA unit simulation was p2phHagaened t o

shtahd the ther mal response time. The resul
behavior al mod el and to guide the MB contr
Next, I studied the ther mal ebryp santrad k. bet

The resul t sf oarrne pursoexdi nmiot yp eerf #8B8x]t Oupbpr cent i oh
feedback mechanism can effectively reduce t

and PEC can further mini mize this error.

The powéeficiency and ther mal response tin
t her mal i nsul ation structures and sizes ar
and a simplified power distribution map of

maxi nmuons si bl e NPA size under di fferent uni
keeping the MB maximum temperature bel ow

providing insight for NPA unit pixel desi gl

142Ther mocoupl e Design

The -ftihim heater exdn xinst 9§ nofsetrwaess using d

junction of the two section3FfHLCesi gntherm

-9-



al so a unique contribution developed in th

heater terminals reflecting the temperatur

circui-t I's open without any current passin
access the | ocal temperature at the OC wit
unit on the OC and its corresponding driver
feedback control system. We beliewen that t
integrated as described bel ow, is also a s

described in greater htktky at émpelratvur@eresadit
t he t empea ap acroeordeserondi ng t o flriaoreetriadme) (dro
the target acquisition time for Lidar.

The first met al combination for t her moc
chromium and nickel, because chromium has
chromium is highly sdsé¢éprcubktetoofoximdat um
resistance junction contact. We ended up c
ni ckel thin film thermocouples wVthpet her ma
degree Celsius[M®HVWe beeead rfeipmirt @edel ement s

design and verified our sample with an | R

143Dri ver Unit Circuit Design

The main design chall engenuaftattchhe tdhrei vsdrz eu
a NPA urifimxp®xlelarfd it must be repeated of't
desired i mage resolution. The driver cir

Semi conductor Manufacture Company (TSMC) 6°¢

(i .e., mi ni mum featwrkl sakedpwoblisthoscteaha
el ement . A |l ayout using TSMEGf @8 @onmp aercihsnoon
purpose but due to the I imited resad&rces, \

-10



nm technol ogy.

| provide two: daesmpgpgedppdeacheswith digit
analog design. The anal otghred gsidgmali sden®dir@n c
easier to apply a cor4demteiaon redrate onsehiopf
current sour cet hceopmutr oY bedadNePAahoc al t empert
| atuggh and el ectrostatic discharge (ESD) des
process, only the analog design meets the
system that needsal hdepeavealt smgmtag oldEfse gmi

on the other hand, can be applied to a LI DA

A detailed explanation wil|l be provided in
Some interface circowimpgeeerroauttsdit & mawmeden t

control circuit array on the peripheral of
Ssystem. These -tiamall odge caoandegt eal ( DAC) t o
comput out puts to control anal og signals f
decoder to direct the control signals to
devices constitut eonmsf uttau rteh iwso rtkhoe sfiosr. f ol | o

15Contri buti ongsneamand Accompl i sh

This dissertation has achieved the foll o
1. 1 have created a system ther mal si mul
design space exploration essential for
2. | have provided a compflleaw iimdlewaiangegd

simul ati on, viempilfeaweahttiabdtm o nmeasur ement
and compact NPA system contr ol driver
3. 1 have demonstrated an integrated, ST

feedback meabawmi atme fjphasne VcRonamae LI DA
-11%



n

applications

I haeaweddapfinite el ement ther mal si mul i
met hodihleogy.mpl ex anad ihoi gghe oarseptercyt str uc
film and nanoscale desiukiegh dengs$ihtey NiRd
el ements in a f.iThietxeh a@lednpeirnter moncenlor y
resceausindgrer bangaski mul atoHmenmotriyme or
error . albhsutsryasceeam | ev el wgheiocnhe tire n dneordse |
rel iagpplreoxs madtleon result withiinsa reas
needed.

I haweddmp i ntTeFg/rHBG eddevi ce f or heating
modul ators and sensing NPA | ocal t emp e
novel despaeesamedNPA unit pi xel wit ho
device and enables a single connectior
cir&uintgl e cont acdhiemmshuaoredi ndrei sf | n et | i
NPA fine pitch pixel amprawvei dhealtomg mp

efficiency.

. haewegind demonstrate a compact dri ve

submicron semiconductor techhoedpgy fo

feedback control to minimize phase er
mi s mat cahred t her mal crosstalk bet ween
contr ol appromickxed, sawhmklbgaaerdopti mi ze

and LI DAR applications Tlhepercitverlyni h
average meets t helSnabwypl5bme piegn pd xredt r ai

summar yd,e momisa rsayisetse mat i ¢ design fl ow f

t her mal and el ectriac ali,r sitntsecgarl aatbe de sNyPsAt esmg s

-12



with an integrated fullycimcdependent phase

1.60rgani zation of the Dissertation

This dissertatioqichaptieesn apdesasnoedainmze
Chaplt e(rt hi s chapter) prf o viadheosp haot lomii € f ao v &
fabri cadpmlniscaan@oanr i baudc o mmisi salmme na s o f t hi
presented at the end of this chapter.
Chapter 2 gives the backgroundl beam steering and holography applications
followed by literaturereviews of current NPA technologypesign challenges for
opticalelectrical system inggationandelectrical driver circuifor NPAs and methods
of on-chip temperature measurement in semiconductor technateglyscussed
Chapter 3 presents the ther@lectricalsimulation forour NPA systenfor aiding
the driver circuitand thermocouple desigi.he simulationof local temperature
distributionat a single pixelusingdetailedmodel geometry is provided first followed
by a small array of pixels fdhe thermal crosstalKproximity effect) studyVarious
thermal insulation structures were studied to determine the-ofadeetween the
fabrication complexity and power efficiencA simplified NPA system model is
providedfor investigating thenaximumachievable array siza light of the possibility
of thermal damage.
Chapter 4 describes the contdoiver circuit design SPICE simulation resulisnd
the layout implementation in56nm technology for both analog and mixsagnal
approachedesign considerations of each component are discusskddai A trial
design in 28 nm technology is also provided for comparison purposed.
Chapter 5 shows thexperimentresultsof our thermocouple and NPA driver.IC
The performance of each component in the control driver is charactemzkethe

brokertloop controloperationis verified by using a resistor divider to simulate the
-13



actual temperature feedback signal from the D@ control error is measured. The
last part of this chapter discusses the performance degradéiimage forming and
beam steering applicatiomsiused by phase errdrem varioussources The results
demonstrate that our control circuitproves the image quality and steering accuracy
effectively by minimizing the phase errors

Chapter 6 summarizes this reseaaok points out the direction of future work for

completing the entire system

14



Chapter 2Background

This chapter provides background i nfor ma
of t hjismcMmaugdke f ol |l owing points:

1T Backgoouthitheeolbhgamf st e3elxr iVNRg iamadge f or mi ng

NPA.

T Brief explfammadt iomniord gotpditfa ct hpeh a shee romood ul at
T Detailed |iterature review of NPA techno
T Chall enges of integration between the o0
1

Di scussi ampofdeegyh gn censamdker aeedback co
mechani smtbhye sleoncsailngt emper ature at the |
control driver <circuit

T Revi ewo dtiebnipeer atde eifeensbe i ntegrated N

210pt iPhalse Array
AnOPAteers itbyowtuputhgbe dam erutepudaiofpitd c al

di r ecdn otnriun@td rvfeer enat st laeaelf dmog fewe dt ar get d
whil e destructive i nt ke fAasrseuanti ensg oacnc terq uaatl |tyf
onei memaNponmaelr ay uwi fpbhraas e di tf we e reandej@a dbeen t

pi xpeali ® hbeeam f or mi ng happlut pati dream can be
di mensi on anaddgdgtebtewvesetne eerhiengout put beam and t

surface can be represented as:

S (2.1)
Q
J‘ l scﬂ 'Q

wh eQies stphmaebiengveen nei ghbosritrhge awvmatveersreahspe h, a
adj aplease di 2BAcrceorcdeegga@ont he phase diff

bet ween the first p- ¥edb va modi ptlhhees elt ddstf f peir xeenl
-15



may efQdbestidnide phase red.ddtes pihtasel fofewadrdy pi
exceedan be wieiphnsad @ldwa | Tulkee r etfhoer emapx h ans en
shofmaduldoat ome padad d

The spaddejtnegr mi nes the | ocati bet oteheagr at i n
main | ohe Bndségaptoisve istyledhi t sgthebsteering
of views(FOV)
(2.2)

i EC'Q Y[ i EC'Q

An ideal full emgan g alklg@uiphl& Qfo wa8e hleegt h.
wavelength commonhyou®s&0i O®mi af N®Aedsspectr
submicr orm pierctwiusm,blwd de FOV can only be ach
order of 1 Om.
The output belen iwmiedtulials( Bu\)@t h pawer of t he
|l ome FWHBM proportional to:
70 = (23)
Thi s padredniantesrspati alexmpe seaalmetdieaon. thAse spaci
be kept smalThefroeffoodraen,ggi ¥ &tNhoemndpwe laenegteh, | ef
for optimizing thei BW Ns the phased array
The above egqgsuhadvha hpr atliecaall yOPA hreu sar rneeye t
size has to be | arge enough to deliver hig
and whtihe gpaqging between each antennas sh
the magnitude of gratindsl cheswvigfldarb edlequat
on the reloafhasxre | Dktiaftti @mOPAsdaargbenased in
two groups: (i) Antogrendaserar € htaisghtshy faleacea

outside the array of antennas and are rou

ant enrtaascrht @nnp and i1 ts phasreomidmupitaxteolr. ar e
-16



The for mabse cemasleiomned me russiiOGPgp wi t h | ong par
gratainngegnnas ptage[ihsmadsielsyi zha2k @PAD beer
realas&lae routing scales quadraslhiaraddry 2vDt h
arr &y ara&rger pi xel pitthceh itnot eda cooammad d toen
bet ween the antennas and the phase shifter
pr evteme sr eabhi zampaat oaélntt ecnanna sb ea rsrhaoywn t hat
pixel pitch is related to the array size, t
bet ween t wy emairi alelselwiw houwitniifopper sSer DcarrA
wi 1 B8 ansteelnencatsi vel ybypVagubddbnhas2%ame FOV a
as -ay22 alb ufteywenrt er shasmelce enn SrHppwerae@dr s e
armey | ead to | arger rmmaoen erardo ke ¢ ams gpan & r
of | ess pfhrasseedotm et rebul t is | ike truncatin

Fourier expansion.

Pixel Pitch Input Light
f S —_—

1: 78 AStaaa Ty
seoSl||  Ppixel Pitch ]| || eee | mmmmml]]

L
o:ok.“l

".flll grﬁ:r LLWI" km||| ;LLWIII

(a) (b)
Fi 3lDi f f P& mrcthi tséa) uPbase shif$(ebr)s Phuatssei dseh itfhtee rpsi xienl s
pi el
2D beam steering in these 1D NPAs are re:
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and wavelength tuning. The additional St ec
wavel engtrh ewshitchhe vaasngl e of | i ght coupling o
a 2DcMPA psi hgt®m wavelength 2D beam steerin
forming arbitrary radi aduromemptata2@r MRBA tNeecvher
still dthreudgglae eion f bet we & b hlEO¥viaaveedgoupii dxeesl s

phase aht eamast,he power | imitation

22T heronpot i ¢c Phase Modul ator s
Severatoptneeslani sbhmsi ewetdpgced I n 1T e chapt

phase modul ators offer simple operation ar
movingTpardsestail ed di scussion of TO phase
NPA s ysptreens direstrialde phasé dellayht beam passi |

wavegui de ,wiatnh bleergphessed as:

. (2.4)

whegies the effective refractive index of t
waveguneaess uniformly heated a¥dawnd the amt
other is maintainedTae phaesamndi Btbhea dtevam er a

out put beams can be approxi mated as:

GA, 5 A, Q€ (2.5)

33 Oy 34

Thasseusmt haremglansi on i s negl i gi-dptei cc oenfpfaercitn
and t heptther mooef fiwditenrtm nigdeecapfres tad rutr e v ar i @
For instherophéecma Qdd"Mihteeeper §turetceef fici
refractofvesi hidebdnaB 6 0drKdB xd Owavelrem dZh of 15
The phase shifter wanvergeug wier ewsi ta nspiegangitfihi ccaaf
temper atu@kRouwtKad@e @mha2se shift. This cal cu

-18



consistent with [th&] si mulation result in
From ed@batigovmen a wavelengt h, the requir
full 2rpahnagsee shi ft is inversely proportional

t heoomodi ¢ cofefghas®&mab|i ftkeessi mplest way to

temperature change, hence the maxi mum i nput
shifters. I n communication network applica
phase shifter 1imumdrtead ami csrwd mecthe ras fleomg i n

power operoanttifraeDt GMAt h phase shifters insi
|l ength of a phase shifter i1s | imited by th
Il n holographic VR/ AR displbhbygbysbemm t bhei
the visible Iight range. The 1.12 eV indi
absorption for Nitsiflordi dpeatsr tm; utskkusi |l ico
phase shifter Wwawegap den enoigter.pbdien & sSiacouond
5eV (varying with mapuPhltg nuoce nigsiprmocresiarfdr
visible spectrum and suitable for VR/ AR ap|]
The t-bptimo «c o &iNfiisce peonrtt eodf t3x 1Kelabedt ween
6xPR*at 620 nnf 80]€hsi Is3 ghit meesrilld csont mdan 1550
To mini miengtthhef the phase shifter and the
for | arge FOV and | ow paoavbes| dwebifiglett® on, w
the phaskhes hphHdmramenon of sl ow | ight of fer
requi r dmermte alsy n gr etfhrea cetfaftveet thiiewdeexxp ens e of tr
| o BBE82]. The slow | ight i n oiumc odNrPpAo rsaytsitregn B r:
gratimagps opti cal resbnght expectenees nswbwec
into the waveduwild@p hgseumphbhdwwweevbdHct or

antiOwi tmlor e 80h% ntr ansmirsidNjsomdirnatceen .respecti
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Ther etfhbee mper at ssir abednSiknagned 9 0 R2Kpahasei mshi ft

VR/ AR WPABn®2WwWavel ength and LI DAR NPAs wit|

respectively

23Phasdeday 3D Display

Over the past few year s ,edreeasleiatryc h( MR taon dv |

has

fo

Pl

r

c

o

gained unprecedented attention. Numer ol
entertainment pQuesgsdd3 Samshngs8@gdhe WVRuU
St a[t83 ®mMd VMRi cr os p 8,6 ] adrod od wanisl abl e on t he
d growth has resulted from (a) advanc
nol ogy and (b) hi gh performance compu
nced semiconductor technARoggchBekodis:
great potenti al for applications in
thcare and @dwdatuindhb § e wiea guyseewiilnf or mat |

i nteract with the world around us

ereopsi s and hdoelloyg ruaspehdy naerteh otdwso iwii cur
N1l eggadBcw®pPYstcemss orneeq uaiprpear at uswh{ehg. , a
rate a pair of images of ta wdoaweeaf rsom ¢

e two similar ri nbargaeisn atroe cnreeragileédi ainn iolul
edqnntmayuce psychophysical problems and
ciated wiitBr]Pbpulravi pwesng reported peo
aches, nausea, bl urred wimrdwned amalt iootn
ness after [WBfrhdings 3Davie | snmBown t hat

mmodat iiesn tdenfnaicnt reason for psychoph

fat[iguedi s¢@8®mliiomduced HIB@Hc Wlidrf i scturlegsys i n f 1

i mages intpo9ahdt edi epempaaepti ¢IMDPFf scene geome

-20



Figurid l2a.s2 rates the difference between v

a conventional 3D display (B and D). When v

change their coarvatusecaesordhng ts called
all ows t he ustkelriurticomafgeer mearc ltehaer olFjigect . As
22( Cdhe <circle at the center is clear whil
meanti me, the viewerdéds eyes move inward or
the depth cues. The focus and vergence di
viewiang obg B2 tA) () .

Research also indicates that these two di
the focus cues wdildtandecand hei vergemsa. T

switching from focusing on one object to a
using only one of t hem. On the other hand
stereoscopi c scenedifsotranec et hbee vtiheewed idst & moccea
and the screen, while the depth cues tell

behind the screen depending on the objecto
musathcoupl e the nae uosgfalvergemd e r &fFsighanc c o mmo
(D), both the center circle and the entire
only and it causes the perceived scene dif

The pesceineed s flattened or exaggerated c

vergaacemmodation <conflict, which i1 s inhei
avail able today, makes i1t difficult for vi
and is thme froai nvirseuaasso f ati gue and other psy
above. Ther etfaoegresesa ViRatauimdal AR 3D di spl ays
psychophysical probl ems and degraded visu
accommodation conflict.
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Real world 3d display

=
=
>

A A

Display screen

Vergence distance
Focal distance
Vergence distance

Focal distance

<

/

-
<
-
<

1\

Fi B2Vergence and accommodation in [r&7]l scene and

Il n naturlécaueeiomfg,t he varying aperture

pupi l size and curvature of | ens) of human
the retinas to create a clear i mage of the
t@achi eatutramdmses displ ay, one has to repro

stimulating the retina.
Hol ogr aphi s i3nutl thitseplpaycess by recording
both the amplitude and phase information

recording angr ocanmesd FaBdtVWwhoenrn recording an

a coherence | i ghtbesaoms@c é eiagn 9 pipé tn@lwjdse dtot wo
the 1 ight reflected by thekeobilket bsesamef er
reference |light. A photographic film is wus

reference atnhdbestbh etche lammlti;tude and the pha

Assuming the transmi,Dtfhdmaseaof unicei oacorfdi
x anadf tyer t he exposure is |imearfeekacedof
object beam andcarhebea edxpreenxxre b eaagn

-2 2



ochd 1T O drds sYdws 0 doYaw® 0 adoTYd  (26)

wheifries the gain of 0 thhea nWehdoarrei atgmeflidxm,

wavefronts of the objreedsp oy alnyd ref er enc:
During the reconstructiopapseces$syotulgpd =

modul attéehde byefcioinded mat hemati cal expression

wavefront can be expressed as
oddYdd T OYY 1 Ps sYs GYY

[$vs0 1 Ps S 0YY @)

The firegua@r7)msi hhe original object beam

T SYs. I fighe feneled Hepddae etqaura@r7ipmepar at ed

from t he ifntrghte drteardm adfi on pattern of the ob

t hough the original object is removed.

Reference Recording Film Reference

beam beam
H\HHW \HHH i
/}\\\ W Hologram

» \Il
AR l

Object ~~" Image
beam

(a) (b)

Fi 33Hol ography recording and reconstruction (a) re:

A2 DOPA hat i s capabl e of genercatni mg pd my ed ¢
t hkol ogrrexhiradi ng fil ml dsetsecad befl méeoweding
interference sphtoerput thO®Pmhpbedngetditeh
rendappeaoxi matod foibhjekedct beam can be cal cul at
t he GeilSabnb earlgg0 6ERHL. M addi tion to portrayin

3D ani mated scene can al so be created with
-23



phadbaer eOPArses,ar e abl e f o+t -scernesaetsi VR mantdu rARI d i
Since the |lightdpatereeni 98ff ahehPOP@®PALtyhgecon:
focus cue Iis consistent with the depth cue
accommoaartfiloinct pr obbtl hpemaise dr esolayea@appr oach.

