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ABSTRACT

This thesis presents a digital temperature sensor circuit using DTMOS with low
power consumption and the ability to compensate for process variation. The sensor
is designed based on data transmission technology utilizing RFID technology in a 0.18
UM process. The proposed temperature sensor employs the so-called “dynamic
threshold MOS (DTMOS)” diode-connected transistors as the temperature sensing
devices. Process spread of the MOSFET threshold voltage is compensated by using
the 2-transistor (2T) voltage reference to generate the bias current sources. A delta-
sigma analog-to-digital converter (ADC) is used to obtain the digital representation of
temperature values. The DTMOS temperature sensor core and the ADC operate with
1V power supply voltages. After a single-point temperature trimming and a linear fit,
the proposed circuit achieves a maximum inaccuracy of +0.25°C (30) across all
process corners and the temperature range of -20°C to 85°C, with an energy

consumption of 8.1 pW.
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yhanlugiuuendisl (active region) Sufinmautifudioutuamuduiusseninnssuauay
ussuveslalen usiflosanarulifugaund silrlalenbivanzalunisiuldaudy
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Vy(T) = Vgo — aT (2.8)

[

108 Vg Ao Wsesuaedsuudanaulagyssunaigumgil 0 K da1dsyana 1.15 Laad aedu
idlefansanmaUasuuasdnedy nssuadudanunsaesungla dail [2]

v
I5(1) = CTexp (- 222) 29)
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Tuduves NPN singalilunisafrsussiusrsdwasifuwesingamndl uwiiieaan
NPN singaulmsionisasuuyasmas mechanical stress annnd1 PNP uuake Sty usi
iinisiiaus NPN Wude ua PNP wuadsdansianant@imnzanlunisiiinadig
Fuwesingamgininnia [6]
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2.3 waganen (MOSFETs)

231  Auanuuzveadinnegumnnl

soawimdleviemluguiunduseuasisnnummgliihlutuiundudoutiooniily
wavaeannedagliinaunn daiunssuainsu (1) vesusaie oglugiuiunduseudy
nszuafiliannsunsvesmzilwihdudes Fafnananuuandiaiuvesaanuvuiuy
oz birdiutes wazdnuanvusadiedunisiinssualunsiudamnassouss

Tulnans Tnetsnanunsauananudunus ved I, veswednluguiunaueaulady (7]

w q
15" Va0e T exp [m (Vos — V)] (2.12)

Tnefieueinazaruni9gewinssuavindu L waz W aIudwu waz m = 1+ Cp/Cox
AoAduUsEansnavasUen Laed Cp=bss=Ggr ﬁammﬂﬂﬁwﬂaamwms LLﬁSﬂ’N&J‘\ﬂWﬂ’]
sonleding mudsy [7] Wewssufisuiusewineusamauay BJIT wulinszud Ip 19
flasduendlmuwdoaiu Vg GﬁqﬁﬂmamﬁaLﬁaaﬁU BJT vinlviseamnanuisaldanuuwny BIT
16 usiiladduendlmuuidsaveswoamnazgnaiunldlnsvuiasnindiu W/L egnslsh
a1y i aneanmUd suwladlunumnuwUsusiudenssuiun1saderi i ussiudacy
(vEuk) wazanuqlwiheenluminaudsuly dmalvidumesviaueamniainuusiugiios
nMduwestiansulamessesnslulnans wdsanyih single-point trimming wulnduwes

fanatlnuu g HBRINAUFNTUSTENIN V;s wargauuiiUdsuilatataunnsiona
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ngUszasd Wuwesylaueaindndudoswi two-point trimming Javhlidunulunisunds
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2.3.2  Dynamic Threshold MOSFETs (DTMOSs)

finrsanueaimuasguiivhauluguiundusou fednsdevinauazuiuediin
fefu Fuandluguil 2.8 (1) madeudedsnandwmalinruniwesdulasanmglives
thnszuagnimualia dafudsmaliussiuladuddounasegiann Jadufiunesde
“Dynamic-threshold MOS (DTMOS) “ Tag@1u15auanIAIUFUNUSUOINTLUE I)) VS

DTMOS Tuguiundusoulaidu 8]
w q
IpT T EXP [ﬁ Vsg = VED)] (2.13)

HasvdfguesmsifeuravinauazavenindeiudioliussudaSuves DTMOS (V2T)
gnimunogedalay Wednmsdendomnsinauasanveidadetusazyhnsludansed
seusavei-g0sa nunsEendesina i uiaGuanas Weswnnsludanswiild
dAanmgalniinlugasiinisuanindy dwaldtinnisiinssualdundy vananinng

a

Fourenuu DTMOS ¥l Arduusyananavesuen (m) fievszaas 1 fesan ussiuda
Suflananhlivseglufuiunduasauanniy ldamdadunvelutasninssuagady
dswalirrugiwihoonlsfinafienniuie uasdsdmasornuqlifitaannmedndae
Tnsussiudnisuiianas danalisgaseuvinaasanivzanas dwaliaanuqliinyaen
wveileanas Sl Cox > Cp dunaldaduuszavsnavesuen (m) flaszana 1 Fuwh
Tf DTMOS Henuduiusseninanssud 157 uazuswuasa-inm (V) danuduaauaives
‘Nqﬁ%uwn%ﬁwmm%aamn%i&gﬂﬁ 2.8 (%) ileSeuiiigusgninsueaiaiialy uag DTMOS
fivinendluguiundugousiss wudnsideudeludnuny DTMOS Vilvadussansnaves
vonanawenan vhliauduiugsening 187 — Ve ﬁmwmﬂuqmmamnﬁﬁu LSauTAEY
84 DTMOS anaduazantnsnainanszua I, geanindeifisusunisvinuvesoamaialy
vuiiugulassasameauimiendu Tasagude msldou DTMOS SrainauulUsiuse

ASLUIUNISHNARURENINUBAMNA LY DTMOS 3awmunziagldaruludnuaiziendu BIT @9

'
=< o 1

A8an13 MsUTuAANHANaInIINNITIngumginidaiunis anvedeaunsainaulan

wserulnaesinAuauTRvaean
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AAENYAMEYRI PMOS wuumild “bulk” wag “DTMOS” vihanluguiunaugau [9]

MeHatnIRu vl DTMOS wila P dananuaiziloiu fall

® DTMOS @U150&519UTIAUDIDINEAILAU 0 Laad U TA1Uszau 0.6 1iad
FaUAUTEUUATIN TN DB UAULTIAUSN9D9U9 BJT fediAnussunad 1.2
Than

®  GNTNAIUANNTNNUTTENIN Vs wazgauniiillaludanisurasingnssua

Y

Ash TiA1UsEnn -1 mv/K Tudu BJT suslAussana -2 mv/K

®  ANUAUNUSTTWININTLWALALHLIINUYDY DTMOS TAnuduushuuLand
Inuu@yaiigauad Landaaun1si (2.13)

NN AMUAULUSTRINITTUIUNSES1arA U ldaunsgiuYes DTMOS \indu
Tufiemadeanuiy nsa suwlasees Vp luteamauuuiily waanusulusves
NILUIUNTERALIN Vg Tu DTMOS Wasuulastpenindlaiisuiunisivasuiias Vo 109
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wealnuuuy bl Advwakaznseualudavinny [9] Adeamandfegesinariun vl
DTMOS fanwaugtieafu BJT vinly DTMOS darunaulalunsianldidudirineamaiily
Wuwes ennsdtanunsaendenisuiuiisuanmgindeinunus ieliiAnanuwsiugilunig

[y a

o ) waaa d ° d' Y} & o v v
'J@IQQJ‘VLQN LLagﬂﬂﬂﬂiﬂwqﬂmaN‘UmWﬂmaﬂﬂJ@aLWG] A8 ﬁ']@J']iﬂV]'N']UVILLiQWUVLWLaUﬁﬁ]'ﬂxﬂ [10]

233  Waveduoh
#913000 NMOS fidins¥euuseduludaived wansdesui 2.9 (n) drauudt

Vgs < Vp 4ae Vgp = 09103U7 2.9 (v) azmiulainasdivnvasanngagluuinalding uay

Y [y Y v

Lflgudundy wartnauNflv Vg Ananasse Ve, > 0 wavasaninslainaasiaiiuning

£ '
= A

wntu ilesanleaszgnisgaludsuaianniu daguil 2.9 () vhlsueamasiodld Vs ann
Ju ilefsgmaidnnseudasyiinavaunnTunazairsfuiunduuinalding Sedsnalvan
Vo5 tovfianiivhliiAnveninssua visussiuinduvosmeaniziianfiutu lnvasuie
o NMOS £l Vg > 0 953il5% v, flemnndu wagluvnensatudnandle veg < 0 989l v, &