Clearly, the comppliexal nptr wbé eons tahé uded t
design of sucthriavi alyst mobbams encounter ec
consumption (needed for adequate resolutior

circuit design for precise phase control

-2 4



24Feedback ConQirroclulieed Dri ver
| aT QOPA hi nhddtler s arn éle@ell &ohexddtImreeasri st ance

ofhsi | TOophasse ss tkeiadiyeri ncreasing thef dobpéng c
si |l foomiment egrated heater /[ BGA]dprhiavseer schiirfceuri
contmaagnn arr ay pobsgd sreuerce s tle s@$ meeian t@agi n
t artgeemp e i ®tawprhea s e ngh ieflEeaméntheat er and i1 ts ¢
mudbteaddedansdependeat egte an arbitrary interf

One possible strai gpht ftchrewarrd viensp I[teomaursted t |
anumbN poddr dlilnaalry wei ghtse&d cdhurcruegmte nhi rmriarr or
on or off depenNhbintg innXuhsg hreephdtiglhe power de
of O OPAs, power | oss at the driver current
to a driver circuit whemsi gheyf iacgaenltyi gihridry
temperature at.Drheerdr icv e rcnucidtusdenieseodnet ok i ind
temperatur e ¢ ompeaepnhsaastel ozne raop pcraolaicbhr aotri on f or
circhious d be performed to accounwiftdi nt he ¢
the entire.operation range

A | womktcaalnlee ussa d rtea g fhieng bN-bwe eaanmd bteh e
phase shift oHowehvee routoptuhte rb eeaenrmper at ure dep

as the heater's res$rathaendea,brdewitd @ nmii ampeatrd

t her mal cwosst anlek ghledor untcabki bcroampiloinc apee o«
Furthetrmere)] ectrical proper thieescoonft i mue usdl
chandumigng the run time after calibration b

from high cAltttlkeende defnfseatyssted oget halr t emper
di str ntblue it@mMAdie v it dntee | fdremah one; hence, phase
Phse eausesthe output beam derf | ede merr atne Lt

i mage iquadi ¢ ylaryd diglséé¢ gmsqual ity set.s the pt
-25



As phase is determined by the temperature
that temperature must be Acehtradllleed otnd rtohi
for the drmewdr tchier ceuvirtorticsoheedade constrai

Most <curdreesntgn@PAappear i nfgod inso tdhred yopan clailt

devices without driver <circuits. External
current. Ttohaet hbobest kiwdwl edge, only three
ci rshhaivte beerb BrfeCphourntge det[ al . reported a monoc

OPA syst6dgimhe opti cal devionessamdecdmtbr olc ae
chip using SOl dOMO/Se rprcoucrersesn.t Tshoeur ce 1S si m
above. The reference current font tme ¢here
out put currenfosourcascodgaabMPSdit ot-ri buted
tground voHéage, daopigher voltage can be
mini mze the output current andTohavepbwer
interconnection congestion between the OPA
independent sphampéement edl i

Fat e mi et al . presentceodnta odmpairng e d2 ® nORA
commpninted circu5®A] boghdv©ORICEBHPR mpadsleati o
(PWM)wi tch with soft tcuurrnrs equirSdafena enst heh ep hhaud
shifters ar e alhd eatnead acutagi deé htelyecan be pl act
to iead emthe theflThmal dcr ewsar @iwk amidt col umn ad
Sstturce tphaseeshlsi fters in a As$ manrmgs$ winfe] e x |
column of phastedhaps e@®setrhieg,sparse array g
for mirmbg/rtadai ati wntpawutesasri fi.Al agtitihhdéaei mag:
mul t i ploemdtirmdmasc ceames e | &arge ri pple error

An OGPyAst em svh3i@R hintegrated with its contr

-2 6



at hr eolxghde via (TOV) 589 & hlmaigrm rtenpebTgtivacc h si z

can be

a O ms mallol

TaOsV s7 i

and driver circuit to

MOSFET

i s driven

by poahalsdensity

paral |l el form a sirt

| wer gsa¢ eise®ht esDETt al

modul at i

The achoorwvten odd lmictk a met hod to dynamically

b al atnhcee

change of

ddie winge nEpmé pediciae& r ol

me t hsoldasu |l d b e iinntcoo rtphoer adioe-dvdejird scti richug nad st r ol

of current

2.4. | n

fact hat

control

out put

Fia4Si mpl i fied

sour ce

as the feedback

Input

achieving the dREisgred ph

this whlyercmaolsmdtadtkes el echeompgsat bb
degr ade tahreec sayl §ti. e mSriancktceu rtahcey t hi ng w
i so utthpeu tp h asdee ad fl vy, we should measu

signal to control t

Conerol 3 I '—j
cirout

di agram of

c

phased eerdrbay ku rciotn t o ell I.

Neverthel estshpeut p@dapahnansoet obidei rmawdatsloyr eur r ent

technol ogy and their

OPA&wi t h

feedback

phase

-2 7

idni tfef ti breuid daytc d@rivmet ensi t

cont mvlre@si ngpamnt edck



[ 2496)6].

| h 29]the output beam power i s measured by
so the heater currents are indilvpiddeulal 'y t u
computer thempP®PAEé snagepputr ed bywitam tlHRe ciadneala
i magred t unescutrhte@md@mhng u dtadcec or.d ifM@l]y he phase

of each pixel dsaobiyagprunt ebrefaemm Dime t ent er f er o me

out put i s agaliR capgaeuaaecd ileyw ealm b o'n/tlr od err
when the target phase shift is
Obviously, t he major di sadvant aglee of t he

speed of the feedback | oop Tihss §fstna mh esde tbuyp til
sl ow and bul ky and $6i todndilepgsu.s ui bahkee measdus
must be taken as an i ndior ercetaliindnpgandti aosnt odf
feedback system

Recent lcyhi ppncalni brati on LI DAR NPA using t
[ 9.7]The phased aredygbanfremenveefreflkeace o0b
' ight signal i's transfhopmevd at ca & av @aintcage p:
foll owed by a transi mpedance amplifier. Th
signals to the phasedl daragay stignmdxi mRioze at | :
of possible cofdhirnltesdlaniegue smayarmaed a | c
optisaimut ileon addition, this met hsodbaccauwmwoa s
the radiation pastaohn hawfecara ripeefal geecbtei aomm

Ase x pl eaeiamrdphears,e i s biywldaid gihmeg t e mper at ur e o
wavegui de/ phase csami fbtee rusnetdde nepsetaari mdée cat i on
phase wunder an assumption that the wvariati

waveguides/ phase shifters are negligible s

-2 8



wi

sult i n al most.Tthh & Saansdeinaswtrp udte vpi hcaes etsh at
ectrical signal reflecting the temperatu
ntrol |l oop.

ntui hevekegmpsot device can be IO&€catFed ei't
e sensor on t e hMB,t ia astteadn ddaemnmds oandcis cui t
d it is tightly integrated witehnadt her el
ne (BEOL) metal vias in thtpiMER damdatt e awm
er mal enhlece gyterfirppom n t he OC. The energy dr
mperature of The ddwasiedhe heatbdat it m &
mperatur e Amesasnwkroamedev.i ce must be ther me
i ghborunpgtodtrhievieeri ¢ dhe hi gh t her mal conduc
liconiwubbttage hteantf rdom sti lpat &dj acent cur
re than it registers the target pixel he;
On the contrary, because of the | imitat.i
nsor device in thei ©Ce mulse ORA spinmpdhe .siAde
daesrh e -csft Redre ¢ o pfpleir pbpaidiogn®, o n bypeel ect ri cal

nnebcetivvenen t he OC andi & hcecec dABp ipeed Ipy xteH e ame
e sensor device should rhe® imithe gni &teed hwi it

bondi ngEcammagthi ons i s possible to have

ith more advanced integr-laé¢ vT®N otheda mmgo Ilwa g yh

nNi mem @itch size, it I s nsgtlde@ 1 n edoryei foenr a b |
nnecting multiple congawdrs limsgarall el t
The major challenge of designing an inte

nnot sense the temperature at the same t

(I have to switch the operational mode of

-29



MB chip. The multiplexing operation wil|
contr oAl sotf cimettrnaduce phase ri pp.Betilast t he s
appr amwhvi des a Adirecto and full range t

waveguide/ phase shifter.

241Sensoor t he MB
Two types of t e mphearvaet ublreee nd eatpspajrr addie rdcacii tr ¢

sysdreemjunitge mper ature regulPatipomti anadali odle Al
TemperRTATIier dODO2nd a ring oscil I[altO3r, base
104] A standard diode basEd@SPITATuti tcaees t
temper atur e hee feeam dtetnecre voofl ttage of a bipol ar
with raatenpeated into two identical mat c he
transistors are assumed to be at the same
VEga n deWhi ch esl icminmeotne t e mper at uirfiei -odsetpeern d e n ¢
approxi mation proportional to the absolute

four transistors withoutfThttlhen lbieas haurerde wi td

el ements in theampeatatbi oh eampm)ls.iutShienacsg otph e s
circuit mu s t be repeated in everm@MB dri v
mi nirnead | oexetrditeead i s a pbeesehabrcdedi dat e ef

The ring oscillator b asacdurP BAT csitracruvietd
oscill ator whose current is supplied from
source is wusually created udsionge .t hleh es a nnee gpur
of the ring oscillator is proportional t o
current source. Hence, the number of the p
the temperature reading. The bpr da micgiemrs ed f
extending the counting interval. However,

-30



addi trieognugple ridp h ersaclh caisr camatkoeubnitserappr oach |

favorabkbgstem with demanding space constra

OQur systmambs st mel ati on results, whi ch wi
chapter indicate the sensor on the MB is n
because of the strong ther mal coupling bet
above. Nevemehbbdssmayhbeseusef ul for other

Sspace constraint.

ol Ol

Vg,

a

FighBasic diode blas@2d] PTAT circuit

242Sensonr t he OC

Twpos saipbplreoaaraese! i ed t o measur e -ftihle t empe
heat efii)| i ze the tempeheattierdsemparntijiehiceze Dy
the thermoelectric effect

For case (1), atche talsi raefmpelesmasti ameerdet ect o
Two possible measureméntgtpadeimegaaekmaswimh o
current to the heater, we can get the hea
acrioflksat means the heater sji sheavt ifwadt hdoadbe t we

varying current depending on Jjaed tsagmgsitng e

-31



modwi th a fixedWcohsuant ocsgi odowigemdr ghety
orders)t ertnme r el at itoenmspheirpa t duie denvteceoeerfd h € he 0L
voltagereaufl mamgtnhe rise of temperature i s:
Yo | OYY (2.8)
wher@®s the seiydisng hceurhreeantte,r 0|si notmh en ath e ateen
first order temper at uVes ctohed ftiecmpeelrtatoudr ea.e s |
Given a heater material, the temperature
t hheeat er resistoaddete vies lae e wssotmgEl peorwew o Iwti & dhe
headroom. Therefore, ihbdeoskeynwsdagi gnrfeae¢dc
current shoulnde aseuvi@dotigeeg et ov agetata on. Howeve
current produces unwanted joule heating whi
| tdii fsftioc wlptt hmiazert mesi stance for heating a
measur ement antec urvamwee oa/tert, he hea mi smatch of
bet ween each driving el ement s wi || i ntr o
menti oned above make this method unattract,|
The secondesgpher otaccthpeusatofertdepamdentcy
conti nuously measure the hedhehi cludateanrt and
can function aa&l la thkeiatth acnugte es veintecnht.iThge bet we ¢
measdr voadndageareemapphed hteat erwd sammreasli sg anc e
diiderrcudi vi Tbepids pmuo pathtei otneanhp etroat ur e at |
Howewar anal egradmaitkder compoexafwhe ocwhiot hi n t h
all owed piogel hepaoweth other driver unit co
I n cabe heajertdwo ds ewgsdiengd § er ent met al s f
segment. Thus, the heater also serves as a
where the maxi mum tTehnepefSacehie ek oefcfue st gen

electromotive force (emf) according to:
-3 2



wher e

i s,Sdeteeck

S i

"YaRY Q'Y

sc otehfef | Sei eebnetc. k |

temperatur e

coef fi

at t

cient

he

connect.i

temper atau R@&oaegibmp laisf i ed
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curr esretr d

dev

f

we
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assunehathat t h

on

ehdsambi

2179

i n atl loen gs & mea ndde gh ripeern t

abt e

Seebeck thbhef wvbhergmbaet svor k

posYYisve hand moeqd:

Bd esteh et hhee a teemrp eat ehretua re ¢

@ YOY VY
whelYandare the
temperature range of the

temperature rise

rsi shut off and
ce such as an opamp.
he heater center.

at

t

Because

requi

contact

sen

S

red

stah es oh esaetrevre a s

bet ween

ng met hod,

Tab2lpr ovi des a

bul

k

used

t h

as

e OC

wietlhe neeimd , weabelt i

t he

The

same

node

opampos

temper at urse

and

eve

compared

t he MB
t hat t
with t

hi

he

i s

out pu

S

ensao

Mor eov

S

A

wi ||

i ndi

|

| iosetf fdfc iAelnd rIsS eed md@dk et al
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Chapter 3NPA System Thermal Simulation

This ohaptiadres a compr ehewnrsi perndtdesgardad le ds t

NPA systemthéetfohcbwidergs.

1 Thet epsesunldthoofouaph!| ebherical simul ati or
arraywiumi tdi fferent thearmpalesilmseeldat i on
desi gn athrooode b & thweeaetni ntghepower consumyg
device complexity and the required ma
circuit are desalrmined by this
lusegdmal | array to investigate the the
ef f Acyss)t.emt hewvma | crosstalk matrix 1is
result and is used to conduct a furth
A simplified system | evel ther mal mo d
expl ore t he maxi mum realizabl e array
comndions .

The design and simulation of our ther
thermocoupl e washes8edebecketeeimi nei ent
of -fthim metalamcmedmbasaused to verify |
sensing approach.
Thectaal cobpvlaed@abri cated and evaluated
camer as

31Ther mal Mo del Description

From the background chapter, we know t
interference pattern I wamaeguemgegear &tdurbey acnh
subsequereflrpacttive i ndex of each individual

-3 4



unit cell . The dri veritco rtchuei tr eisnijsetcitvse ehleeactt
phase shiftersd temperature to the target
mal e | for our NPA system and study the ther
system. The simulation results provide in
maxi mum | oad cur2iephtaseeghifeéed toer mal cr
neighboring unit cells and the control me C |
of calibration.

Since we are i nt erbedtwedtnwat hdeihfef eirretnegr apch
domains (electrouognl sgattemheCOMEDL oMul ti phy
perform fimetlkRodelagmEMisi s f drl 06 IGOMSYdt em

Mul ti physics proav indoedsu | seesv efroarl daidfdf er ent p h

buid Int mat erlitafeet s btrwoytypes of sol Fer: ful |l
the fully coupled solver, a | arge matrix wi
their interactions is created and solved di

decoupdiersf ement physics domains and sol ves
results in one physics domain in the previ
conditions ofdotnmaei notihne rT peh yoseixgpsu tsa teipon st op
conver gadwsiled utoiro s ma lpiteod ettrheamc @eund f or al |
domaThres .f ul |y dawsplfedvesoliwsesrues about reachi
but needs much more computer memory for th
solver i s the opposite.

Given the si ze atnhde hN RA saysspteecmt gneadt meot royf,
be simpdi $oleded by the segr emgdeéd wel use. th
modul e and the AC/ DC electrical modul e. Wit

dependent studies of joule heating in our

-35



I n the stepdadwegsneapueat i bhe amd tlheateltercamsg

domain ar e:

2D v (3.2)
o , O (3.2)
0 ) (3.3)
An d
"6 ukY K O O (3.4)
A "y (3.5)

respecti vied yt havheutei snt heée rmajrirse,ntth es oeulreccet, r i
conducQiisvitthye ebiesttrhe &l &dtdr itch ep adteenrsthieayl, ,
heat capacity atuitshe heowvsEY asrtt hper & geisedpréeg ,at ur
t he hebaits ftlhuex ,peat us@ air ¢ étmtee t her moel asti c
M s the thermal conductivity.
EquafBi)am33)r epr evwentconti nuity equation of
Ohmdés | mgavt eemtdi al g r a doi geenfth ¢nheesspeerce g wéetl iyd ms

el ecturcahnt clomseuvw actlamsaei,t yt hfei eed and t he

damping are ZA3yan@5x@ ne preatrieduced and combi
nA @y 0 (3.6)

Equa@Gbdescri bes two thidreds nedi byt tdheheato
t hmaterial 6s themdnat heondmpeéer ai tgreearggyadi en

conserlvhagsseont wo physical processes are coup
V30 0 (3.7)

The heat dissipated from an etlretamecant sofu

the el ectri call tcawrer edrtopand 1t s

32Model Geometry
ThePAystem t hersaale @i wmuvdee g abrmttso: (i) det a

-36



pi xel and small array lfaoget hermyl tdhreosnatl a

bet ween the DCeatnhd the IMiBniietseodu rccoempauntda ttihoen

FEM model geometr y hef gewmeNRPA esy sftoeem,each p

t

r

t

oi fdf er ent Tdhegrseaemwpl i fi saveoatlopsethesgasise t ak e s
esaitivéad i d approxi mati ons.

For the first part, 3XBRPA 3Dy gteomeitm y VRode
pplicati ofisyli SAs hsotwad dasdp eeead lupert,he si mul at i
he amount of computation resource require:d

nly having 3x3 or X5 axnruay lynimodeéll li srgi r

rray. The error introduced by this simplif
i) The phased array and driver circuit onl
nd the MB resperlty vientyer dstiead Wenathke heat.
nit cell and thermal c¢cross talk between n.
S to investigate these effects.

As shomwinglia) the wupper hal f and the Dbott

epresent the MB avn & ktvhed adCcloaryteghiesmtaitt negr e, y

=y

ase B@i bsv,pdFsC, unatehrdri |matadEif Bveethhi ckness

he MB sutdsé rQ€ esavuéesbmbh®ill imcon i s used for

nd t keendafirionret ( FEOLf)henaMRt hal mofHi@m twhiidk a
ilicon dioxide represgrtrs The BEOuLaadndepa
tructure is omitted here bedausdeert ve ddha

emperature distribution caused by the cur

ocated on tDet aipltsseenfi c o hdéewcitcoer sarmaul ati or

di scussedTled se@avthairleed desi gn, 5 hceounl tartolon a

circuit is performed by using a standard e
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|l ayout tool (the CadEmecee vwirltluobe desegaed:
chapter

Our NoPPAer atiwnigsiiml €, hdpeac tghb@mh btrddoma taen
opticalt hfel amalt esaos si gnedb ¢ torsdtheec 0aCT da ox i de
connectionschiepseamnhbi wloabto htdhsept dneand eelr wher e

the phased array cell s are.

MB (Silicon)
oc (sio,)
BEOL Metal
FC Bonding
Heater (Nickel)
SisN,

10011

Air

(a) (c)

Fi 83D geometry model of a NPA system in VR al

A detail &xd3 vpllas eodg eaormeatyr yc eHslgss Bo®bhb) n
sipé& unit cell i <mx t15® mwnotdhe IGmi H3oh§ phase
shifter/ wavegui ki gaght t(Thlezoev@ich gogale s encl os
wavegui des trogppr eskatddt hlgi gahntda btkshues ttrhurceteur e &
end of wavegui des ar erdecatda nagtu lnagr acncleunnmnass . a |
enad i ne amedt andfi ashe circuitelceédtpr iwhailc hc oanrnee
bet ween t IB@f dec @i me mio d®onu rtchee MBSREBTpsbloadf | i |
Three horizont al gprionbka dleysroenge earddt heaed nihneoant e r

t ermi aaba scrooommotnoAglelhgareorb.o.ndes are tied toget he

-38



to the powgr ostupgplde, tVie phased array. The
by SaxCcept -ahi pblbaoyhddri ph i s surrounded by th
thin square box atenthescemcer MDBSPET S Adh emel
the ther mal mod el doesndét include any det a
the MB FEOL and is wuniform silicon in the
a secondary heat isburbe wbdoscsei bedchelooww

A clupsevertical view from the bottom o
shifter/ ant &n@H ci)Be shhiggmr eisn sti ve heaters a
with one end connect to their correspondin
dri Vee. heater is designed to have its thin
shifter for hilgyh Htaenien di grrpguét § tivooileamagye dr op a
power at thbsemkebagrbdson the heater and t
i i @Y c) .

The thickness of the heaters. a®idndel et hpe ¢
mode i-csonwWetldled, st ance between aahdheéer ano
t hicknesisl iodon hai ox i dcea nb obtet o&® Cctif mirdnd ihai g ,h
heating effi cntghpec pptwigon el &keEhpan gl | gigo me & r
aspect ratio fromltehedsettwohidmn ffilmlstiescti wmr
most common f3rDmeshetelaahmedchtod!l sui t aabnide f or t
t helytrheesruelxtt r emel y smalls aod dawnse mesith gri d
bei ng ianbsleer tt cappropri ate mesh el ements in s

COMSOL ofeffdrisci@amt wreeysght iy e me rtcdetilel elday er
fit hsewe pt amp s baaxc hshown . i Mtelssghgne Ba®i on pr ocess
as fol |l omesghr iduisrestt,her the top or bottom su

souptanef the targetgetmeir2al epdlyaenrar tr i angl ¢
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el emenltrs Fi g u3r.c2e( ap)l,a nteh eit $sedt Ip¢ aldet whmr ef t he
arleo cdaNteexie¢ t arget thin | ayer is sliced by a
and bottamidwhrifmdaglelsyme sdn gtrh e s oaurceo @i €udr f ac e
to all of these parall el pl aned atnewarid et. hd
mesh grids are swept from aheslsowmcien pFiage3
The resulted mesh grids of the source plan
spaced parall el pl anesni Ri et e Obipsr et el h
di vided inta ifniewe neeedct icoannsh.abvei nagh enmotrnee d | by

segmentshe | ayer.

(a) (b)

Fi 82Swept Meawdhatoemmr pl ane

To apipétwe pt mmebhbtdwo crondtet mehson the dest
pl aneon Mmeyph grids$heaer degptl ameedbedmre constr
swept mesh andshapes aarhd gddgmds s thu et i on pl
i nclamdetdhe s.dwrrcidrhgel daoendi tti matt cwmsNEATrmad
contains a stad®l0 ofm thlkeadbtddr anynmoSRt@ M cl addi n
| ayeal ahpdrhmse s hanfd efro doanyleat,t pidemep tt onpe s h
approapgmlied to the heater | aiytearn 6an b et hues epdl
f arhe mi dbddtet &Sm Oc | b d,tl eqnign d e ytetr &t eobpo tstuornf aacned o
t he2lSayoer which are the tacmpl ¢ Wref @ood tofm tshue
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the phase shifter | akerthias ealaswardtechee8nOn
meshed with fr eewhtiecthr adhoe dnroat! weols.ekndiganptlsy on t
t hsewept meme H wmdsdalalckedyehsn the meshorsdeegqruence
ei tfhrebrmt w@mo-dowo p

For the seddnd hoomrckisttiicnm,ti on pl ane cont a
exi st on the source plane, the triangl e me
notfibte i nt o Aghaeisne, sihna poceuwsrg eNoRe frmogdled , h € ahtee r

di fferendedmethr i the phase shifter ampd anten

swept mesh generation process, it is obvio
canhet appol itehde phas elos tsiofl tveer tchiirse cctolnyf.l i ct |
t tehi nl dgyadbbmve t he heater | ayer are projecte

wawe create an extra fine triangtsmlrmesh gr
the boundary constrai hher poesred, btyhishet t ag e
can be applied to alllkidd@mad me tchdh eeesiea ma e
small rectderegsqguare terminal of the heater
MOSFEMme -zag part of the heater ainsgd péretsieti o
shapesginate from the geometry above the hi

The input voltage is applied at the top
cel | and zero voltage is assigned to the g
the voldaarges sddrtolpe resi stive heataeamnurofenthe t
fl ow. Exjutartanmosnf or ms the currentedtdteowi hgtah
heat and this is the maj ort hhee actuhrfrlocoomts e i n
through the resistive hedrtiegwh@Sa&IEEslhod fsloo,wsa t h
certain voltage drop must erdrsvebetM@EEETLt h

draw current from the power amsuippt gr Jaeert
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wanted heatinnt mevaMBwm obmodyhe( wavegui de) .
at cammaet be negl ect edas Jihgss,cauwlkeaamtt Dt e X
gion where the geativan aceawmsateé osi mgl| atoi
mper atur éA diectomidlautyi dire.ah s oproé theadeet

| um@ weo that it dissipates i s:
0 ® o O (3.9)

ebeis the power sugpndar e/ otlhteagienpuatndvol t age
the top surface of thexwebostednduwl ar comlisu |
.5 V in the simulations according to the |
nm 1P9m, we usedlt c.fizdurtithta t eay rodu ermacriogngd s t
om O.Heor €2,. 3weV as s dvtnseo vtar e (¥ Pdirtdbapgaa 8 r equi r
rr- the driver ThBRBMiodtweb bmp utveal luUPe @d d .

cording to Vidfierapiptbhyet sveoclotnadgadr ¢y thleeat mesdellr
sed on (BBandgeatbilomate.its ther mal effect
The remaining model settings are the bour
olTwmg .types of cooling boundarfyiextondi ti
mper atur e.Tehrecs ehecatndli d i @p gl imudachhirefarl |y
i mu laactciuornacy as t heThmo M8 wi $ |1 sibmplajftiaeded
he top surface of Fig. SWHdm)usisndg i xedi >
mperature boundary condition to simulate
the system andt bhbeea taenasdl®i bnngs i ddaeprdetmii Isi tcya so f
i's assumpti oml iys al segintg| le €haea utdcetiad heaatte di
stem i s mbhl ywswah d¢f seshwea@aan séaanki |y extract t h
i nitnaghe contact surfacéeloweveheg 1 onossmheéeempm

ro - finding the maxi mum all owald| @i acuasyy edsi :

det aiin etdhe | ater se¢tadbher muhahngegilae ssihppagti eer o
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power at t.heThsea meqetnieentovdnch e challa&nging f
convenheiaotn adi rekxeart sevwero | i ng capability. Th
contact surfacethmempi leatr & iessh@dgrnabnofvies edi gher
temperature to itshenomoctodniklaeew sesutrfi@acéeéemperat
urdfior mly distributed.

The rest of the five surfaces are assume

The outward heat flux per unit area i s:
n Qv "’y (3.9
whefes the heat t'Yamssftdore @oef ftiempentat ure, T

at the boundary. Tihack eanB0t0ot ebeege eatsu Kel v$§ nalas
transfer coefficieat is assumed to be 5 W/

For the bowhiomH smhmgbhat®C, this assunchptaindr
mat ches the reiad swrsfiamoredsietep . ¢ bdeutapcut wi t h
| i glaehmer ge wi t h@muutt thd ockmtgreary, the ot her f
not actually surroundeFdorbyt haei rg eaoshkaitgr. yt Iseh on
31(a) , ngthle &ed widt hboddf@Onhel model abbar beast
magnitude | ess than t tbee chiumseaerzsi o dfhet e tru
is at | eas®hatshcens eb yb olu ncdna.r i es are part of t
in the redhespst eml out war d hoeeatte rfnhiunxeeds bayt
the substrateso ther mal conductivities anct
equa@b)onHowever, the temperaturandgragirept s
air convective heat flux as boundary condit
additional verification

Furthermore, the total surface area of tF
The total heat dissespahedtodbtam aheaemesbtipl

heat f | ux(39.n Teoq wé tsesomme a a eno uanst g eod e rhaetaetd at t
-4°3



heater, ttiuhree teetmptelrea boundar ynuwitet htag asamal | er
t he temper aithdrag yatwitthhe | mssgar hs whfeacd eanpea
needed t of doompeern stdottead , atrleea.r esul ting tempe
system may be highesuthaci atbé saoebdi ei ntcl
simul at ilodhe artoldye,| .t h es mouwled miwiechecsb euiadl Vi, & .

having wn wavtehmegttadhln t he o)ddbrcbfsal eens the p
of small surface area and false boundary c¢
Howetvdr, hi gh geomet rtyh ea ssp ezcet orfattihoe dpuhea steod
prevents us Ageim ,dotimea sihzGsn. obfyOmingind cteh é i

thickness of the pbatershabmebst And resi st

The high aspect ratio of the model geomet
to arrive at a meaningful solution. The der
is required. Also, the execution titme of tF

is to find an opti maHi 33( a&)e iolfl u shterTameadse |t ge
side |l ength of the modelf rogeoidedt tpp AB7Qr adu
um Theee 2 times and 46 times the eragrnd of
the number of mesh el ements i s dense enough
step. A 2.3 V voltage is appl i econtoactthieng o |
the center ux3 tarcreayl. offhitshe o3ne&i tmaxn maaor r e
current fl ow t hiThe gavpah asgen gsehmpfétreeat er e and

mi ni mum temperature at the bottom of the |
conveartd omo.fhteosé dulsa tirii @3c)ared sl mmaaurz e

anal ysi s. When theb5@0rdkeotitrerga b &8 ssg el isisf ttehr
t empeanaliumiemum temperatur &€ aptadtl W ebhsti tdem| ke

incréeédsddhe model size is too small, t he si
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temperature variation due to the boundary
close to the waveguide bodies.

One may underestimate tihud | curamgret prhaglei rs
to design a driver circuit with proper curr
Above a side | ength of 500 Om, the averag
aroundA@da@0the minimum temperature of the b
temper ah@nd, aRdng the edge of the surface.
temperature may not stabilize when t he t
Further mor eo,f thheeata ngoeunnetr at ed i n the system
canot be cooled to room temperature by air
above room temperature. A geometry that 1is

the simul ati orsfudét adorhaumacehdgi titbe. heat

o]
(7]

i ngle heater signhnieéiadkbet ggh eenceunphertad ur e
as weawmayefromgui deswawe¢ o the substrate bul
The cuRiVd3sc) nand (d) provide system desig
about choosing the size of simulation mode
single unth, of i50 Gen®hegrhg However, when cur
smal | number of heaters at the same ti me
generated heat will Fb &3 moFroer tsiwampdtilcatd es how
have a side Il ength of 1050 Om, 30 times the
the ther mal crosstal k si mul atheoant. dlehn esr aatlelc

by multiple heaters.
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(a) (b)
Average Phase Shifter Temperatue Minimum Temperature at Bottom OC
m Surface
309 | ¢ 50
T 307 \ . ZU’ L

305 o 35
303 * 5 30
g 25 -0-0-0-0-0-0-0-0-0-0-90-90
301 o
E \‘sw a2

perature

299 g :i
297 =
5
295 0
] 500 1000 1500 2000 0 500 1000 1500 2000
Model size (side length, um) Model size (side length, um)
(c) (d)

Fi 83 a) Mo d el geometry | ength sweep nodrel deagteeormmitiriyng
usingi buiinfdini te el emeinthuladat bonndasyl t aod gdemetry |

shifter average temperature and (d) minimum temper a

An alternative approach to solve -t he mod e
in infiniThe enoeméyn gieso meRli @ tbr) ataendl ithe si de
ienllg0. Oha ymeirgsh| i g hareed darmeosutinadeetitente® undar i es
analre assigned tToh e nsfosfatirvieagdrceble e meé mtes .coor di n
|l ayers wusing a scal i,ngtr,6mnthireond®Wwiatul ta sgai

fungt ifidst Jdef i ned as:

i 0 L~ . (31D
A}
f(ti’t'):)p 5 r‘]r]hn 0O p

wheires the swhilceh iwd ditthe act uahrgisay sutseemm s i z €
i npvhti ch detemhapeoaechfih®en t he drawn geometry
systemfisisze ar {loegs st hteli asmccatliionngs lilmgmtr e a b es

begi ramidn g e @acbhreusptt | iys asari ed from 0 to 1.
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on

i s

Using propeirbap@rhaentetiegtsl,i ght ed tthoin | aye
présventactualTheystienm| st zen resul't of the
mper at uUA®hi £ h2 mat &h eFsi JB(hce)o we ¥ dlet arseis

t he i nfliagdethe gdllgmearetnse so the total num

compahabmedel widfho®0.E@eesil mmigahison acc!l

affect badhobiyces of scaling fuhlkei bahawnidori te

SC

t e

al i ngmuamamice h onhe temperature distributior

r best Foes,ekbmpféxed temperaturheeadtoundar

ink coniactreplmacadeby a convectitveeeuhletat f |

nfinite element using thedeamatsesalfirom t
suf or mmeé d e | Si zreet dpat yb e shhoweaxepmati de t he
sifophrt cg@seiamu |l at iacsrh orwdid @30 c) ahhder(af)ar e, t hi
rmer model simplification and approxi mat |
Fot hhmeaxi mum ar riary tsh e el, stt dird y smouiet o ssa nzee

the actual system for Modhel loafbh gtivieeo o | i n
prbobachbBedt hihrne alteeyerandsphascsteursds faee si mj
ept athalmber of meahl| ebeméemtag < me umodel c
mpaoahemory and the computation can be c¢comg
The mesh reskulgd iTshes hmoewsnh ipnarti ti ons with
i naraydrner withabdtbwéplkeemesthmaogiubad

r.l itlere overall mesh at theodMBsam,d wiptth ct
trahedr al el ements. The tdg®I, wdnber of |
Finally, accof3®d)i ng heogegaahinog materi al
mperature distributiQunaiy Tab¥lehbwsmal co

st of t het itvh e@rimasl odontdhuec materi al s used
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Kelvin. The asterisk symbols following the

dependent

(a) (b)
Fi 84The mesh grids of the finalized model (a) en

Tabllat eri al thermaldepmadsi hvities at 300

Materi al Ther mal Counjd @Q t
Silicon (S|130

Silicon i|l. 4

Silicon 3Ng |20

Air 0.0263 *

Ni ckel 90.*58

Al umi num 238

Copper 400

33St eadyyi Sgatee Si mul ati on
With the side | ength of the geometry fi X

sweep study fofapppheednpwt t hied tcaaenedfeorr nuendi.t Tc

simulation gives us a fulll understanding o
-4 8



system from a single phasedharplaaty walitage | d
the current passing thramdht héd aiem mmids vtohivete a
average phase isthi dinrewgb(taa)mpehat bree and red

The temperature at the phase shifter dire
andmwemsure that the temperature variation
2 ' phaseAshdrfdi.ng 26wi ddquat 18n Om | od@waand sl o
factor of 6, the r @@Ci anddviee nher athihiee ng h it fet
red cbor@g*® adns htaive average phase shifter t el
AC at 2.3 V i rhpeutr ewaulltta gvea.l i Tdhause,s tour model

voltage indeed tOheakResambaicsegs etnietphase shif

designed.

Input Current and Avg. Phase Shifter Temperature
Nickel Electircal Conductivity

—e—Input Current

—8— Avg PS Temperature 300

=
8

|

Input Current (mA)
8
Temperature(C)

g2

g

50 100 150 200 250 300

e
2
o

0 0.5 1 1.5 2 2.5 Temperature (C)
Input Voltage (V)

(a) (b)
Fig85(a) I nput voltage vs input current flowing thro
temperature (b)) Temperature dependent el ectrical <co

The bl udi@sraye sihomws theTheawvatueupnfeheat
i S o bftraosmuead ace i ntegration on the nor mal c
't i sliroe@ghlty neéfeat eapaltt agas expect €d5by Ot
| awThe current flattens out as ttheeha nput

temperature dependent eleactdribal paoachetceér v
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the model of B0 sAENEEBFb). The electrical

decr easstlsemperrdtswerener ef or e, when the input
temperature at the heater rises so its resi
it is suppressed.

At 300 AC the eliasctahioddSli Em@mxdWpteirvimey er ,
60% of et haet OPacl Au~€Ean find the current drivin:
dr ifvredfin §5. I n this casemusat MBupgpmh etmbe® Wdtr | & .e3
heater el empmabl pofamekesdtmer mal current dens
heater iFsi @.hown in

The heateffivensiegments; the center segme
nm wide and the lctntheorbr asdgmedt s afet el O
for the two inner segmné¢wondoane riToqgeed mment sr
they mrppviode i et eheraetsiinsgt atnhce amhvees3ORehACt er
temperature Tahte o3 méli mpuutrent density at t
1.73%1™Mm The current flowimpbyhmoughpthenpe
nor mal currendr adestd i OHOMm texan hchEThe cal cul at
result matches the value from sur famade i nt ec¢
verifies the correctness of the simulation

't shoul d thes i mothet endulrate nti sdeingshh @ty t he
device may have releil &ktitiriotfly iger .4 a st hheet aa b £ ¢
simulation results as the simulation mainl
i nput power and tempéenatend, atht erpbabe s
2 phase s mmufbte proewdleurc ed or t he geomentgred of t h
e.gncreasing ttohelotlntchken ewsisdt h whil e keepi-r

unchamgeldower theatcdmurdéentl ohaelnsi ty
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Next, we show the detailed temperature d

voltage. We arme tmheti mpaetesfedrive curren:
' ight traversing the phase shifter, the he:
system is at the heater, and one must ensu

functi on hpe olpiegHes talth iegsmptee mpgaira@t. ur e al so di
of available feedback signals andWehe prec

can ladarbre heating efficiency of the syster

bet ween the phase shifter and its correspo
e T (Am)
RO, & > o
AN\ \}“ z I
N\ N\ ,

NNV l

Fi ggHeater current density at 2.3 V inpu

The temperatuhe diest eraRa¥irmmwptpli t @d t o t h
cent eirs usnhietwg7. i A significant temperature ri
the heater and the phase shifter/ wavegui de
(such as BEOL met pdnd ntaltehrehern owcrud tc @rmn e@ct i c
room temperature. This is a near ideal per:
be thin and narrow at the center serpentin
An additional l ayerumfia metdatd bDoheedubanrtr
keeping the <cost |l ow. Ther ef oocec,atvwet heens ur
heaterds center serpentine segment.

Fig8rbgi(l l ustrates the successful heater

abo4®0AC at the center of the heater and t
-5 1



move away from the center.