[11]

(%
a

A1ARAY BISHNMRNITATINAUIT NaUBIUBR (body effect) aunsaasuialans

Vr = Vro + v ([ 1205] + Vsg — /1221 (2.14)

10871 Vpg 710 Vp Lile Vep = 0 482 dp = (KT /)0 (Neyg/n) fo Angluiiunasd (Fermi

. = & J2qN iAo = Jo &
potentlal) maagnusaamauamamamvﬂm Y = %”E“ ADANUTZANTUBINAUDIUDA LAY

ox

€ = 11.8 g, A an e alii1vesdineu €,= 8.854 x 10712 F /m fio @n1meaunid
In#19999111A379 (free-space permittivity) Uaz Ny, A9 AUNTLAN 5 0lug U509

Tnevild y avfidiussane 0.3-0.4 V12
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vinwlasanme

U504 p-

vinudasanmne

FIUTN p-

(7)
Ul 2.9 (n) NMOS #iimsludaniued uas nsiasuiUasosUszqluwnvasamnmy
(%) 1819 Vgg = 0 uaz (A) 1o Vg > 0 [12]

2.3.4  NaYRIQUUNNADAMANYLYDIU BN
luiadellaznandwanssnuretgunginenmanvuzvauedn lagaiuise
f1sanaudnvaensiuLUsTesinlslag (o) fuaamgdl (7) lemedudssansnisiuuws

1%
v a

9aunil (Temperature Fractional Coefficient: TCp) @aeulanail

TCr(x) = % (Z—;) (2.15)

lngvialy A1 TCp auaunis (2.15) asgnaneig 10° uazwansandudiuseaiunie (parts

per million: ppm) segaum il °C 38 ppm/°C

AnUsdAyrameamndaluwysiugamgll laun AuAaol (u,) wae WY

Fasu (V)
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LY a J

235  A5WUSHUAURMRANIUIAIAINUAADIF

9 Y

[
=

dlofinsanenmINiing Iy wuinagyhlinuadesiivedidnnseu (u,) veued

Y

¥
Yo a

winazilananad Ingaiunsadlszianudunusianad

—-a

(1) = 1) (1) (216)

lng?l T @ gaumafiduysal fmbeueaiu (K), T, Ao gangiduysaisnsds Jelaeundld

Y Y

gaum)Iviosdl 300 K uaz a Ao AAITIvesnsiuuls Jslasunfdidussanas 1.2-2 99nannns
edudt (2.16) anansadunmeyIsYe 11, WWisufugamnTlA Ty
b, =) ) (Tlo)_wn @) o1n
WAZANIN A1 TCp(uy) 71 T = Ty ST
TCr(un)|r=1, = #n(lTO) : a#g;ﬂ |0 5 _T% (2.18)

Y

Tugrsgaumgillndifes Ty o13ldnsUssanaudndulienansmuduiusues u, el

(1) = i (To) (1 + TCr(itn) 2z, (T = Tp)) (2.19)

o
= pn(To) (1 + T_O(T 5 To)) (2.20)

23.6  MsHuLUTYRTIUAaEUT UMM
Wenansaneamginuasunvadiy nuinagyilviusenudnGy (V) vesuoamnilan

wWasuld ngaiunsadesigildainanuduiusves Vy laasl

Qq
Vi = dus+2¢r + (2.21)
ox

1087 Quep = V2qNgup Esi 1205 — Qss WaZ PpsQss 4o C,, AAanTudaszivaaumad 1ol

(%
Y A

AIUANNTAAUINADYITUEYDY Vy Tsuiugaumgillanadl

aﬁ =2 a¢F + vV 4qNsyp Esi . a¢p

oT oT 2CoJbr 0T (2.22)
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dpy 1 E
T =T (i — éF) (2.23)

lnef E; = 1.12 eV fio dndluihuuudunuvestiney felu

Wr_ _1ds_ g+t
ar = "7 (qq P JZTF) (2.24)