Metal connetion pillar

(b)

Fi §7Center unit cell temperature distratbhuxdonamd th 2
the air claddinfbeotebhher wahaskhurdesangle pillar is t
OC andf MBhe cTeme ecrompnexcetli on met al pil |l arcsl aorfi ttyhe r es
The wavegui de sbhl arcdktelde abtye rssTcheea d eimpge r at wrfeaichte t he ce
cladding is raised slightlyempoemat tiifhee ammitemt ctoampe
met al pillar is kept near ptolwerarisen td uteesmhmpamaditeu mree sii

(b) bottom view focus on the heater

FigurgiwBes8 a close | ook of the temper at
shifter/waveguide. TakomAEg4#4 &0 mtahnedmpaebnoawetu r e
150 AC atTtavertaeeghgesat ure at t hei abaovuetgui de
65AGvhich is 38 AC aboveSitnlcee & rhtei dnretn gtt enmpoer
bending parts are shorter ntottamt aiHm gshleow er
grating structur e, the introducedlkephase s
mini mum temperature is 38 AC at tHhkeeantenn
temperature distribbuitkhhee mpfe dialfsa&ir @glbais e osh ioff

heater because t hehheaet.esthiifd erri ght under t
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Fi88Phase shifter/waveguide temperature di

Fi gurper e3s.ednitnsu l saummane g ult tt mper dthiereeh eatt
phase asnmbf &xéir Om Dbl ock next tion MBeewdt hver
respeobteottaol g proevreat keaabdhsr alhree a dy J8ahrmddvrg . i n
38 the temperature along the heater and ph

we plot the maxi mum and average temperatur

Phase Shifter and Heater Temperature Driver Temperature

w
=}
=}

P
o o
[= 2=}

e L
o AR S

(=]
w
&

e
row
n O
= I =1

~
o
=}

Temperatur
Temperature (C)

ﬁ'ﬁ = WGAVGT

—=—Heater AVG T

.
7
=}

—&—Driver AVG T
-4 Driver MAXT

H
g 8

\I«

IS

4 WG MAXT 27
- Heater MAX T

o

26.5

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Heater Power (mw) Heater Power {(mW)
(a) (b)
Fi 89Si mul ati on result: heater power vs diempleirtat ure (
| FRi Y9 a) , the average tempeatrbheeat eratrehéo0|

AC and,hr3e2s0p eAcaiti vieul(ly? IndVvadasrdei negaerl ated to th
heat erA phodvebr heerafal ketuweéemgt he phase shi f-
i s ache ecabsde di st ancies bernlwe emn0Q@ hrerm The high
at the phase shifter and the heater are 40

devicesi&s 8 hown
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The temperature at the corrEB@¥AMmMdi.ng dr
Surprisingly, over a 400AC temperature cha
of the driver circuiAC.i nTshidss iitrstdemevtBa hi ysi sl east
excellent t herémmdt cgpendeurcatoed from a singl e
can bed sastpltayeuwdgh t he wiitlhowtn rsalibssitmrgattehe e
temperature

Driver MOSFET Power

6.00

5.00

=
=)
=1

Driver MOSFET Power (mw)
o w
= o
= =3

-
=1
5

o
=1
5

o

N}

IS

6 8 10 12 14
Heater Power (mw)

FigL®Driver MOSFET power dissipation vs heat

Furt hetrhneorteemper ature at the droiaviecry ci r cu
with the heatée pewephmmrasteuasdd atthedihbee-at er
monotonicity properctoyndrae yudhnadntw arna nerdc lepeo we r
di ssipatedefr MOSEHA Idlrist r atda ss sti tpeatpadwdrr om
driver MOSFET vs the power generated from t
fl owing through the heater is  ,sméahbugb t he
most of the apppapckrgo swso Itthaeg edHoiweevre rMOSFET . dr i
MOSFETO6s power increases rapidly as the he
MOSFEVpgIss still | arge. I n this region, the
than the heater does.

The maxi mun spopwaaredd by the dr mWead MOSFET
mW by the heat eWwheant tthhee dsraineed & cMESAFSETSO sf a st
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than the increase of the heater o6s current,
and reaches at |nifi uwiloraaw s tv ad fuet he supply volte:
heaTlkee.driver MOSFEW of sthpathestVeab edtst p®Iwler
| oaChb.mi nFNgA b)) Fa@dP the maxi mum temperatur

circaurntrs owhen wehre migke amedr t pbe dri ver MOSFETO:

MmWThe situation is even worse when the the
driver MOSFEFBXK®n .i At beapeoahure sensor i nsi
wi || regi sftreos manigtrasc emeé atdr i ver MOSFETs due

resistance ofAst hae rM&ausintd, s ttrhaitsehf ul |y ref | ec
at its target plheeefshi éteit oi sheampemact i
temper at mmr ¢ heeimscour dir. A t emperature sensor
monitoring phase shifter or heater for hig!
't i s worth menntiiompdnegs iatghmafttf rtdhdetr vee @ ns tah e
oft hdkeri ver MOSFET and (pewedremasi @ag redadfici bat
heater and théeodmawxemi M@SFBEE) heating effic
power dissipated byhaseérdnevearMOBERERt 2
to be kept as ennmamoletasupps$ys bdoecdrtdsgsh ead rhoe at e
combination of the heaterdés resistance and
w at fuThel baat erads frudvsl), sliwaamc e expressed
Y (311
whebeis the power supmpliysvbheagewel. BelYuia
phase shift which we use 1T2henWh éatserdd D nr & die

is temperature dependent, and theasal ue at
Y o Yp | YY Yp IT0O Yp 10 12

whelries the resistivity temperature coeffi ci
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from the sioul aheonnpesumbdined i ahe phlepret ok
heater power Vvs aver agFe g8(ead)ther i thne@mpe rcaitru ree

full Ohliosm:d (
0 —F (313

The size of a driver MOSFEOJ. hAts ftuwl Ibel daad
driver MOSFET issébuilty wdhbkowdgbdvp (gt S V.
Assuming a 0.7 (Vrot hrpalsehst letdogy elat 2ge t han 1. 8
a driver iIMEEStFEITati inon mwe gihoans. tSi rbcee stmhad | as
to achieve high ahdatiivreg efOSIFCEEITe muyst oper at
at fulUsi hgatdhe MOSFEOIn ciunmr rternito deeq uraetgi on, we

O - ® W W -0 1%
whetoies a fi xed MOMhFAEKTh piasr aarsesederf¥do i ¢ ot e 10 C

MOSFETO6s chanmied twwatMOSIMEITO®Eschgnhale Mahag

mentioned above, the size of a MOSFET i s
W O
Yo e e e By
B1bp
pem
® & Op®AW P

anidts appromvenasely por opwhretni onasl ose.to zero
We can ¢ehel stalidee i o BEr MO®EEITcal | yvawiutehs voafr i o
(‘b.

For a given he'gpthiarsgg efhifidf dciaenn cdye taatm d2i ne t h
use t heBehaungdtlippo find the heareoisteempies ba
The pdiwsesi ptaht ee dh ébyhderri vaenrd MO S &&bye tViwe e n

ang can be cal cul&itneidl aas t{@d}drpeanastait @ mn
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resi atamc@®caprnb¥ expressed as

Y Yp IO Y p ] —— 31%

Solving@Biadbeadsnt o:

31y
Y
Thus, the heater power is
O (318
and the driver: MOSFET power is
0 — 6 31
Figur(eand.al(lb) i | | @4tpfr @t e ferqouna tOi.o2n V t o 1 \

the heater and the dripsevengM@SF ETo plo we rV, c Or.
0. 6r eVs p eclthieverleygui red driver MOSFET W/ L rat
Vbs_mapproaches zero. wThe ®Binglel a)sr vseé,mid.ax M «
t he poweFi luwhviech nmeans the aonbhbAysos masuaht
A smallnot only minimizes the driver MOSFE
reduces thisuplbweangeAasdrfiphas eMOBFET .wi t h |
al lfosms heater with higheanteesiposwancea Renta
resi seamdisatger voltage drop acrlhes ptolwerheat
| ossdame driver MOSFET ciosnnsemalilngr tas tthhe M
oper altesds adulroovepytHe amlédgar ge dri ver MOSFET i s

achieving |l arge array size by mi.nimizing t

Next, | investigated various structures t

pi xel to reduce t'hpehapmoewesrhirfeg u iBraesde df corn a h2e
-5 7



the power densi tOby5Onp2 xmW o858 @ b%Tohte 5, 300
cooling capability of most mod’§n® 7feédts sin
means tclee agweraf @af a heat sink must be about
NPA. This is the case in our simulation a:
surface of the mofol Hogwebeundhoy asl arge si
power desnstiot ygilgeaandt i ¢ (physically infeasibl
power from tightly packed pixels and the ir
results high temperature gradient which ma\)
abotvlee safe operating | i mihte ploowérpehadlsiez ea a2

shi ft mu st be further reduced.

Driver MOSFET W/L Driver MOSFET Power for Different Operating Points

——\VDS_min =0.2V
——VDS_min =0.4V
=—=VD5_min=0.6V

wiL
Driver MOSFET Power [mW)

VDS_min (V) Heater Power (mW)

(a) (b)
FiglXa) Driver MOSFET px(itz)e DM/ iLv esrs MO SKF EU mp o/wer di sSsi
power f orpsdnifmferent V

One wiaycteabher inh ke croensniescttainncge t o t he heate

shiifdetro rembmeaet gffaitfhledhese TlReicemoved empt

space is fillea tlemrmamalswh atchhe ehcetast acsan be ¢
the Pi3led Ll ustrates the cross sectihams of
study.

Figur(ea)3.slRows the original strsthatfuree. T

i's air and a2i59 0b entmwetehni ctkheSihOe at er and the
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travel in al | directions t owar d t he heat

insul ation | ayer i saladded hbey temoc hsiifdgeest hoef 3

vertically down t &i lheb)h.e alttere laismisnhaotwens itnh
transferring Rip8&L®rcd ,ditrhec ttlhye.r man insul ati o
by forming air trench into the OC substrate
dicrtei on. Deep thigmchespercesulatt iion structures
deviceds mechanical strength, complicate t|
yield. AlIl of this would create a very exp:¢

0C {Si0,)

FC Underfill
Heater (Nickel)
SisN,

Air

(a) (b)
(c) (d)
Fi 81 NPA pixel cross seegtemmv dla)betrwege matl hg bh e aSti edr |

shifter plane (c) trench isolation (d) free standin

The trench deptimi 4®dt ® gsthedy aits o of t he
wi dotfh t blee 83 i®@P hase s hiis tleerskFs maddirge5a.madi ng
structur e[ iGGBhmosBsei@$liep hase shi ft efrr-eset ack f
st antdhinmg fil m membrane and connects to the

to Rihglegd) Heat can only propagate along th
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bl ocked in all t he o tdhiesra ddvoafnettahgiesinss ttAhgeat o
i ssdeowofmechanaodl cempergt habrication proce
I ntuitively, increasing the ther mal resi
woul d increase the deviceds coo-todbwnedi me
and cannot escape to theflbeotmmoanseyd Eagul g.
of meriftoar( pPOMP e shi ft er gsoweerr froergnuai nrceemeinst it
respon[s®&8itintdnec at e sadtelsa tgotfHf & rhegp €ivse enand spee-
@st appebysramovehg thermal | eakage pat hs.
communication appl-hcghi epeetioir sweisslenul &af a
f ONPA I mage apmuibeatoinonsheomlryder of millisec
rate pe$pescecadnd)ontr ol tlelchAR qapepleipeatdieo us e
up the scanning rate to offset the extra r
Theesul t s &riegl 8Thhoewre nicrhu sdleecptihn t he si mul a
500 nm, 1 um, 2 um, 3 umhfaiedassdiimwc Thiee par ¢
20ML Om, 10md0mi/ 2 a®4Om/ 3 whmr e phe afhiest sth e
tendlpdrmd t he s eciosndt hpeardainsettaenrce bet ween t h
the bot fosmeahdt.hgThd acdciki f erence between t he
hei gthlhe of up p-@mdtiehneg Heoat emu lsaitmpolm e ittlyi,ckness
of thevheiaedtread of changitongktebe hbatavegag
shifter tempeAGt wieéhaRolBnd 300t afgoarl Hr op ac
i nsul ati on .Tchoen ftihgiuckane sosnsi ismy afieardr as &ahe
introduced so the heateAl tphowvglldeis hesst pbaw
account the currentt heapnadint Yp uo fp otshkee olf e @ the rs
thermal ohn$éebhatures in a NPA pixel l ower th

apptllye rtemptimize the heater design based
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speci fication

Phase Shifter Average Temperature vs Thermal Insulation
Structure

—&— Original
0 um trench
500 nm trench
== lumtrench
—&— 2 um trench
— -+ 3um trench

4 um trench

ower (mWw)

o kN W oA W e~ % W B

[

Trench Depth vs 21t Power

Trench depth (um)

(b)
(a)
Phase Shifter Average Temperature vs Free Standing
Structure
350
.Gz‘)o
%zuu 2um/1um
%_150 4um/1um
& o0 4um/2 um
4um/3 um
50
o
00 05 10 15 0 25 0 35 40
Power (mW)
(c)
Fi 8l3®hase shifter power performance with various
insul at pbapsoéwe)r 2vs t hermal insulation trench depth

T hfei r s(Bi2®t e priendguc e s

mW 9om@®%Anddi ti ona
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transfers tios tpmeoppardtte odnianl lg tto of 2time suppoc
summamhe, | owes?2 phalbieposvhdrf ¢cof t he etching t he
met hod 2 .9%Waboh2l sZicsf t he origimaduish enpé ret st
i .@&@bqut 80 %.power saving

The relation of the average temperature
2 Om trenoh depth structure and pixel pitec
Figlg¢a). The length of theOmhhessshhéanhethe:
pitch, from 8 Omiwgotl8i OmctTheptepgchi ona
because nodiemlislidodreevcitcleystob er pn beelgi. pisheh wi dt |
of the waveguardeetphase@aedhbfytehe sl ow | ight
and the prophgatesesnl mnodbdows that for a san
the average temperature at a phase shifter
ener gy itso ca nefonlanlehde r However , (2% asohrodritnegr t o
phasshei fter requires a higher t2epnpageatalrief tr.a
ThZphase shift power for dFkif§ldirb®dmea splixve!l s
down factor is as@Gonmédvihoybsdgakisohpspwarel
requirement i ncreases. & itrher emisxeelofsitziee
temperature raise due to a shorter phase s
efficiency fdhmusmalhlighmevolpomwer i s needed f
and finer I[heam wiodtsh .bl le&tpoh afswer tshhe rf tr et deuncpee
with pixel si@m, gheadwrxne shphacphése owki fter
bendeAwilé ut signifiwhnthpaobphageafsfteocd a lwbek &

| enign heqg@%9.t i on
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Avg. Phase Shifter Temperautre vs Heater Power with Different Pixel Size 2 Phase Shift Power vs Pizel Size

—10um T,
—1lum =
—12um 2

o3
13um &

Temperature (C)

2
—15um

Figl®Phase shifter power ppaef osimairfctdegliideenmpaaneir o vs
average tenpéeramsecvemri Xdl) <Lize (phase shifter | ength)

The above simulations ar2i mniteep edmatveed efnogrt ho
used in a LI DAR tNRA ciosr el 505f0 tnhme wavegui de/ pl
i nesatd of silicon nitride and SOl wafers are
of a LI DAR NPA Bii&lela)n &. (sthibpevnmajnor di ffere
relative | ocation of ®The heater Baedothhéeoph
shifter. The thickness of the top | ayer sil
as the core o2 ©imebxihdaes éb elhaw ttelre tthep | aye
|l ower cl adding.2i §r®D6vth b opttobpf clkaly&irO si | i con
cladding. Fi nal |l yon tthhee huepapleeer diilsa tddaenpoogs.i bt det dw
the heater and t e thlragde sghainfcteen ni ¢ hea &R &

coupling is achieved.

Sio,
FC Underfill
Heater (Nickel)
Substrate (Silicon)

Air

(a) (b)
Fi3glL: ! DARpNRAImMul ati on model crwistsh stercdn ohbti (e r mali gii
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The t-bprcmef ficient ofetshdn csoinl ii cso Mmurciht rhiic
sl ow down factor can be2pphastewdDbDnotndidyer ef or
elevate the pha6e AGiabevetempeamblne et t e my
phase.sfihisdegind facant eadd@idoi ACGm &&RmMNPA usi I
siliconfhei trreifduel1 @ 1l mstrate rtelgauti remenpower
LI DAR pNBuwe It hout air i nsul atThopno wsetrr urcetduurcet iios
i s about 50 % comparindowietvleri{ héheeeulpeste
reductZ7bof belreewqsud red t empelrlaDAIR eNBAiifst oonfl
onfeour o WMRofNFPAI s i s mainly due to the high
siliconamdibtshe at eSicRages bét wben t he phase
silicon substhreatte ttransfeck ishenl gf t2erOm. T
etchingt tphwvanset oshi fitest pll2ain@m atnide trench t

insul ati amedturcnecd® dmds% omW a nrde Ap c tmW el y.

Avg. Phase Shifter Temperature

Qriginal

Sidewall removal

Temperature (C)

2um trench
40

00 1.0 20 30 a0 50 6.0 7.0

Power (mW)

Figldal DARpNBAIMul ation result: average phase shifte

di fferent pixel thermal insulation structures

To suomululpDAR cNoMAs ammeiatl £ hpeofwe® mVWiMat our
VR NPAqu(ilrles7 GvhmW) no t her mal I nsul ation st
pi xellhbescaiusse of hedmoclhoeghHeaerci entt hoef wussiel iocfon
sl ow.Whieghteher mal insul ation aR2phtasenchésta
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poweof our 4] DARWNP&MW W els.s52tpthars ep dswhei rf t
of our ¥R7®&PAW(sue stod the high ther mal con
substrate, t her mal I @fsfuill @tnéedo Mthhywtrhmadct break ag

negdthaedv andifagiesg siliconcagsethe phase shift

34Transient Response

Ther mal stirmur saitédmotn was peswii cathméan ebnacshe d 0 n
strudcti @t shows the sbsmul atwaedn co8smt €& onhbe
transient simul ationalregwiuree mbhrae ¢ dmap us
di scussed above, t hley siitnhetlrragail o d owas ndone p

Usiaowr uni gqglueco b rfokedina t ktohdiosn thoenattienruous | y
swi tlcehtevdeveon sroedret i o n eNdo apboomea | € hper dhwmiad ed by
t he sensinMygeaanmmet ant power i s generated by
mod®hus, a heat source of 100 kHz square w;
to the targdhaheaserttderdaothyi ons of the he
okach cycle are 9 Os and 1 Os.

At steady state, the rdriisveax paolépade ecour r er
t wo conseasthievamptl at e@sles B Jl{hae) haénadg e(rc )p.o we
317 b) and (d) mslmatwe dnhem heater 6s temperatur

shifterds average t efnopre rtahteu rheeastdaor v eoultdged tia and

i Ri L7 a) amhhde (tcémperature of the entire sys

Por both | oad conditions, the phase shif!

(@]

ycl es.
The phasésshieimper at urpa g sfpiolntseers vaist ha rl e:
heat er Rippopweeri.s t asheexpeset 6dat er t Tmeds on &

ampl i truidpep soefa b g thti ran e f t hBo hmigmiemit z ev atl ue . r
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amplitude, thheste e k €ipb g s aoiddke s mal | cooling
consfFant VR applki cgatpipdress,adte s onany perf or ma
because the frequency jtshef ari nbnetywonsdi blo2ndd oHz

most peopl e.

Heater Power Heater and Phase Shifter Transient Temperature Response
14 12000
5 :
£ E
P o 60C
i
E B w0
: E Phase Shifter Avg.
® - Heater Max
- 30 20 50 60 70 80
Time {us) o Time (us)
(a) (b)
Heater Power Heater and Phase Shifter Transient Temperature Response
:
Phase Shifter Avg.
Heater Max
! Time (us) oo Time (us)
(c) (d)
Fi 81 NPA pixel thermal transient simulation result (
results of (a), (c) heater power dissipation at hig

To sum up, the traesitéhmisrdsdchkmod @atkeoeadb &c u
dri memdans ssmuitable for tNRAcphi Bdlesuphiatsle . 2
shifter ds t ernpiesectcerses faudd ybeabove the ambi e

and stiamidirzdasanamlne

35Ther mal Crosstalk

I n s$sdctdheonanal ysi s of tphiex esli niuhleartnsaol n cfoourp
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p

reseAst eedx.pl ai ned earlier, t ol ovecxloane! & hz2]

NPAs with independentepbtlaspi xelhtcoht dioms all

S

D

hifter Aphdskeahef matly sdird oal sildededt oy t her mal
nsulagthnitormduced in .Thespheeenitboas peduciong t
oweeelbgdconfining tBhwud heoatt heen armgaylchaengpt x e |

till | eak t sarnidnee va djadd egntr ap.isels hpr ox it mimpy
ffect causes phase sahli ftteenmpse rtaot udreev iaantde ifnrtc
rrohpur poofset hi s study i s to qutaontusfe tthhies
nf ormati ohet oeexploéra feedback control mec«
orrection procedur es fmrmadimatgitiemimail nguphasey .