'
a a

{ 2gN (S 1% ag v v O ' i
lefl y = 2t yaedanudlin ¢p < 0.5(E,/q) Al Vp asdaranandogungdi
C 3 U

ox

2971 TneflAndudseavdnisiuuysussana 0.5 mv/°C fs -4 mv/eC [13]

2.3.7  MsiuudsveenIsualasUiugungll

' [ (%
a =

nThdefiiuindnsiu wuiiilogaumgiliiniu ueannayil . uag Vo anas few

dnupaANAN lUTAMIENTINY Vs NHANATN LiToRauuTiuTuinlyl 1 Jranasdamwalit 1, &

n

¥ [
=< LY 1

AaAUBYAY TUNMSINUT e Ve SA0Uasasiinlil, ANNLTU AUUNUINENTENY
YRIMTAUUNUTVY o Waw Vy Ndlste 1, Wululufiamnsafiudn

350.0
305.0
260.0
215.0

170.0

Ip (uA)

125.0

80.0

35.0

-10.0

-55.0

0.0 80.0 160.0 240.0 320.0 400.0 480.0 560.0 640.0 720.0 800.0
VG S ( mV)

[y

JUN 2.10 quidnvuzdulszavdgumaives I, \ugud (ZTC) vosuaaing
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dlefiarsananuduiussening I, — Vg maﬂmaaLWMiuﬁqumﬁﬁ”’mﬁf -20°C 99
85°C meé’qgﬂﬁ 2.10 Feuansliifiudn deneawad v, vew asd 1, Kttty Lﬁaqquﬁ
Qasﬁu losnnisanawes v, dmanssnuse I, 1w, lumemssiudiy deveanad
Vgs 170 928 I anaq Lﬁaqmmﬁqaﬁu f19991NN15ana3Ue4 Vy daansenusie I, Hesnii
o, WORT QN TR WU ST Vg AWMLY 2WUdn I, %ﬁ@hmﬁLLazlaJﬁuLLUsmmqquﬁ
esnuaves u way Vr Aisundanenaindretuned dewmali o dwnsdangned

duuszansvesgnmgiives I, \Uugud (Zero Temperature Coefficient: ZTC)

v Y

24  A0IUNTU
maduniulumaluladfued deudiunldmududinnaiagungilaiediies d
a1unsasurganIldannsiudsuiuasainua e un U sHumug il Tneay

[
Y v A

AunuiUasulunugumaiuuiassin asnsausvannde fadl [14]

R(T) = Ry(1 + TCy(T — Ty) + TC,(T — Tp)?) (2.25)

YY)

108 Ry AD ANAMUNIUTIRNYTYEY Wag TC; wae TC, Aadudssdnsonumgidununis

LAY @89 MIUAINU

Tnevhld Fuansfifedlunsassiniuamluneliladdues Iiud 1) Sulnddaneu
(polysilicon resistor) 2. Fuuns n* 3o p* (diffusion resistor) A duturosauasinsuaes
wean WAz 3) Futs n w3 p (well resistor) TngAIMEILULLALAMEAYIN WO IR
Inddanou uansisgudl 2.11 (n) Fadrssnensnsiulndsanouiideusousaetu vonlys

91 (FOX) wagtanunsasistudalonuulnadanay ynlidaniwaiuniu

JUM 2.11 () LAASAINAIUUY WaZAIMNAAYINVDIAIA1UNIUTULNS p* (p*
diffusion resistor) ¥aiive n Wugusenielylmfansdnisasiugiuses uaziisesselans

WUt 98099 UT RIS IAIUNIY
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aaa

nadanau

L laifigald van

L
f——— .
/sauma

086

S o
FOX
q i tiﬁml
& / 50868
tpoly
Yan
FOX FOX
U589 p- T893 p-

(n) (@)

JUN 2.11 (1) ANFUVULAZATNARYINVBIFIAMUNTUINETEADY (W) NINAUUULAY
AINFAYINVBIFEUNIULNS p+ [12]

UDNINNT NMNATUUY BWALAINANVINIVIFIFIUNIUUD n (n-well resistor) AaLana
Tugun 2.12 Tguue n warasnatdsegian I uduLns n' wazseunalanznly lnenaly i
ANUMULTER N-well HALYSHUABUYINIINAUNTLUIUNITASIS A9t 98 ndeuldasasi

RN TR VT T RV Tty BN DR T R FUTE A o

U6

Ua n

FOX

§1U504 p-

JUN 2.12 AWM UUNKAZNNARYINYBIFIRIUNUYR n [12]

s
a a 1

91nA15197 2.1 [14] uansliviuindulsz@ndgamgiiog s3ning 0.1%/°C uay

9 Y

a v Y

0.4%/°C Aupgivyinvasdnmuniu Inemludulssansaamgiivesiiunuriintuue n

Y

a

(N-Well resistor) wazdu n -lwagansu (N-Poly resistor) ﬁqm‘mu 250C fip +0.3%/°C 4

Y
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yangANAIA N U LEN s BsuLladlde 72% naentigumgdnaud -50°C 9
125°C Fadunaliiadunulenindsugumgd uenandiaduniurian-well
wsUsIusenszuunsaseetnenn lumeluladdueasimumuannsandsuutaslyds
15-20% dawaliAnanuliifudaduvesmnuiumuiugumgll ieflasyilhduwesvia
5ﬁﬂ'nw,l,ﬂus]’wqa%u Fudusesordonmsuiuaruiianainainnisingumgiiviunnnimi
funts Gedugifuingussasdrosnisiluldan dafegiady £0.150C (30) 910 -55°C
fla 850C wds1NUFUA 2 fums wag +1°C (30) 910 -a5°C fis 125°C ¥aINUFUAT
1 suving s

37197 2.1 Audnuauzussidumulinneg e lumaluladueauin 0.18 um
(14]

TAURIAAAIUNTU T TC, ANNENUNIU (Q/(Lm)?)
Metal 1 0.338 -6.29 x 107 77m
Silicide P+ poly 0.298 4.87 x 107° 8
Silicide N+ poly 0.311 -1.32x 107 8
N-well 0.250 8.56 x 10 415
non-silicide P+ poly -0.028 3.00x 107 352
non-silicide N+ poly 0.016 4.18 x 10° 113

2.5  Process Variation

ANUNULUTVBINTEUIUNIINER (process variations) ALAINANTENUS 0A AN WY
LaTANTIOULAIINIIUY9UNT AN 199 Tu399353U Areg 19y AuiulUIALT N
a13¥e videmnuiuysvesgmmall Tudunousiiquaanszuiunn Suiiliaudnumses
soawndsuly wu eudutuansidevemesaniamsy aumuwesiuoonlefing Feas
finalnonsaronnautAidsninloenss Wy wsefulaSu anugludhsesde Wudu daly
AuduLUTTRINTEUIIMINERIEAINaNTENUAegUNTal WagieasTaNsne iellisasIan

PN v Y a A v a o & I a aAw A
Waquqiﬂiﬂfﬂqu‘l@‘ﬂi%m@LGU']Qﬂi%U'JUﬂWiNa9'1 "U']L‘UUQEJ'NSQWWQQWWUQQQNaﬂigﬂUL‘Wﬁ']UI‘U

JUNDUNITNER

Tudaqtiu uuudassmsluliindmsimutueeseiiios vinliueamlauazgunsal
f199 anunsadasansEnUiiind unAnuR UL seansEUIUNITHARE arunsavinl
$1a0an13veIui anavaeUNaTiLAnT R an1919Iu1891993 Aouflardeisasiudig
nspuIuNIHan Taealu process comers woswaan azuvseenldidu 3 nqu léun 1)

wuud1ae9Und (typical model) 2) wuusiasada (fast model) wag 3) wuus1aeeti (slow
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model) Tnglunuudiaesss seamnaziiusafudaiiuuasaugnihsessovosa-uod voe
nUnd wazlinnugliiteenleduazanuadesianivzainninund ludiukuudnasedn
veawlnazimgliinsesdeuazuseiudaFunnniiund wazdanugliineenladuas
ANAA BTN ImEYaEnI NG 91nd98193UT 2.13 uanadn B Yo BJT Aegaumgiii
WasulUlumelulad@ueavuin 0.18 um gﬂﬁ 2.14 LAAIAINNAUNUSNTLLALAZLS A UYD
BJT 7 process corners TT, FF, SS dlofiarsand corers FF aznuinnszua Ig ﬁﬁﬁ@;ﬁﬁu
desndnsmetenszuail comers FF fidngetu wagguil 2.15 uansauduiusnszuauny
usaduTeIUREMAT process corers TT, FF, SS Wilefiasaidi corners FF asnuinnssud Ip

1189 UULRINUIWUTALTY comers FF fiA1anad

UBNANAIMNURUTVDINTEUIUNITHANUA qm%qﬁﬁmﬁ'wuﬂaﬂﬂé‘f&dmamsm
FoANANYALLAZANTIAUENTINILINTTIY 289sTIuRiRmseenuuY TN saTha LTIt
punpuazusstuliisseuds dnfunseonuutisasmssifamahou melduanseny
nAuRLLUTTsa Ml (temperature variation) uagaITuiuLUsTasus Ul NA B
(supply voltage variation) Tasaaradunysieansiuaunsaenlesn amuduuds PVT
(Process-Voltage Temperature variations) Ingalu 29a552uildr9gamgiinisvieu