The asririzagy t he si mul ation modelThe iexpuatnde

ol tiasgeet | i rmihtee dc etnd e r uni t and can be ap
i mul t alnheeo usil el b yaocve dmad ed ®ldumn i ndexes fr
xamplent eathepicxeds i gi3xEHee rarveedr atgoe t emper at u

hase shifter inThkbeaapitagdavel magesrade e
epresenting the off orFrfoun Ityh eo ns isntgateu su noft
esul t s, t he averaagphatseempsehriafttuare irsai sreo mar
ener agdheddleynbs h eTarusynp ¢ r atouarde cfoordilt i ons be
ff and ameli Inywaotne r Holwetveed., even with only 2
nits FPpadsltddddiongl i gulrtatiiosnsmpossibée to
onfiguratcieonapnesemlitywti ve cases are chose
Firpsitx@t e turned nehooseeabhowa these pixel
emperature at.Thbeaveadagaceammpeirxalses at p
or pi2elDsm wr e hbcahr rdirekrramatt hout et chdme t herr

|  ustTad3d2a@adTda bBlI3e The highlighted cells repr
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turned mprafadhidganidab3d3e t he t e mpaedrjaatcuernet apti xtehl es
reduced byrleakh bwmheareeaslspr esent efchuisn tihe I @i
essenttawdpeitxeedrsrounded btyhesromel fiomgnalodt i on
Not dolgreduces t he p,dbwidal @ nsuwpnget e omak
cros.stalk

The tempgesttiubdbenobnsymmetric with respec
Fotrhseame di stances awayef rteemptehcaitdpairshadey son p
i n the asraemeh ingopmeatnipee r at tse pis eien st he s.ame col u
For exalmapbBlZe,af)am one pixelt hegi ftaoah [ PBwadye priocml
traperaturapinel saga&8s 2] antdh¢ 3i, ddrraa@ge @ingth er
[ 4,T3hi s i s because the pixel 'S not symmet
orientathieamlead eTihheddti f f errechacsesBOV ES away fron
t he full yT ldiescmiusseele r ma | coupl i ntge mpse rraetduurcee d
vari at i onshec aaussyexdmébtygie © mehter we deegnted t o

Comparing Thb3d2eecsmue tsan nfi nd tihkadt itdres t en
centered on the fully on piixell sarag aglhneo st
boundhrgh are ¢ emweiozlsddieadr gheyr t emper &tour e i n
exampl e, the tempbeown dareg]ilifanb32@s ess hatgher
t hahe i ncrgiaXels Tanb3l2@wéed i ch ar e omeet Ipilxedatl ed
anadne ppxafwadgrhe f ul loyf dehsep ecegoenifnigg.ulrthet i ons
di fference is 0.486 AC which i FaBBB®a)t. 30 %
On the other hand, t he2ldimanbeancantet weenpi
[ 3, IpbA2@(whi ch narme same rted att heier pfowlnity omn p
t he pre)iisouosn |lfyg@sbemD Il &r patt erarbsd hean ph & edss d

the Thaddxsumpt nohoom ai i agiems tdé &edcitqfax e |
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| agyemructure around the,rlecwth Basrsryo rp.i xFed rst U ma ti
t haeb s odrurtcer reduces as the di st alrhceeaeefforrom t
combitnhreegg oafstisngl e f ul lay 50nx ,c58&dewsmiytrhat ed
temperature diséenitbutctcehlcmampibmeg aosbu sah gnweiad n

i Mab3ld4ddemper atures art xoaefl lcsamultes ieadxet rtahpeo!| at e
This matrix is the i mpulse ther mal respons
di stributiomrd dan thhe oalnocvwll auttd D hmaptfr itxh ei fpi x
t he t her nrads piososdes tnaelak .

Nexmu,l ti ple pixels are turned on simultan
single pixel results to check whether the t
be appr oxiseuapteerdp dosyi t i on oTfa b8I5snhgolwes ptihxee Ir erseusl
of i nner b2imng3 apvil X dildegedvn tt dhd@n @i Xxleé sEsobmmati or
superposition.

When mueletairgl ¢ urned on fully, each heater

thahe powtormar t iemul at icoenlss whiarnee do mlny adn &

Thi s | s héeie ma lucaoenitorno | i nput 1 s Wiotlh anguel tiinpltee
cell s Hhdriemag ocnr,osstal k caus$ ®shgtoghhee rh etahtaenr stoh
value when onl Yyisceghtédeceélnlput svohtage is

powers ar e rFeodu cexd nepllieg h wohfye. t hheea tpa rxéed [ 3w €3r]
mW and 4.TAabib@c) TabIRea)espedcltoi vckdgyei mati on

errnonshe convoahBddhan Kmwalbed ydhoewnm atacpbuaf t he
h e aGpeorwetr hé nmul ti pl et wnt h e slpamantelwmet dsoinngl e uni
Si mulsatobiroreaclhf ptihxeelcorrection factors are
temperature dab3bexkeli §3288 A6rwhich is 6.5

val ulea b3l5edTab3l5demonstrates a good agreement
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resulttheesa n da g iTagpdIder hi s proves the ther mal Cc
is near | inear with respect to the individ
Ssimulsaoroal | possiAn ei mpwmlifsggureaspomse matr
combi ni nsgi mswelvaetriadfnusl loyf a tsn chegél Feke riesn te nl ooucgaht itoon
cal cul ate an approxi mahemrd ttheenpearrraa y rsei zda sits
| t wost h hneottéantg t he oinngpeu Insaet rridxs pinsd eg e ntehrea t
assumption that the temperature at the hea
temperatulrme, oBIOO&r Kwor dss & mhteH ndhrer atyo t sail z eh eia
di sspbfpradm t he maght & eishtee & h@gsa onlkianpga BAs t vy
mentioned before, the suabddwerbempeemparatrt
to extract morNePAlewmwper dbura dgradieents from
to the edge muasat besogerkstadtoedThdeer om t he
eXi st enceempoefr atthuer € e gibfgicheesd rstismul at i on. resul t s
This i s eilmbtohseetcatieimotinei ttioonahle pr oxiemimy eff
reprierstghnet gri adineenendoedde It ot he t her mal I ntrodu

accurately. This wilsinbehediphassedtriramm .manael
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Tab3d28her mal crossealbkOmi mar:afaveenrcahge tecanmplease ures af

shi imems 5 x 5 array. Hi ghlight cell represents the

nedrf ndc n oy noc non Hdn n oo HOy noy n oo

noc M P nodj HPcC nor noy HT O noo noo n ®d

n oo ndrl HTA noH nog HPY o0PDh M Dp nop n®H

noy HdC 0dd M D p noc nor nor nop n®o n ®H

non noc nor nop n oo n oo n oo noy 1 dH nowm
6 O EG BDY O akE®SBHY

noy M Py noH H Dy nog n oo nor M Py n ®o H @ (

M P nén HT® ndo n oo noo nodcpl ndn HT O non

noy H®c oddh| mdPp nodc nedéd noér HPd oddh| mdc

nén noc nor nop n oo n®H n®o noc nor n ey

n ®H n ®H n o n ®H n OH nom n®y n oOH n oo n ®H
0 OV EdS Bd Y 0 RN EdS Bhy

ner n oy n o non n PH n®H n®o noc noy ner

M Py naon H®Pd nodT nodg n®o nop M D p non H 1]

nor HTH n ®H n oy n oo n®o n oo non HOD ® n®do

H Dy oddpl| modp nop n ®H noo nor H®cC odp| wmdc

nor n®l ndp n®o n PH n®H n®o noc nor nop
0 3HESBHY 0 TAES Ba Y

noo ndq ndo noéyH ndwm noH noH n oo n oo noH

noc nor noc n ed N P H nodq ndp noT noc n oo

M Py naon H®cC nor n oo noc M D p non H®C ner

noT HO ®| n OH noy ndo noddg| ndn HT® noH n oo

H ]y oddp| wmdc noc n oH noy HbdC odp| modp noc
6 AINE®IER Y 6 KX Eds Bd Y

nom noH nod®y ndo n®o

n oH n oo nop noT noc

n oo nop M P p n®n HOT

n®o nddpl ndn HO Pl n do

n®o ner H®cC odgd mPc

6 MOEG BE Y

-



Tab3d3dher mal

crosstalk

S

i mul

ati

on

resul

ts

temper actaupteass emtishi d t 2 rbsi goh lairghaty . c el |
noyd mMmdmd Mdn1 mMPHg n Dy N néni yeuHgq nddy mdcH nPT({
M®PoJj 0PMH T Pp( nen Mmeon J PPTJ HTH] ydPTd MPTH NPT J|
MPHN y PP HTH] yPT ] MDT T noyrn 1dénd odmj mdPmd 1 Dpy
Modni ndoy TPnJ odniy MbOM MPoH MmPoT mdnr ndcyg ndPmod
NeTqd MO®mMn mdog mMmdnr ndc)y ndécd nd®cyj ndpd ndPrcH N Py H
OMHNESE ©oXo08 2y OANESE OHSHB 2V
MPp1 odPpd ydmd ndyd mdc g ndémq md®nyH o dp|] ydmd pPdPndg
MPhy dPanH HTH] ydTd MDYy N nomog MPT1 yddhPd HTH| y P
Mdny nd®od 1PN odPny wmbdm ndcg mdofd ndoy Tdnr o PH N
noTyY mdmgqd mMmdod mMmdndqd ndyT nomm|] NnPH| MPMH Mbdd MPnYy
neémi] ndée| ndPmy ndwyH n dm ndagd ndénd ndmq ndpy ndp(g
0 OHESEt wHZ0B 2Y ORMDESE wHING 2Yy
M®Po| MPpH MPHJ nPyYsq nPp N nopH NPl medémg mdnd mM>Po J
odcH ThPcy ndny mPo1 ndcH noec| mdmdqd odmy 1TPcH ndpdg
dPcyd HTHYG ydPTN MPTH 1 oPT NOTH MdTr yPdPhg HTH] y PhH
ndyH 1dny odngd mdmg n dp ndcr mdor ndo1 T1TdPnd o PH J
MPod mMmPod mdnyg ndcd ndnr noempy a1 PPN MOM| MPod mMPMJ|
03HESE woIHB 2Y 0 FTNESE wozn8 2y
ndad ndcgd ndPpd ndn1i nPodg nemy ndpi ndPcH ndPY N Pmy
MPHI MPoY MdPmd ndPmy ndng netrd mdng M®Po| MOPMH NPT H
odc TdPcT] ndPnd mPoqd ndc N MPHJ 0 DM TOPpyY ndnyg mPo(g
dPc| HTHYG yDPTN MPTH NPy MOPPH y PP HTHY yPTN MDT Y
ndy1 1dPpg odmr mdmi ndEd M®d®ngqd n®d®nd 1PN o0 PM| MDHN
0INVESE OnZHB 2V OKHESE wnXo6 2y
nogl ndmpg ndmd ndcdqd ndc N
nénd ndogd mPaH mdogd MPMY
necny mdmg oda| Ttdc N nPpy
nomTH moeT yoddp| HTH] y dddg
noagd m®do1 ndén| 1T Ppsj o0 PH
6 MMESEt on=né 2y
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Tab3l4Es t i

Tab3s5&d@her mal

t e mpheer atewnrtee rd ips(tkreipbulbtsieanng evkiptbhh g e

mated 7 x 7

noneyg ndecy n dOH NOH| n®w1 nPHN N dOMT
nowynN ndo nop nor noc nedd ndH
noHg ndp M P n ®Ji H®cC noT| ndyd
ndorn ndd ndér HTHY n PH noy|l nodgg
ndoonN noebT H®cC o b M ®p nopl ndo
nomwH n do noc noT nop noo|l ndPHH
neémiy] nd®Hd nPoy] nP®oH NnPHY N PHH nPmMT

3x3 on except than(@he)nteesrtd(@aauv cddurthigdoant3 xo3n al |
andd) estimated by convolution
pon| yody11 mmMmdy] mandsg p dyy odyd TDPDhY] MAPN dPH] p PH(
ddPp| Hynd HyHqd Hynqd pddJ yopgd HymMq Hyaqdq Hymq cddc y
MM®P HYH]d HNn®PT] HYH]d mnadg MA®PY HYyodq HNndT Hyod M dT
Mn®qd Hynqd HyHqg Hynq y ®c N PdPTH Hym| Hyapd Hywmq y dnH
pPT PPHN MNP TPPH 0 PP pdPmgd dPmd mad®g 1T Py1T 0Py Y
ol 0 600
pdno|l pdnplmMmPy| mandc|c dH D ndonwep|ly doy|vmnody| pdPyo| p dp g
MNPH|HYMP|HY PP HYHDP| mndc PPMH|HY RO HYaD|HY @D mn Po
MHPT|HYPDPHY PPl HY p P MMy MMPC|HY C P HPMP|HY :HHP| mMm D p
MMPO|HYHDPHY NP HY MP| DMy MNO®N|HYODPHYCDPHY HOP| Yy Dy
comn| pdy n|mndt|y dnnfndon pPpp| PPTH|{MNPT|Yy Poy| n dPm
600 O0RU

36NPAcal afmialliytsyi s

The
shi ft

NPApiosver

above

crosstal kmuditpiipkleeb e iomgresuheédi Mmmersi mul t a

on (c) ¢

si mul ati onsalfooccauls soinn glhee ppiexréeflo.

t hel drmgeasb/estt @ mt H ¢ e rBreacl a urdeds gaoupres e C

hungry

i nt egtrmd eldoc all

cool

hi gplerf orcrearndeng

ng

average

and the NPA (0C)
power density can
ctahpp@abt | coyynmoh!| y used

power

devi celsi gls

circgrigafifsgct edtlay tplmevermtden OCmpti on

tt @ ou s ep ri nd; tchoementeercp earlat ur e

and

be

t he ¢«

one or

modewer hkeat S

habédernqueported,

e .

cool i

d éh & tadn}d 5K W/2%[ 11160 fkh@ fcamls ¢ s e

Forrel i alopdeé n ft gr mance o

t he

MB must

be

-7 3

f ot

h e

dr i

ver

at t he

i rcui t

Klep e sdtehieo vs i 1z 2H5 e afddu @l edNrPdhe 1



phased arrayomgs wilgtad edihypleearst eesses t he hec:
creathasgh t empgrratdu ent acroAssdetheofent heem
simulations for characterizing the functio
MB and the arraryd sprzeviide £ sisreqnitghatls f or sy s

The FEM geacmdat riine $tihxeehleein g tamrdi cs ma |l | arr a
t her mal st udsnsostabskue t abl e for esgstHgmal eedl s
pi xel atr sgtstreen | evel makes the total numt
| anfgéhe 5 x 5 arr bgtehgeeromaet rcyriossssehdarl Ekh ys t fuidtyt e
our workstation with 64 GB memory and the
with the)Taruesapgylséeeael mo d evlh i g & o mehted ywecxeasc t
pi xelurset tshicmhp!| esi sh acptewc icaolnduct the study
computation resource.

Figuree®onsg8trates a series of simplificat
of abstraction. Same set of oper atthhbeng con
maxi mum temperatumedal armhe vidddm hivaa leddathioy of
the prbc@lssh), the phaprprsds fdred si,nt erconne
omi tted tcomplae i mrgi Fgiiga 8§ bE anplezgalgeabh er 1 s r epl a
bya O 10Om recTlegderrentsudc ha-m§@md &Dmi n
sqgudhe. |l ayers between the heabher siTgepdecurr
simulation of t he siinmptihedr i mad modnali nii. s Npu v«
current boundary conditiomiifsrap ploiwed tsm ut
withsvaltuesponldoadi ngp ddreddti beaadadhmede talpepl i
currenttl cfle ®FivglrBc) and80m&Dnc utrhreent 1ddm ver ano
x1Omheater bl ocks are fuawveempagweermodemrs iatnyd

conditionseacé WPpMdMl eedobbdobl cc ksu

-7 4



Fi 81 &implified 5 x 5 simul atstolp mepdmaplfirfMined mpdeb i ¢
(d)

The simulation is perffoulmesde giune nt umahil yg al
measured the maxi mun htee hpdrl yt wrne pa®vetrh eo f MB .
mW based on the r ©&miturdeéncohf tphiexrefiaWwlitnhs ul at
summari zes the si-awil @prn esheer teassi mbteusr-ocefdh ¢ he
pi xel in the€hei makamumnt e mp bseiantpulrief iaetd tmhoed el
i's | ess tahamotdlee serai thlkad amesteal 1 nterconnect s
bet ween the heaters and curréamtghtemrimaer s a
conduaotagarmese for transferrimgohéate &Berdgy et
Nonet htenkee s symaadd t he simplification is val
Firtshte, temperature distribution at the MB I
from the cWNegérectdngveesail ed NPA pixel st
in the simulation modebBEedomodstn ohte aatf feencetr gtyh
t hesOCI | tr avredissheasgomypaerrda tMBrde baet chatulskaeenakt
is attached to The MBREMmMbwmpt smpréead@Eeuaed i S
because the energy spr.ealdts rleastuelrtasl lay laess si tc

-75



mo e uniform temper.ature profile at the MB

MB Maximum Temprature for Different Level of Model Simplification EfofsfromSimplification

Fig 3.16 (b)
et Fig 3.16 (c)
- o—Fig 3.16 (d)

Temperature (C)
Temperature (C)

Fig 3.16 (a)

~ Fig 3.16 (b)
Fig 3.16 (c)
o—Fig 3.16 (d)

Configuration Configuration

(a) (b)

Fi 81 %i mpl5i fxnestleil mul ati oMBrmaxi mum(taémperature (b) d

maxi mum MB temperature betswenepn itfhee dormogdienasl. model a

The errors due to the model simplificat:i

esumdgir ves of stRipglihet @l emoesmp| abpepianug,e each

]

step only modifies the model of the previoa
about 0.4 AC when only one pixel i's on. Th

on at the beginningnlutd. Se tAtCl evh elme tmwesd n p0 .x

5 array are on. As more phxethHeg edbBhe aotne,r t he
due to the simplificdahiencpmpeassatreset heat
transfer effect thet wiBe nb etchaeu s @Ct hdme dnaolt i nc

connechi othe modslheareldhraoerdauscel toshawlkatdgatsi
NPAt,he error of the maxi mum MB6és temperat ut
using uniform blockgs etnd duoeede @ ol e &Gecrese dand
The model geomesdBuy pawannde me nk ¢RibE2HOd | n
A met al pl ate (Al) which is | arTgheirs tihsanan h
indirect c ddlmie hpgll arteet hoomr.eads t he heat f 1l ux
surf awhetmime acttwdches and t akesA ewagcttihvee he
heat fl ux boundary condition is applied to
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W/ c?fnorl0 WKcmtypical valwue for force |iqui
convective bechningou7&® &1 8 ch)gampsl i fi cati on met

used to instantiate the pixels and current

MB (Silicon)
Convective heat transfer coefficient "
B ocsio,
1 W/cm?K ~ 10 W/em?K {5103)
B  Heat sink

[

Inverse
Fourier
Transform

(a) (b)
Fig2Qarge simedgdPAmgtar)y s 6 b9 pdveerrt er

To simulate a real cas €& g2ukeb )u steo tarses ibqurt tt
sources to the heaters and current drivers.
corresponds to zero phase shifts among all
match the size of the simsfatmdi siIPAeamnadr me
obtain the output phase distribution of thi
to the heatersd out pufFi PDoOMe)r an d ttrh eb uctuirorne na
out put power distributi(dnBan@.1® alAguwli aat, e d hies
maxi mum temperature at the MB i s measured.