[

(operating temperature range) Yuagfiuinguszasaniunislaiu Inowdadu 3 Usziaw

g
ndng fe 1.dmsunmsdnddasgamgiicaus 0°C s 70°C 2 dmsugpanvnssuiivasgungd
faust -20°C 9 85°C 3.AWUnNITIMSiiYIguvnfisaud -550C A9 125°C WAt
LLiaﬁulwLgaqﬁquﬂzﬁ']M%“umiﬁfmua@ﬂmm £10% nussiuliEssAUNR

457

4.14 @85°C

3.79~5 @60°C

3.434
] @30°C
3.074

@0°C

271 e —

3 @-20°C
2367

20-

r T ——T—rTrTT —— T ———T+
T s 3
10 10 10 10 10

Ig (A)

JUN 2.13 anuduiius B wagnseua I Weldsugumnil lumalulagdueawuin 0.18 pm
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M T
FF
M ss
mmmmmm
0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0 500.0

VBE (mV)

JUN 2,14 0 mduiusszning Iy LasUsIaU Vee

Ip (A

0.0 0.2 04 0.6 0.8 1.0 12 14 16 18

Ves (V)

SUN 2.15 Anuduiiussening Ip uasuswiu Vg
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1%

2.6 YIFASNDUNITbLE

2995dzviBunszIA (current mirror) Wwasiiugiuluniseeniuuinasdidnnsedind
[ ! °o w ! P v 1 ' (7 P 4
Judwdaglunsnssineuaanunaadneludidiungg uanaiaguil 2.16 waneasasviou
nIzuaiugIu Fuhaulngiansagsunseuadunanasivinseuaavinanflaviniu nied
doahududnnuvinvenszuadunn Jaodendnnisiiugiureweailn 2 fnsauinnii ¥
IS ! v = va I v = v s ! (% o Ya
fyun W/L wiriuuasiinuaudfviioudunnusenns lnedlusanuina-gasawiniu vilid

Aa I L= [ o o
ATELELATUNUAINNIAU ‘Vﬁ@LUUIUG]']&JE?@&’JWUENQWU’JUZJ@?{L‘V\Iﬁ]

Iin Y Iout

lin Y lout

(n) @)

5UN 2.16 29956 9oUNTEUaNUFIU (N) KWUUAIATEUE (V) LUUTUNTLUE

INFUN 2.16 UAAINITALTOUNTEUANUFIUVIIWUU NMOS waig PMOS gavinaniludnuaiehs

NITLALALTNNTERANNEAU LilaNA saueandunn My Niln1sweniusenILnaiu
=) = ! o v A & v W a o v A o

LATU vTemsdeuseuuulalon yminidudisunsewadune wag My it uda

avviounsvialinszuaionying 910 My lngeawniiaesdinaautfmileuiunnusznis uas

o 1 a v =® 1 v 1 1

viulud WOUEY NI Vgsr = Vsz 98U 1in % o Tour =Tasz = 7.~ W0 Vipin =

D2

Vps (sat) Astunszud Ip doamnnns 2 9zl [12]

w
Tout (tnCox)2 (T)z (Vasz = Vr2)*(1 + AVpsy)

L w
lin (1n Cox)1 (T)l (Vgs1 = Vr1)2(1 + AVpsq) (2.26)

TagiilUauudliveann My waz M, daaandfmdauiunnusen1svinld (u,Con)r =

(tnCox) 40 Vi = Vpp 32161

)2 (1 + AVpsy)

)1 (1 + AVps1) (2.27)

Iout — (

Iin (

bl
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LLagfhallﬂJaﬁLﬁ VDSl = VDSZ leéf

) (2.28)