Tof urther redwosm|ltekd tsmpeeld up the si mul at
away heoment ersdahe nmewbgekrdeeb € memt she model i
redukliemet hod i swi thlei pawwaed2sls The si mul ati on
with a 64 x 64 array. The power sources
temperature distributmont redludghiNeikne , shbden i
cent er pBReriken 8 2 an gfeodr, tahned ir>egnad wne rnggr dou pi x e |
(@ 2 x)f20 sain a reeggeuri wd IXEelmd& ea age power density o

pixels is assignedheaoambée efludmMebeumixeds x el
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further by having

exampl e, bw H&viamrg asy =G t

centefri.r STthel ayer consi

he

of 4 x 4 egausi vsahH cewint
shows that the average
Q%/Xv‘ //c}»?/ e
e W |-
n R |
_lF el &
r 90
! ‘85
..
! I 70
Lij L 65
60
Fi 82 Model simplificati dmobrny trea)cieangdep( x| sp mlwiag d
at the current driver array (c) te
The simulation results show
i si mialnar t he maxienuims t @lmpetr a® Lr 7
the simulation, the center array
foll owing simulation. The number
expands.
The array osliateiom $harssmfrom 8

pi xdlhe) ot her two si mu lcaotnivoencst

f ewer alpairxgeelrs eaqgtu itvhael ecnetn tr
center
ssasmdot h2
ipn xteHki g2elhit 82 lalc®d u mn

powaerodn&dsm\WWpat ed

mperatur e

nwW/i om e d

tloes makbdueedst

at the heat silkorrsudffKa tadsc nmie
thickness odom tolre. 2MBoOBr00r e a s e
the MB chip i 25t ©ionitete dmoavin
Fi®2 3 hows that t hi nrneidnugc edso wnh

effelcywhevre t he aHODwgeves,

curwiet h a
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whenat hseiyze .Tlse béagh v & 2K/ wimhMBt hi nanetto
W/ c?n wouth t he MB dired snsgo vt @ri0 enreéocutrii e mp i txted s .

array is |l arge,peoatlt owerefthectMBWasl y,emt he c

heamwedte i ncreased.

Maximum Teperature at MB

Temperature (C)

—8—1W/cm2K
10 W/cm2K

—&—1 W/cm2K Thinned MB
=10 W/cm2K Thinned MB

0 2000 4000 6000 8000 10000 12000 14000 16000 18000
Total Pixels

Fi82Xi mul ation result of maximum temperature at MB
assumedscbhemesg

Il n summary, to keep the MBO6s temperature
from being damaged, the achievabl e’ total pi
heat sink and exceeds 128 a&nd 2t8hi(rMree B8 8MB awh
ianor poslaownlilgi ght mechanism and ther mal barr
required -bfaosre do uUNPAT €lisg nri dainotdeset layr way h saze
moder atechmrmalbe samkut 9 ti mes remeoaltdedd timan t
Larger sarrpeayssbbkze with advanced cooling teq

heat e X r b @ncet iMBN

37Ther mocoupl e Design
To achieve accurladeesd dpma sientcegmtarteld, heat
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thermocoupl e el ement to measurangtxhter al oc al
connelcatiwenen t he ©Dite amelat e MBnsi sts of two
ongol dormwmidc kel . A thin film goOWZBSBndkxcekek t he
coefficient [h&Aa6]Hoenenbeerhp dkteede fywictihe ntth emay
thickness of the m&btael desdghhe fsjaanmpdsteic ©o mo s b
ai medh ar aact ti eorninSeoefb e c k ¢ o e ft fhieadimeorcto uefl et hen o wu
pi xelt hssainmegttali c k nasismialnadr j.Tmics i ahl swg eus
estimate the range of the fesdmathatsiogpnale st
i's presented here.

Figurehg@twRe top view of i adgav itchee.r miohceo utphien
at the center i s atnhde tthhee rwiAdctiohuipidden s a@mpd fe 1 |
Sio0Os grown beneatsdand htehe¢ mMeenantog mepitéhe heat
t he s uTbhset rtaetnreper ature wi | | be measured dire
focus |l ength of the I R camerads microscopi
testi ngudlte vk eggnot oglvpr ot ect thbeleaspuThvellt

we can .measur e

Au
I Heater (Au)
I i

(@ (b)

FigaPesign of a thermocouple sample for Seebeck coe

(b) -ep osieew at the center

To reduce the measurement error due to t
-80



devecaomes ilslt st hoefr monc osuepr€ieessut putt heolstuange® fi ¢ he
t her mocouplTehsed hreeastpeornssear e pl aced next to t
of t heelgeanetngdrs t hat 1 $er @atbu tetméds ucentmorst!| ivioeé t
occurs atVothege par appgloi @ dtchree atséemp beat er s
t her mocmoatpil @nsj ual ong the center ITihnee above
vol tage acroscougiceasywtedsrther mo

A maj or rcehgadtl teenmgtee mper at ure measurement i
of the IR camera wami chwojsiss 0ee @asc/tpuiaxl e It ewnptehr
at the junction cannot be measesedvidngethek
temperature o6f tber fimer heaodouwupls sampl e is
resolution oTo amwe rl Ro measentetroast 1 slsutehe di st ar
the thermocouple junction aB 89 9d htehédr ejad rrat i( d
temperature matches the average temperatur
| hhse mul aevahtyhaswer age todrmPe® maBiOueact angl e
area | ocated at the <cent er .Tchocvserrri ensgp ot nhdoss et
15 pixels of the IR camer®® pndkeves tHe etshé m
junction temperature.

The simulation resul thwoft ht Be Vt empegatppeé,
heat er shbiwgR diaBi 24 b ) ¢ Isewsu ltahteiromocoupl e out
vol tagaeversadgdt atadeopwesr ambi ewt tdh é ez leamid ur e
t hdei stlalihee vol tage applied to the heaters we

Fr obFm 824 a) , the highest temperature occur
and the temperatuf eracfh ddeh mregpmueonte gqmudaAct i
sanki.ngle thermocoupae bencalounl aespgobgediyv

vol tagBhédyslldpe oFfi 2K ba)iclulr vceosr riemseptomaetde d o

-8 1



Seebec&«f fTlke eextracted Seebeck coeafnfd ci ent s
7.7 OV/IK for2@m baeddng3 ds b ei velbowtishat t he
di stance dxtafdessdeedti Ohel pact ual Seebeck coef
the meddlOTRO&Ytkracted Seebeck coefficient aj
t hediLsst ancéhleet Wee mocso udprhde § @eatced wmes. When
di stlanicseath@o act ual junct i loowée¢heammp etrhaet unreea siusr
aveqg atge mp.erAst urhee result, it i s iIimportant to
i s close to t heThav esraangpel et enmepaesruarteumreen.t r e s ul

in the next chapter

100 Thermocouple Response

L=3um
—&—L=2um

—@—L=1um

0

10 20 30 40 50 60 70 80 90

Thermocouple Output Voltage (mV)

Average Temperautre above ambient (C)

FEEEEL
P JUOF 00 PUID LA TUOF oo U A0 TUOE

(a

~

(b)
Fi824a@hermocouple sample simulatiofheesmolcbupédr Dempe
vol vagaver ageahl ewp ea midend8t0Omaraa the center
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Chapter 4NPA Driver Circuit Design, Simulation aricayout

Il n this chapteeara, |ledprasmmsad rytsitshef Ther NPA
driver <circucaontriermdd wse sf eaednboanc k mechani sm
shifter temperatur®Bhatkey xgdi ntewedf rtetsiod udt

T Full discrozxereswefiemheginftbenakenp feedback

operatveomi ew

T Descri woi dinsofi nE@analead i asrad)nrihxee ak e n

|l oop fmetbadBhegpure anal og approach me

constavaeiraastgeeh 5i ®&m x 15 &sn weeuuid iabbek les f or

VR applicati ons. mil keidganpadcr wiatc ha rsd a gohft |tyh e

t heest abdrn esdiredt rias ntts dfud | for .LITMR eappl i

not require independent phase control f

T Desjagmsty al @ahad doefngeeet i ng s paancde-proesgui r e

| ayout simofaithndnvidsaltsircuitem.ompone

T Systlemelrcuit | dyaywtutarsd mudsatt i on resul t s

T A -RyY driver wunit to demonstrate the <con

areascgmstraint.

41Dr i ver OCer cuuew
Fi gursehodwlssei mpl i fi ed di agr almheofmosur idrpiovw dre

featurei oifs ittthisepts demsr encpadirerxe ra connection b
t he NPA pixel and its driver Tchiirsc uiist rfeoal itz
bwsiangeM nt egrated thin fi | nf hhesatberi/ntghse rt wmoc o
advantFagsese, size of a NPA beicaalsec aam EkExtsma

sensing device iIs needed. aSeanmsd,r aiitntr ed u
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heterogeneous I ntegrati onasbettiweenumthher OCf
connecsi mneai mi zed.

The esiisnt bepperght heof diiaghriannt egr ated t hin
heater/thermocouple devi cei ndihtelpdil @ eatc et he
of tthheer mocoupl e junction. Thesdmempdri fcdierrgui
comparator, aqurtree ndtr i svaduhrecaet dNrMQuEe .4 ¢ tvat e
heati ngmpethatsuleti hh@g.atsitmagthe 6wi bphbhBEeak
the connection demavepeénfikee andut hehdeat er /
gadeicierrcsit e meas urrioninge rpercsgud ilseeutsugeu t p u t
voltaggatbt®d® dchherent source NMOS. I n the tem
gate pmulilverits ogtoouwund vodbtagentoff the <cur
compl Ehel ywi ¢ cdd s et he i npwste nasmed It iafgige rofi & h\e
mi nus t he t her mdlo® u pcloendpsa r @a u © p a trepd i pf a reeds 1
thermocoupl eds | mpint utd.ITvhistilgmaa e dri ver uses
out put of the comparator to increase or de

cycl e.

VDD

=
ctrl | Gate |
Sense Amp Comparator Driver~=

Fi 41Si mplified driver circuit diagram

Evdmcel rickii 4Li s satmptl ee fiitrss td i dgilfrapclaue nte ntto

the circiuntarmiareal gf 15 Om x 15 Om for ma
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Thutshe dr i vETI 4ldisr anoidtitfwee dv g rdslidd AR s&N P A

VRNPAr es peatsi vsehldyw rg.2(ian amdedda is to share
componentas freewoqilghhoti t 3g so t headfiawerage d ci
unigs below 15 Om x 15 Om

For beam steering in LIDAR application, [

is not required. The relative phase differ

-

ow/mnoldio not wvary. I f the | ight travels ¢t

row/ column successively and is coupled to

—+

te@hase shifters i ntr odulchee rseafnoer ea mopui nxte |osf i
rowre split i nto Jéevenaneplgrfoueps eopuelalryat o
driver are share among ithh e2(pat)kgeal tse idnr itvheer si:
used to control mu | tiinp | teh ec usameken ttghrador ufpeerd b M K
signal i's onl ypfskaoxeeded mooofoptieees . cur rent C
NMOSasnd t he heater s/ t htelremopchoauspd edse laaryes niart tcrhe
phase shifters correspondi agalcton sttramd e pdraisw

shibfet ween two siumcebhei sampi.Xa@lwst hshseaawhiyev ¢

—+

emper at ureegthgartoeudpt abteo el set t he sgpaantd al pr c

-

educe the phase error

VDD
S1 géé";

S2
S3
S4

Sense Amp Va Sense Amp Vm| Gate I l'l‘

Comparator  Driver= Comparator  Driver

L

|||-—T"_
p—T

ol v 600U
Fi ¢2Dri ver <circuit diagram for (a) LI DAR NPA
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Unl i ke beéames tsepeesciinfgi,c pled sueheened @attsp wtn bear
of a fNoRA f or mi nJogae néeR aseemen.y arbitrary scer
eah pmuxbed control |l ed Fiug2( ly) i o hbevesgmrtdes tolfy .V R
NPA dri vehrercea etelsngptd i fi er and the cobmpar at or
dri veEachi current source NMOS has$ theiown
out put currents do not depencdceocasnedlhief isdrat e
anacompamhikoput sehasnegpid 6§ 0 B ndaotheeder moscoupl e
stayet he stwiitBc hmisnéSi pl exi ng fashi on

Theontrol wavef ormss &f sth®evg3Twiret cshweist cShi ng
frequency is 100 kHEhswitthd el 0 %0 sdeutt, yf ocry c1 e
connecting its thesremasewplugflitee roouptepnuetd, tfoo rt h9%e
handi ngsewasnep ltihfei er to the othsgnchnohbzedhe
with the switcHloc¢phmheweerhltbsp pgimebigdessn si ng and t h
heatiningfonl exadimplcai,r r entc osonuercctee dNM{oSsS t he s w
turned off and ont &ei §hhtels yd ultt eyf ocryec |aen do fa ftthee
sl ightl 90 IB#escsa utsheant here are fourped@aio@er s i n
"l dut ofwiphha sreetstpe ot | @ wi Tnhhge na rerevtawve ¢ wo
successive senssnyDPpeOB g dthiee sasmgpd rkied@g,s
the output sbonst ambaudotrloéd ftolmeowi ng stages

si gmmadmbi guawesley sand sel f Iftori st hpo snseixht| es etnos

more driver units 1in a same group to sav
sophisticated control algorithm, but 1t re
Next, the degisgprefsemdel st age
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0 5 10 t(us)
Fi 43VR NPA driver switch control timing di

42Driver Circuit Design and Simulati on
421Heat er/ Ther mocoupl e SPICE model

Todesign the driver <circuit, a SPICE mode
neetdedcni reiumulsdasi ehated earlier, the driver
t wo modeevemwdalbhches turning on and off, S0
transi entA shiemmwlva toirean. SPI CE model of heater

characteteadyg tsrhaansei eaemtd r e s p oFnEsdMeismu Ir @tmi «CrO M S
i's createdAusTindgie iMemad ogemped hpetath e

at the heater/ tclaesmac dowp | hee adaenvdigcceandr ato®d |
corresponding thermoesectmpl iaf ioarnt . pultt viod t iam
notethkattemper at ere mentdiofnfeedd emt -i hrom t h
temperatur eiTsh ar mimet ra met dre mpe da i awierec witt t he
a ndett lIsel mu |l paatriaonoeft etrlse .t ransi stors

The schematic of the heater/ t hreirgdocoupl e
The model consTilesda sf idmesfSfitdym te emigpehdi ling m . heat er

The resistangeiesvyabuner ac¢t ¢ demiRbsaitelabday FsEEMat e
resulltt i s atbumataber o0heVt enrifhetidti verde tdoe pen

power sphppdhyds Wied to the drain tG&.minal C
-8 7



The model calcul ates theujpoaved @wyeakuviat edo a
t tee mper ature at the heater/thermocoupl e.

The RC network in the middle part IS USe
respdhsesevofatcagpes sVt he caphicghi®emp€nmbuadkrés t h
heater which i1s designed.ltm ree\aito ush ec hahpetr
showed theat elmpteh at lue ephase shifter and t he
heater 6s rqutspntavpbwedye source of which the
to heater 6soud st puuste dp awe rc hRalrrg eh @ ehtei cp praacd € ,C
current source NMOS draws a curremtr fl owi ng
The conolribadadedseource charges sitmehtgteepaci t o
transient tempemadey et he seur i @anseso®@tir ce NMC
i seaer oThe capacitor C itshrndsdsed lsa rt giehde ctolorl a ung
RC time constant is extracted from the FEMN
absolute values o0®Ond&®R @afadu@an dbenassmgnedr ar
as | emgias product equal to the heating and
Thast stage is a controlled voltage sourc
Seebeck coefficient and the .t heremocoupue i

connected to one of the input terminals of

V+
Rheater(VT) lIOUT

v o
P_,.=(V'-V)I

Fi 44Schematic of heater/thermocouple behavi

ouT

Fiug4#.5 shows the <caparison between the

temperature fromFCMBEOLdDd PFEWM iblechgavi or mode
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descr Fbgad 1T he aercreqgfrtoaibdde i verTler SRli CEdmad @ln

file can be found in Appendi x A.

Output Temperautre of Heater Verilog-A Model Output Temperautre of Heater Verilog-A Model
_ 100 - - - 400
=) - ~ = ~ > . == — — - - -
2 P B 2 350 (7| o Panu | A~
@ 4 V== L |- 1 == L @ 4 { / |/ ' \ 4 LIV / |
g %0 VR VRV T VT Fao (S A Y oo W Y W
<] [ 1| L <] ! 1 ! \ |
> s Y (! f |y f il S | 1 1 I J \
T 60 | [ N 1 i W v W i = 250 |, [ { 1 { \ L '; 1
z [ ! | o | i 1 g200 | i ! : I
- / ' ' - y
e 40 |f g 15 }
% | E 150 |
g | ) £ 100 | -
3 20 § Verilog-A Model 3 0 | Verilog-A Model
2 0 : = = = COMSOL Simulation K] JD | - = = COMSOL Simulation

0 20 40 60 80 0 20 40 60 80

Time (us) Time (us)
(a) (b)

Fi 45Temperature hesthommAlengndddlleheer poweRi &lifsagi pati on:
andbFi L7 c)

422Senasnep |l i fi er
The first stage ofmph#@éafhidernowemputi vouittage

t her mocexutprleemd sy Imaw. mumbwhltrh\aOlei s assumes
esti m@¥Y/ed Seebeck coeffi abeovt mwhnpiemlaitad eby

at thef pumitd s @onfs htiHa oIluft tpiug idsii guisaeld di rect | )

smal | est i nocfr edmierets ri qMapld buedsdd e s mal | to disti
di f fleesoafltuncti on .t emperextaurpd e, i f the cont:
to Ilimit the’ phéxe rersrodrutwiotnhiodf the contro

smal | dR&ntAsaemn s e amatisisdmiaé o thel pm@ada psiegnal

with | argersaytntaanirce quinrgement of the foll ow
can be | ess stringent.
Anotihmporftuannctt i on of the sense amplifier

thermocoupl e smgnoal .Thoer tteemmipleoet akeeéepe heat
drpipdgring the. dldffesiamgp | mdded t heemoecadupd e

continuously ,duirei ng mti migsgoptehceoompnapr! i f i ed t h
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signal andmodedtt it dile siagne edeyecal getolriyirst ent r esu
However, ihepcampayaekseo pl|l ac e/l sl acgahutsley oefa rtlhye
clock unde&r tcaoimptayr i son result may be incor
t hermocoupl e signalvalsuée iatgetrhed meaodaridreerctti lonaonm
the speed of tthbee cfoansptatréaatiocergfhl assot uati on of t
thermocoalpl@oses gnotThhddecdedihegn rersabltems ca
having the skbaesabhbapgt oftisemut ut. lins t hi s w
|l ess susceptible to defmimigtud ssugsnalbyp . wor ki

Sevearealse eaeppil st ii n t e pernidv eirg hsayimsbttedn e
of the dtitpresf tadgedsodr t hesearasmplk heidens cl o0
as po®Oshbbwhe range sanmde tthhee sctoenpt rhbod signa
cal i bwidthedt oegaioli he ampkEoberaecth i greatllpi s
complicates the design of clihreawiftorfeqr tdienes
amplifierconsaliihntcdodih@ic kkoor ksuppr elsosopt he op
gain sensitivity to the éeér@ansteseanssesoéndott a
out put fesi beahee nahtdec hgireggu b et we en

Two possible realizations &1 ¢6 he ag9emase

switched ¢ asmamalnt@ord d( $SC) cui t with a fixed

nt egvi dathoran extra switch betWerenf ¢dteurn emp ud

—+

hese two <circuit topol ogi es me et al | t he
variation amondi tther eamplgrfoep si $s nmini mi zed
based feedback networ k.- ofopcognairmoldarb| lee deli
addi asonndicated by its na-melgoladnel!l iofpiegrat i
perfectly mat cheesdbtahcek nnaetcuhraanli sonf wdifihn@dufre dr |

alswitches between two modes, temperature I
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—
S;

N :

ol 0 @0
Fi 46Schematic of possible topologies eafnhlodmndsd bgmpl i f

integrator

Nextjeb desftcripeéei wor ki ng prfianlcli pweed ody bo
detail ed anal ysi of oftbheeiimy pruos saycstduearionsi r c |
i mpl eme,ntdcddiogrs caomds isd enmud taitcerospr.eses ot ed

During the sampl-amhaolInt deempolfi faiassram@lhee s wi
cl osesiandipgemgui val erft tdier canmptl hifss emmdicbavn i n
Fi 47 alhe voltage ofnvterd i ampli infpiuear Gand out pu
ground because of the negative feddhkrack whi
Il eft pl ate afstboenmcaptaecd t oo Che output of
ot her plate isngoheeminab ohetthavaapénti al
the virtudlhuwolotiahgte acr ostsr d hles calpdacv obt a g«

of the thermocouple.

C
_Vout ﬁ Ii _Vout

@0

Fi ¢70per atisamadnfmodd amplifier (a) sampling (b) hol

During the holding (amplifyi@ndamede, th
revefTbBedcapadoiramgerga i ve feedback | odlpearour

vol tage @apassatbbhelle beginning of het he ho
-9t



thermocoupl eatouttipartt ivind tiamgmedirbeehy bekar e
The amplifier provithes caprtrideoglwiCG dleaes s$ ha
puliinlye potential at t he ol gfto8milaee samet Aeo
of current fl ows i1ahdooCighe t\he@l dcagicattroos Lt @
out put voltage ef raheoampl itfhideorc,d fhasti tdafn c@
mul tiplied by the sampdfetderiihselrtmwlCloyw pdies olua
Thus, the thermocouple signalg iasnd atmpd edau tap
voltage is maintained for the comparator a
currematndo fC C

l twoarst h not it imggr chiemde ddmanteich ea@r ttiond htee mmi n
the amplifier i@nd tthhee scmaapdc istiogn ad ground.
voltages at these two terminals can be di
considering the bias point dfhet idheamplilciofuipe
out pus. ohée off etahtehraatsi djiufefh e s efortoina titiehte 1 nt egr
sense ampl ihfaiveer t o be tdaekeriinmgt d hac d onpn te mfe
the sense amplifier

The opsommat it egr atbirgBartlehesho®twnsti age, t he
of the amplhdvtehg i smistdolettS hyhe. clhpareimat or C
of otuhteput ainvde rtthiengnoinnput of the amplifier e
t he swist cchh 888 & @®@lp@ nr e sciosntveerdea Bt her mocoupl e ¢
i ntcourar emtharging the capaciemnrriCsedhwhiolue pa
the temperature. The tghaei nr RdsehpsetnodeSpeaacd ttohre v
the sampWherg tthenesampl i ngiissopeme, |eei sgi
ter mi nal of the resistor hR ofulgdhattihreg .c a$iarca d

out put voltage of the ampl iaftioer greemaian £ sc @ar

-9 2



foorhe gate dr icver @lg@aéhee. sivinittecghr aBhnee ses t bagk

model,ear i ng Cémregrcehpafrogrbnegi next t emper atur e me

C C

R | R —]

EVJ\/\/\/—;D S A~

Fi 480per atainomt eegr at or amplifier (a) resetting (b)

0

o
CcC-
O‘ 1l

One obndéxiredf fsecehwear desi gni sappheamnhhe s e
i ntr ondhuecne d s @airtec hars nafodp eo fnoi se can be cate

clock feedthroughlaldo cckh afregeesl tithinjeeucgt\ii danc h c o

(7))

i goncadpl i mgnptl & fibllmee s wi t chesodCharagsei i ing ecapa
happens when the switches turn off. The <cheée
to the matpa&e it ousaer etahel i mit atiwaned tihe tchea
amplifier mu s t be kept shremb t e Jbnsi tmake st
swiitmogo iasned degr adesOnteh ewap/rnet coii szieoansihmg err or
fully differential hompmegr atoiiere.t o cancel the

Figurséhodns9 t he schssmatTiSiMCard@ Inany deftc hnol og

(7]

t age-diffuflelrye ntainlb| & amphe el h a mp ldiefsd egrne uses

—+

ransistor withwao .o nvndrea ifl g e@dddFaBcrkgeeu N b &
shown i n tprosicdebnmtadiBeMySa tceur r ent source | oa
first andamsecdehitki ceoangnotnh enoadttemaimman mode

at hienpaft st he cor e anapsl itfhiaetr oifs tthhee osuatnpeut s
shorted by the swit chTehse dcuormmmogn tnhoed es aanp Itihne
i npiudrer TWhad uei nfvwtlh ey & h @esWi ntulse t her mocoupl

out phei.f f er ence obnmentome eno dtehat taed adplpé i Vi er ¢
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desnnodhande ocuotnppuotn mode during. tB@el mmphetfy
di fference ihbhatdwesp wahnedIMufsi,ed.he common mod
ampl i fi egecamd btehe hvweehye hidemp daptei mi zati on.

The major drawbdok ofurt Wirs vietp pndeeesdidg nl ar g e
Besitdess frequency compenstahtei oammpda pfaceirt oad sn
sampl i ng gapaancd ttowos ,f eGe d b alaek dcedrpgec | ¢ airrms,, tCh
ofi1t@h@s to be | argeha3his Qreasstaeibd el aiCge
botThh.e mi ef mMewmal ve pifsitmhiet e by the design

parasiticThemponeat segiap aicti sdeamswreg lnudel @ | us al

the parasiticonmnamgdcitther soutttpautt s ahfd the i np
nomi nal wiaslounep aorfab@a&e tsomadbt eev tdamp arheentpsar a:
t he caphas ttoo bkCe made | arger to offset the

parasitic components.

Figu(é)4aad (c) shows the | ayaonudtaCef t he
hi ddé&n g bfw&€MFBi rcuits are | ocated next to
side symmetrically to bias thEBEheulrayondat sios
symmetric to tlhe eypdenndee n tt og fcfaencctesh eALDE Nns i st
capacitors are i mexiedeenatle d( MIGsM) A gtCakpeatca It or .
capacitor i's formfibygaeamd @edisspimea ¢l galdyyeme ¢ al e
technol osgnyalall |doiwvsst ance bet ween two parall el
density can be obtai neSd mer dhOM Iciasp atcyigeo ro fst
canmaden dimdtcalenleayercheél goamectatdel nap

| arge capacitor

-9 4



chrsz—al

+
VOUT

Fi 49t wot agediffuflelsyamfaindol d sense amplifier (a) schen

capacitors hidden (c) full | ayout
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The compensatitomrond manist srix, m&t ai | ayers
ancdofly use met al | Taoy egest fgooord MHe vaincdeM6mat c b
CyCis set as the wunit capaidiotidsr 3wiitaindée d i n
connected in common centroid stywae@ It i s
unit capacitor arrayi Risg9 ecNotto psp hoofwnt hen ctoiree f
the comparator and gate driver <circuit wil
capacitor array to ful Igyenuetriallilzye rtehceo nsnpeancdee.
rules for analog circuctrbectuspdeonsgtBbi gl
array would be coupled to the input ter min:
and performance. The i ssqreowmnmde o emerntiali gmlt e

bet ween the <capacitor .alrthreaymeamd tpHetei rscu

amplifier $rgmatbe hot syt colnesi nwirtohd uscoense e
par asitibcetenneecenrme nntosdes i n the amplifier to t
circuit. The M3 met all gw aitte tad suos d iomiltys M1h e
| ayerroudtoirng. This may |l ead to interconnect:.

parasitic capacitance between the signals.
The ci Fcdg9%(ta)i man be modified to a fully
repl aci ngiwiatpha crig soirsst 0O s and ergseamrond ctge do nteo  «
CtHowever, fully di fofterseunittiaabl|l el nfté&bnglroailteo rdsr ia
using ectapasammplpat Wwal tfdgbheed micclleedn Mmmon mode
vol tage at t he ciompptl itf aremie manlds tVeflsl ndtvhien g
through d4dTher efectc semmtovhidindder ence i s al so i nt
ampl ahdeexperiences a Same anmnoeu ndte so fr etdh @ nir
Al t hmegBuring the out putcawnedduatgpea tdiaftfieorne nt

the common modemaglit agethheysdmmd paper ati on r ¢
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whi ch r educ.Agtahhee, actcochummoand ympuwte todr mi nal s of
ampl i dieéibryedt he CMFBI scatr crueltaten@®ndeo tthe V
ther mocolutpd gesanad @ Imimon mo d e smiesnneasgchhr ad e
t he out put dife ntcdedi tiaind reglr adiomauwicth it $er € @ unimmo 4
mode acrossantdhe tr eaiystcaruse the tot al circu
As a reseunded soutgpuet i ntegrated is used. TI
amplifier cwaedi bectled Tlhe Vhegative input t
t ore¥by ta@dedback net wdrek ,cosmomoindenldley vol t age
i ntegrati®onzersi stor

FigurehdwgOthe schematic andf tthlee | aiyoagl e
ended imardoat®r ciAlcluittr adnessiisgtno.r s are |/ O
V voltagdgbder aoiregampisitfaiger cias ceodiEnug gnlgdnit f i er
mirrolSmnteatdhe t her mmemiumpu £ tohgde pvedd att aggleé
t hermocouplassopunet ifoon,i swenregesslieidC i td own t he

t hermocoupl e outlpiuae dadtrhaes eIt it fi ok tehyes ouG@ c e

foll owesrolaaltseos t he t her mocouple from the in
of the thermocoupl e. The input current to
foll ower, not the thermocouple itself.

Each switch is fOnmedfby oewd i BMAKSAMmyYy wi t
source and drain terminals being shorted.
size of th@hectughtsewi ach. controlled by a |
The function of t he dummy hs waintdc hcehsarige ti g
canc elCloanpil eme n tnaertyh osdwiftocrh t h ei sn onioste ucsaendc ehl e
because PMOBssWwitche&sigher area over head.

A dummy swiudmghs 8Bnserted betopwaerd the shi

-9 7



positive input noldhei sofsmatihtes dcso-st@uea coprlaridni tea g e

soudcep along the input signal path to fur
the iinotrmegn &tt or .i ofnktsi shoegiat reali zad by a
triode region. This assumption is valid fo
maxi mum expected input signal i's |l ess than

Bot h t hieocianptaecg rtaotr and the frequency cor
i mpl ement @éd shiynathe@®™a (phhec i t or . A uMliMtitaepsaci t o
two extra met al | ayeTes dhkettavieretnd et rhigereot Me/a ri aart, d
capacitor has to be small. Due to the mini
two MIM capacitors @etéehe ohensicrt eetth miapesceirti ans
whetreo MI Blhaaest i d usodafhh usi onags eghown iinn t
FiglLO0b)lt is a workaround foofbatMsMydaeawgi ¢ é
Antenna design sutecfdua eéMIt dsddawvhiade trhiest be
i f menteali primact ed t o a gate omesdhaadsbetol ve r e
connecstsadegtitpee av.Becagmemnd & hielf M c apiarci derri es
are connected to the amplifier Gsheouwtepmuteran
node i s compldeact akgticoonan on folfmi batreaatest au,
pn junction between Thes|l nage atnldwdayh®e saode
above ground, so this parasitic pn juncti
introduces an equivalent parasitic capacit
of the circuit.

The area of the integratat @nitbbyemst. 5t he MI
All the NMOSs eawcdtwbp®@SEe daypde nguard ring (s
cont actwehbhhdcodlnt act) f o-upbemmimea haega mea raantdo rl

not showhi gl b)) Hei $ he right Tofe tfrequenegr
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compensatiogl capaaoai top, o€ theae ochapagrBooris
overl|l appbd wat®hardeefragmbirduss eM7 t o be over
MI'M bottom plate. Thus, grounded M6 met al
t he compargaatoer darnidv etrhsme tlladg e r € mmowmiem g u thien g
overl|l apped regions are M1 to M5.

Next ef foafett edeadrne ampl i fi er 6$i ai teuigtai pe

otranscomcduexamireaesd mplicity, the voltage a
amplifier i sregsammednt o aip-eM .V viod tamel, i e/d t
i ntteigorma resi stor nighfrheughurireemtcdadeogwr ador 1 s |
by the core amplifier. Because of the fin
bet ween the positive and negative input of
cureAssume the voltage difference is @&V. Th

integration resistor would be

o Y Y aave (4.
wher e gthnrarssddireduct ance of the @a&ay ampl i fi
can be related itho atshe input voltage, V
Y6 —— (4.2)

Assuming the i ntaagtiadtlieognr attiomme oiust pTu,t tihse

o ——— » 0Q0 (4.3)
The output voltage—+.s Troe dmicneidmibzye at hfea cgtaoirn

value of gmRTédhvehidd wsi ifgpragesmal |l er value o

output voltage by having a smaller product
has to be increase asccox.geéekdgaegcvialgn et hoed s u |
i Nt egrasiisntcooreaspputt heher emtput current I S

perturbing the DC biTacs kiesga eetr atf i d hef atmipé
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current to the DC bi asedtsrirntangesatehe gbD€r bi a
transconductance gm

The -papgdut simulation of Ftildg¢li mhegpasor
|l ayout netlist includes I ump and coupling c
| Fi 4Ll la), the ianpcwtn svoalntta RepnVEhbeamomw mhede V
of the amplifieréestli.e2puMise ampe roauttipaurt firse qu
switches Tihe 19Wi tkdHm n Sdtuor ipnegr fTor m t he i nteg
swi toth B8fly Isé fispohet e on ti me of t woheswitche
i ntegratieen Theeouspltalwalditneage | ynbreassse t
vol tage is cpnboahtht:®PdaBaegcecfTf. The output
hold conest agit viog 1 he foll owing comparator
ti Maurixngthe 26wi ah Shorting the output anc
The integrator Icarpgeclhteiosr efisientif sihé g1 dnsbsant al
obvi albhaltynohmaegr ati on opegdsaotiitawt se ga art obbe cfai
be share between four driver wunits as disc

The output voltage as a function of inputl
mV belbgpivs VshbBwgleibn). The curve is nearly Ii
|l ess than 3 mV and begins to saturate above
so high that the cutrhtegsntodeourege oRMOTh eerwto
negative input node starts to deviate fro
current is reduced and |l ess charges are st
The actual thermocoupfal bstpapi dsynoAgaiom,s
maxi mum voltage is |l ess than 5 mV. Therefo

happenanahtema l Il nput 1 s used.
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Voltage (V)

o

Fi4L®i ngheed

Integrator Output Voltage

.77
[
[ |
(b)
ionuttepgurtat or ampl i fi

—_——_— -

P - b

\

Voltage (V)

—2

Time (us)

(a)

Output Voltage (V)
R P N A O T O N

Integrator Output vs Input

1 2 3

Input Voltage (mV)

(b)

FiglLPostaysdmuul at i oh hienetseugirtast or
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Two circuit I mplementations of the sense
demonsThat mdj or advananddgpd dofamphe fs&amplagpr o
the switching noifseldicehebentsiuplphegsrgt bgn \
match the common mode of thermocoupl eds out
ampl MHereeg . arawbwe ks of thhe apmpmbemcdbf Fhes
capacitor is doubl eldef phydi tfaé¢rentzeabfopeuet
be smalllarspe number of uMmadtl acvagphalca tsopac & atno
a high gain. Thus, tlyedaeépsiygschhde techaol e
a unique char adtrerm stthiead nofc otulpd ei nsh® hat it
sensing mode of the driver circuit because

decreases when no el ectrTa fcwlrlryenut ifllioave tthh

t he ther mocha pd @ammpluitmppgutshoul d take place i
circuit | eaves thea msdatritng ema da. i HBo weweauri,r €
capacitorther moackpltde®es output voltage. Th

|l ower than ehehprakheoldrager circuit chan
uncertaismtit chfest cd osing ti me affects the m

i nput is not stable.

—
>
®

seinndgelde i nt egrator approach suffers m
requi rsepsacleessThe entire range of the therr
because the rdesisstaomt | ganThesponhegrator sam
i ntervailnpauntd htahse f all en to a smaller wvalue
endhef sampl Thgegrpéoired. the switch uncertain
measurement accuracy.

Anot her major disadvantage of the integre

triode region to simulate a r dadibdteort.o Tthhee
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process variations and calibration is requi
Si naer driver circuit i s falbeicatedr atsan
amplifieriimpl emesdemsigo tbme laiufsieer fuciilrrecsi t
ar.®danet hhed esseamuldé d ampl i ifB etftoarp mMoOmadeht y
andchieving procesilsttcamdbépeirdeearhtorz gdiamd.vance

semi conductor technology such as 28 nm or

423Comparator

After the temperature signal from the th
t he next step is to adjust the current fl
di fferentasibegnaleeand a reference control S

systAema mestirtaj gulatyf ¢ owatctt ® misdussEefhe ed bac k
systbemi 41L2The ciFicglidts i s5i midmaeritgdbatheit
contontnisrseeages withoutera ogataeRpdyi BIv ew.e sThh e
the NMOS current source directly. When the
desired value, the output of the sense amp
Veurrobeput voltage otbtrobtih®e iemcmoeasengp |l ardd etrhe
source draws more current to r alidealtlhye, hiefa
the gain of the error amplifier isd |l arge a
thermocoupl e si gmwahli cwhi InMe abnes ctlhoes eh etact et 6 s t

the target value.
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. _— _ __0Cc_ _ _>_
MB
V
error ”:
Sense Amp _ L
Error Amp =
Fi4lLDriver control circuit without gate ¢

The simul at iaomplriefsiuedd foefe dtbhaec ksostihgen a | at
contr ol signal Fofglad sdrsihbbevl I ynwEhe moutnput of
sense amplifier in the simulation is a dif
switching frequency i s boost to 2 uMHz and t
that the amplifiedtisé gonerhotrih®| noihdgomedlmgei gna
60 mV ort h&0 am\p, |l i f i ed nflge thkeaeedlksosat gon &l si gna
three cycl esThat eeqfoat iitshebufest aeaofl ambme of
control signal, 100 mVv or 120 mV, the ampl
target at pamlyartiitnye.ofThtehe ampl i fied feedba

target aswiergyheycl e.

Il n all cases, t htheomav el adew®pofreghée ab mp
signal instead of the Istignalbecasedd fthe the
not c¢closed alll the time but is broken duri

able to adjustdttthiteeomperanturteoatespenheater

the heating mode. A | arge difference bet wee
in overlh®atumgent source is turnesd dfhfe t oo
temper at eoremdw ftanh d st artgheet evmatliuree apprdocess i s r

This control tesmbeoatcaesésubitglati on. A g
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Anotrheears o n
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reselhseds ef iaeanp | Mmae chg ati o
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a dedi c

ncrease t

witching

l eads

standard

NMOS
bet ween

It

doesa mcotroshtogindt wiv b hienggpuetifnigo.d thned h e

t

S

he s wi

head¢ ameal.t yThciysc | me ahrass

frequency

error

he two i

out put

tdc hi

heat

tbeashi glcédri nowos

introdbeesudehioghebealmphgas

heat

f

ng f

i ng
tt hoe bse:

i ncr e

C

<

ti me

amplifie

i N

cur rmomda ,scoounrsctea ntto

nput t

or t h

amobyg-mtl ink pH seatH ndjrrii weerr

ated

fittded oiwatbd et s aa e

° o
Lo B
& B

Voltage(V)
o
s

o
o
[l

o

10 15 20

S
>
2

Time(us)

Control Signal 60mV

Amplified feedback
signal

Target

25

Control Signal 80mV

0.2

0.15

0.1

Voltage(V)

0.05

10 15
-0.05

Time(us)

20

Amplified feedback
signal

Target

25

Voltage(V)

10 15 20

Time(us)

Control Signal 100mV

Amplified feedback
signal

Target

25

Control Signal 120mV

0.25

02

0.15

0.1

Voltage(V)

10 15

Time(us)

Amplified feedback
signal

——Target

25

Fi 4L3i mul ati on

resul t
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t
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To solve the above design challenges, ou
amplified feedback signal against the <cont
digital signal which is the input of a gat e
by evaluating the comparatords output at sc
unchanged for the rest of the time. The ou
each state transition so the tempeoatyre r
reads the result of itrtee rcwaniptairmlte rg atte ad rpia
controlled by a same sense amplifier and c¢

The compar at orsta gse nassi ssthsoffof iTihhea efeigrest s a
di ffer ewitti halcdoapandeacetenddrs&nd € 00 Pboan dez M
| oaldbsa MsandpacM eat e a posspgaeck UpEeetdibeackuttput
The smalnlal out pouft Meheep embadvin € e n eAg astpiewcd .al cas «
happens( Mwhebl ang, (Ware matThle-sisgimall out put
i mpedahoe¢dMM and ffre equal in magni,tude bu
so tchey el each other out. The tot al equi v
becomes. h®df samadiviyall tgaager of t he fmasimesmage
val ue, depternadn shago ochudcthaence and the output i

transistors.

VDDl T

T T

Fi4glL&Bchematic of the comparator used in the
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A common problem of comparators is the st
because of the high gain and the signal C
out put s by wunwant &€dr pamuasidiriicv ee | ecmernctusi.t ,
intercrmanectpilmced tightly together to ful
i mpostsa bdlei mi nate all t he pcaornapsairtaitco rsdisg noault
andWhen the integrator switches tdfsrtoprutt he i
experiegmbesaase of t haes ssvh &wdplilifg trhceei sder op
crosseosmpaei son rfihmregh ddndd t he final val u
integrator6s ouwrgruhei somparyatcdrosehamge/s t h
voltage swings at its outputs ahr @ nccoruepalseeds L
slightly raditdii acfosse¥ the comparator to tr.
The above coupling ds$reepeacseentectbtegppo
out putarvoaMmigde smatkh emgcompar dtndr odsci nlgathg st er
the commamobiher ohl efrher ef ore, i( MsteMacdnadf mat
(M2 pt 0 maxi mi ze the voltage-tgaingtdf riabheée of i
( M2 pMi s madenl ah(@mir o h a

The owofputhe &resthasttage be pulled | ow b
connected | oads unl ess t he bias current
consumption and | avige ¢hamselsit beiMgvi ldd i§ oM |
Bot h rcacgwisre | argdhei fcuistt &nte@aa@ye gener at e s
f eeditnhge tscecond & tdigfef ewhd cthi ails pair Twiet h cu
second stage provi daeensd aidtdsi toiaotnpailrt ovcapnt dbgee Ha@ e
the out putr ohhntdehbde ihnivgehr twi t hout | arge circu
The ienwMarntdersdMener ates a digitalppr@amdpus at

foll owed by successive inver tveorls avwbei dhe vced n
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The | ast pwo\Viedssghdirttoearpgsl i me n tfaorry tohuet pguattse dr |
PotstByout simul ati oFni 41 6s &kt se sabrbedVesgheo wn i n
ikl d at 1.3 V andi $ hewempulhetvweéemgr. 8 V ar

di r ecTthieoncsompar at or swifgyecshé&s mvVvhabmwat & eWwloevr

upward/ downward transition, so thes maxi mum
mV for hesewsTkmaoutoput | ow voltage of the
Vwhich is not | ow enougherttideet.drif feefrfentthel NI

vol tage of rmmdree 8tBh antf, @t vaigeet € s from t he equi
t hadevanidtis | arge enough to saturate the se
out put | ofw tvind tageond ost68Bde mVs alnawear €¢d ean
i s produced at the fThnealh yosuttepruets iosf d dhees croaniy
cirpueciAsi omeput oV oitrhtegg@gr @appesr when t he inte
finished and thedrampanmgernfthar tyoeltOmpst er e
the comparison threshol d Tihsustthhee |hoywsetre rle smis

adds a conSreantdhefdé&sfefebt® ocompensated easil

QOutput of Intermediate Stages of the Comparator Output of the Comparator

w
o

~

Qutput Voltage (V)

Output Voltage (V)

o
n

05 Second Stage

—First Stage 0

1.28 1.285 1.29 1.295 13 1.305 131 1.315 132

128 1285 129 1.295 13 1.305 131 1315 132 205

Input Voltage (V)

(a) (b)

Fi4lFPostayout simulation results of the con

Input Voltage (V)
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424Gat e Driver
The gate ddani beasprvoVidge to the gate of

contr ol t he.lheahtasnguwautr ik Esnggr adualslityhead) ust
heati ng acswerdr eemt t he measured temperature si

avoid abrupt tedper aburoeevaroiratiiSBosnusbhdgci €

mai nt ai ngatae saoemtdryol vol tage without needin
the comparator, so the integrator and the
uniTthse. gate driver <circuit idigeahl zeddbgnata

They ar e nteeaitl otrheed ctior c uitth earlelaD AcRd nasnvce aVY Rt

Ssyst eFmsazn eespecti vel y.

424.1Di gi t al Gate Driver

The digital i mpl ementation usesuraeabunt e
dri Ve .csouvieathe digitias Uamme dirdpaaglriofuni t
transi §her gate voltage ohtegchpppndabdt Vaasi
counter deter mi nessahroew bnea rcyo uwnrt ietr tirsa redg it shtea |
or decremented by one every cycle based on
area, the design is sbmphbgatedd 3Sbethbeuntec
updating but switches between two consecut
headppr oacdhhegatene sophisti waptdaad gaonmd tdéafmf i c
i S pobswti btlthee ci rcui t  Tmedilt otcrcaurmpyi snoog res aarea . |
in ourAdmesjigm advantage of wusing a counter
sourcei fbet aat cemepoedritgm@g n o nrleilnaetairointsyhi p bet
the control aetfileerclee astodrnt atgempe mat emefncad be
needed

Core transistors can be usgat @ odrrievadri zdee <
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can fully take advantage ®o@bmhersomndgdast medeyv
The size of the counter can be further S
semiconeednol ogi H wefvdewa,It lletsisfltyer ci rcui ts
boost the counterds wat put btyhteo ud uirQGoewma | tsaogw
transMene®aowser , t shdee mhendi gtnh er utlreansi st ors of
surrounded Bywegdandnrtiheg smiumalesitofsour ce NMC
conneat eld @®opad and are called OD injectors
up prevention, transmfsnraomsODocajedt awrid hha
surrounded by guard rinhgses.avéaragdi sitaaecef i s
unit, so all transistors need to be placed
overhead, especially f ®©nt hteh-epagcdhivent u®inng
require a minimum sppacisgobset weaen tPEMOS utr r e
ar rSapye.dieafplc®c emuesrtt bteo t miktemmi g exier loaiy. dt uhte
Becausé¢ adufphtdhees iigtn irsuldmsfrf i Rl dr ifwear with fc
a grnanept t he s paucsei nsgp e6eS fnifMthaita cobnh @ kvm g y
morde tsahén t he | ayouwtr ecsfenttheed counter s

Each bit of the comastséemKesfliagpphewenited b
Fi4lb6aBecauset gphreogplagati on del ays of the | o
s hotrhte, -terdiggeperseed has to be short and precis
and assur e adarhree dtomecg s O afdl IsdT@wit chhu MV e pt t he 1 s
caus ¢ dthebterdigeger ed p thles eanauraoyeer tiampnlteyme ntt at i o
at the expense of more space.

The inpubt OHdmipleKpti edot obet bet puts of ¢
fl op switch or remain unchanged 4 fil ophe in

representhandnb@teed, t@Q switch when the cour
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the state -bfare tradld ptebGtthiede Imp ut ofl otplees bi t n
not depend on its current state but the out

outpmud can be written as
0VENO6O0 QO 8O0 QYOsxD QO8G0 QOO wO (44
where UP and DOWN are the commands from t he

for .n > 0

K } ~clK L}D A

(a)

QZn } N(QUQI'-'QZnUP)
QuQs---Qun-1UP

NQZ_H (~Qo~Q;...~Q,DOWN)
~Qo~Q;...~Qy- DOWN ~(~Qp~Q;...~Q2,DOWN)
(b)
NQ2n+1D— QOQl---sz.lUP
~(QoQ:---Q2,UP)
~Qans1 QoQs... Qs 1UPH
(~Qo~Q;1...~Q2,+:DOWN)

~(~Q~Qy...~Q,, DOWN) (~Qu~Q;...~Qyn: 1 DOWN)
(c)

Figl&@chematic of coumass Os-Ke Bfihipgopn e(bt)s a(nad) (c) i nterm
to det er nAiilnoep stdh @ nfpluit

The input offl itph,e bfiitr sOt,pofilsa pc ot nhniesc tbheidt tfol i
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cycle for both counA iqtgr avipgharMfdr dvamwd wayged
equa@dion to -usputwAND g-bi ¢s ORnhegiarbpret 2AND

gates can benpepl Atl®d ghyeg toy rreadwsiendg hteh &
i nt er mediodsteet trigmgutitthed p r felefielmd pnugs |, for a cir
e X pr etshsei neggdu)d toir o inh éfllbopg, i1t recei v-€d the ou
1) ffll oqpan® Qand i ntermedidt)effi egpdbtenpltt he
Cir c uk&®é Q& QP) and~ @ —~@&DOWN) . |t gener at es
out puts, one -ho#&flltoppe, iannpdu ts&vQef Qst&igtm)al an d ( Q
(~Q~@ ~Q&DOWN) to determ{nel¥h®lpi. pput of bi

Al t hal bgfhitfilpoipn twtn be arppuea@4edd and even
bsaf -ffllops are i mpl emetnhte nagifrdeldf 6 be)r eanntd y( a)s i
respectively because standard CMOS .l ogic g
Three NANDiggda663 icaneqgeuxafddetsnst t he i nter med
results dherefnveetetdhe |l ogic circuit for t
gates and one inverter to accommodate the
previous stage.

To ensure the f,wheni ohal coomtect nsssupdat
fIfilpop HKiqtdAbivihRa be hol d con$tamtl hbehornd st h
i nput. I f singl-elepagergactedal aneéhtfhéi pnish
clock pul se needsd otpas 4drnr itvhee tsoe qtuleen cfel ifp om
bit (MSB) to the |l east signifVicahat ibng t hiS
rul e may -fclaoups el aat dHeaspb@arc aiuseoonecoborvabue of
flfilpops update t Heiirs awtap ineg e@itsti 0 4 & Eesimg ui t s
usi ng-smasvted rbpi por relaxing the timing cons

The major <challenge of the counter desi ¢
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Logic gates from the standard cell i brary
not suitable for creating the claamy chuatr do fy t
optimiezde atyout based on ourinnigdecaelugea ¢
overhead. The | ayout of the counter 1is cre.

Figur seshdwk7t he | asyloaie folfi pa frmaocsp ewi t h and \
ring. The | ayers abovien M2tar d atyiodud sn fadrd
abutted at | east on one side to share thei
reduce the overheaadioffi a plmoiomgo Mtheelvddnrpect i
flip consists of tivwo 406 alyntodi tNIAWED| yg,a ttelse assi
of the transistors placement is to follow t
and conngatesgot hBMOS and PMOS pairs of th
| i chier ectHiylLg§a)hwerti cal di stance between th
in a same NAND gate is | ongesrnt amlt@n-btelt evesenn
wel | -taywple Nacti ve mieg iNawmesl | ashedn etl-bdgqpre R ct i ve
regircemsui red by .t hTehudsesitgme rdud seisgn rul es d
over head at t hese regi onfsoplaach tnlge ¥y o natrael f
interconnection metal |ines

However, theidfgltfaan)siasrteornoti nsurr ouintded by
cannot be pétnmcneedx td/rtioherns e€2DiTbbe vertical pl oy
forbid horizonwalll subrsttaatte tamdbdé& pl aced b
PMOS pailrosed contacts cannot be folomed aro
form guard rings, t MNeA NdPa tgeast ecft adl led gtomare il s
| ayers instead and one end of each gate ne.
demonstRkiaggld/ blhisn el dv o ingmeat rsiyc devifoes tpmleacer

t wo rows ofwiNAND egsepteecst t,bavbprpghiNMO3 ookt ast a
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at thendentwor PM®OS theaestepsvarce omeiryaonne

NMOS cluster and onemPNMO®iekbusher nambeusedt
so the arBhi svearmemagemb@tat esqaindeishrncehrats ©f
NMOSs ando fPM®O Sfmiw sotf NAND gates arandconnect
thgates andodt @irn i MOSso alssee cPM@ASs ow of NAND
are connect éléenlbeg, Md woayews of NAND gates a
of parasitic capacitors are formed because
ver tciomalecti ons. Foirst udniagiietéayl, ngpnbdelafticea e Ui t

speed Bondéa@a®&lbects on performance are negl i

_:éi

L .%'

4 r-—l——l-ru————-l

(a) (b)
FiglTayoutK offlliappJd i B( &)i gwi t4h dut (Tbhyewittrha ngsuiasrtdo rrs nign t
rectangles are PMOSs (|l abeled 1 and 4 in (a) and |
rectangles are NMOSs (|l abeled 2 and 3 hiant ® ab)e and | &

rearranged as shown in (b) so they can be surrounde

in (b))

Using M4 | ayer is not as easy as it seem
rul es of an advanced urecchansoed daggiyendsimfcim ase & 5

for each met al piece Bepewrediampl|l en the Met i
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ou

dr

Fo

ov

vering contakitgsl7dnd aYleAlsariger than the
nNi mum enclosure rul eThd M4 sdomnec tciomg alcitr

use problems because they are Il ong. The

ieces and vi as gaiwmensde cM4ilnhgi atdhteh ep aphmyn i mu m

acing ranad of avihé tadlen s not a single numb

icroscale technologies but varitedlseoaalt h t h

tal fdemtshery increases the complexity of
terconnections. As st atnadn walrllyi etrg nmihrei rhic
tal circui twiatlelbhdeeasnidg nt or ucloensp layt t he s ame

CompaKkiigldd a) aewden bgd ,t hi ck substrate cont e

I 4L 7 ai)t, i s obvious that the height of the
at of the cirdugi&Swowbouhegbaydutiong. cir
e i npfulto®if 41f6lbi)p and (c). Al met al | ayer
own. Thlei gliBraaxwsihtt hirrre WNANBRBogammpsy spaces
e-ledp andefbtotctoonrmer. 1t is possible to ut
these <circuits together, but the inter
cause the devitchegeopéaceament ol |l ow the bit
unt er . There iF$ 4dnhtb)e mpd oya usspedrdtefidd ¢ i r cui t
ntains one more inverter.
A simpteagwar | atch iIis used to shift t he

tput from the core voltageri@l10&N)het o t he
awback of this circuit is the asymmetric
rr- exampl e, aitnr it dien gnofmre mrop 1idsf VIiva lol y1 oV an d

erdrive Rol5t ¥gemi nus a threshold wiol tage \

i much Illowermi nus a tbhureisrhg | tdr \avaod di-tdM agnhst , M
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against with each other in pull iThge tWé vol:t
rati @aumafst Mbenbesagbheart duri hhet dams inficams ent
canhibgthlean tehatl foft hM W ¢ nat i diwepf eMesegh may
happenthdaiogsttpushoftehemhgvéle stuck in an i
vdlagebkeaakanMot pull downpdtohvwe egnactueg hv otl a asgl

dowrnr:¥condansiti o, sotitme iswiltemgng power | o

(a)
FigL8dayoogtrofiits in Fig. 4.15 (b) and (c) with guar

gates and an inverter

A singlesiawdtahcoMpl emend radsydMaesmti t @lh, t Me
vol tage atdrtihoeergsadtnuegr coéeft edmiper at ur e sensing |
connect the gate to ground to fully shut d
thermocoupl e junctsi@mdseddrne boef fmetaos ubrreeda.k M h e

bet ween the | evel shidntesr tamed occwtrpwetntofdrti v
-11-6



being pull ed thos ghhiogumh.de wheat Mnsg smood e, asnvdi t
Ms2@andsdlre on. The vol dag®weradedthep gmads o t
the output of the |etvedf sthhd tleevelBeschiufsteet |

V, a complimentary switch is used to mini mi

VDD T

~
Mp1 Mp> VReset

I
= T v,

(b)
FiglQewvsehli fter dmwmd switvec dgsabrer gaft ey odcbhematic (b)) |

Fi guB(eb)d . whi ch ishoohettdtaggdb uty 69509k thae) ci r cu i
The | etveerl asnhdisfsawidééh eMon the | eft. As showr
width of the NMOSs in the | evel shifter is
Three swistches, tMree different bits are on

At rliayout of a controlf dmiWRrapglosutpatwn d s
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i Fi 49420The sense amplifier and rcFoonupra ruantiotrs aorf
Levseni f tédri tacdbunter are above and bel ow t he
aneich side conTtwaoi nusnittwso oufniltesv.e | shifters
along a row to nbaittc hc otuhnet ewi edat mhd <oitfiia maic €6 D e t wl
the outputs of the counters and their corr
thdi@ courmeandstRd. &river current source
of two pEpmxeBisnarnbhy 59ntodamg6é68nhu@@it transi st
array driver cur +belnét tsroaunrscies tcoornsdidgitttshoaofanled d
four baelreanygihreg atdg acent driver groups are p
edge effect of an actuaBecliuggerof c anhter ol D Ec
characteristic etfs odurracien vcoulrtraegnet ovfs egaacthe uni
To minimiztectuuheeottt pari ati ons of each coun
characteristic higher and smaller the aver
bit. This increases t heshiofutternsg adnedn stihtey cbhuer
uni tstoanssi

The size of the | ayout i s eomdbogd&ny, the to
but i nherervalces are not surrounded by guard
t he desi gn-upluhee sh efioghdloastictche heckt s’smtd ebott otmhe
i s e®. 6The height emsi fi ntchhee adbdeesdi gho 4 h guard
i's used. Thus, a | ayoiunt twhhe ccho uinntcd rusd eesx cgeuea
restricti oom bayn datt hliesa sntun2b.e2r wi | | be | arger
to t hehil f@theed 4 .aFyicgd. @ lisro vi ol ates the rule of
the internatyP&MOSGP Bngdeat or s. The PMOSs in
shifters are highlTheg hRMWOASS nn gaard trirgegthaenfgoloeu n

of the red rectangles are too close to the
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connected Thoerle/ff@rmeagdst.he pl acement mu s t be
di stance between the internal &dMiSsg amar e u |

area over head.

i

IR

7 lrmrrwmrrﬂgmmmnlmrNMIm

o

>
—
Q
(@]
m
=
-+
(0)
q
°
c 1
'f
U
=
< 1
m
q
(7]
a
c
3
3
=<

'l',_i'l.'."llﬁ_!l!'llﬁ-l

Fig2RAtrl ayoazzbycdnt rol driver group without gue

Figurehdwg2la trial | ayout t bTeS MIC s2i8ngm e d |
technol ogy node. The circuit area is about
oft hFei ¢20by taking the advantagetbfssdnai Vel e
controbhaviet g own dedicated semna ampllil f imere
the design . Howvat&E®nctraemt dri ver MOSFET ar

byYy. %cof e t rAalntshiosutgohr sa furt her design opti mi
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transistors with 1 /0 transistors at the cu
power e ftfhiicsi euwrtcayislh olwesy ot hat -shgna@hkopgaseddmi
design can meet the circuit area constrain

advance technol ogy node.

Fi421A trial dianyplue codntarol driver group without gua

circuit area is about 12 Om x 12 Om.
To sum up-sigheal mapedoach for i mplementin
with 4 wunits in 65 nm technology cannot m ¢

suitable for LIDAR driver becasilsief oy ame
reqguOtemd.sol utions -$iognappmgi mgd mi xead VR NP,
include using more advanced techisolsdbgogwnso t
i i 42 or having more units sharing the sen:
solutions provide extra room for guard rin

current source NMOSs.
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