FAUU DRTIAIUVDINTBLLE (%) UUIHURINATIEIUVUIANIINITAIN (%) YDIUDALNG 9
m

YAEU1509NLUTTLIANTELE LARINNNSUSUIUIAUB IO EINARINAIINABINTS

a

2.7 2esaenssuadnedefiulsiufugamgi

’Nﬁ]ﬁﬂ%l’]ﬂﬂiml,ﬁéj’wﬁﬂﬁlLLUiﬁUW’]N’quIQﬁ (proportional-to-absolute
temperature: PTAT) Bauanssisguil 2.17 Uszneusensudanes BIT vila PNP 2 éfle @
wae 0, Inefmunliiuiisiamesves 0; fvunalvandt 0, \Ju mwih v3e Ap, = mAg,

wazsean M;_, Winsesazviounszua Welinszimsasmungvosaosteni ozl

Vegr + iRy + Vg1 — Vs — Vepa =0 (2.29)

5'1?111&@1‘1;{ (W/L)1 = (W/L)z LA (W/L)3 = (W/L)4 Qgﬁqiﬁ 11 & 12 LA VGSl = VGSZ

MY Vg ves BT agdlandu

Vv Ul (IC) Url ( le )
= nl{—| = n
EB m IS T AE]S (230)

Ql' I v 14 a1 I (% KT I~ [
1089 Up AD WSIAUAINTOU AANVNAU — Wag I, AD NTSUAADALANIADS Way Iy = Agfs
q

A a

AR NITLEDUMTDUNGY Ay AD NUTDUALNDS LAY Js A ANAUILUUNTLLEDUAIEDUNAY

(%
£ ¥ at

AIUUOEUNRLIE (W /L), = (W/L)s 3219 [12]

Vepz = Vg1 Ur
Iprar =1, = R—1 = Hln (m) (2.31)

[

Fawansliiudn Ippar sefifulsiunssivaamnll uazdlidluegiu R1 uaz m
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VDD
e
11 J 12 IPTAT
g

Ny mdy W A

fol W Q2

JUN 2.17 wnaed9nseuad 198 idNasInves lprr

2.8 2439 Fully Differential Folded Cascode Amplifier
2vaseeUkaydnaiendunilsluasasfiddglunssuiuniswUasdugiaueusdon
Juines 1esnnnaseetiendniafsuuiuguiiteditavenasie fsamuee
AegthatiosdilagvialuiidUssann 20-40 dB Lagivaundusadueninaidiinun e
finsanaindesifrlumseonuuuiiasnuideay Sasvens uastundsTeusI L YN
uEmuin 2saseeuendnmdyailiinademalaniuuiuiamautRidulunaidenis 3
las9a31999500Uleuy LLamgﬂﬁ 2.18 () B3l M1 wag M2 Juneandunn 1 M3 uaz
Md Buneaisiannalan Sundssiensvua io; lusaguoainduwauazld 1, uas I, 1ieluda
woawnaalan wasdl [, way I, Wunendinlvan 1ne9asd I = I, uae I;=1,=1;+0.5]
uenaNiuTl 2,18 (4) uansiaaastuguil 2.18 () lavadreunasdnenssua I, — I, fouod
wln M5-M10 aadadu uagdl ¢, Wudafudseaitewing Slusaliueamanndriam
Tug1ud uia axld a1 Yoy (min) > Vpsy(sat) + Vpsio(sat) wag V,u(max) < Vpp —
Vepe (sat) — Vepg(sat) @auanidn 29asoauwonduvumalnnuuuiudl v,,, (min) dosnii
aseaUkenduuuaalaniily tlosinasaseeuneuduuuaalaniluiussfunnaseu
woamaiivmihiduwrasinenseua g v, (min) 1R8N Vyypr (min) 104393508YU
wouduuuAalAALUURUWI AU Vg (sat) faidu 1asoauuendaalaauuuiuagiiauns

WS inAINTwANey wisadlinszuaundy
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L (4 1) L [ss

V'nz

Vinl [ M1 M2 jl—é

VB3 0——*”‘_-M7 Mg;“—'o VB3 ISS

VBzo—IEMS Ms || Va2 Vgll_ll:JMl ol :“_Zﬁnz

Voutl | ) Voutz

W /-3
I Vp1 o—-I[:M3 M4&“—o VB1 :[_:

CL CL

Vaa o_”: My MlE] —o Vs

— — (%)

3UM 2.18 29s0eduendniAmeinldmealinaalani uuiiu (n) 193s9ugu wag (V) 2933
WUULAY

Wafiasunasestuandaiaiedfildinatdanalanwuuiu 9n3UA 2.18 (1)

[ [ <@ Y @ aglj
ans1vNsdNIUIaNa 1 usaUsEUle fadl [12]

A

Aua(s) = Ay m (2.32)
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108 Ay AB 9NTIVEIENAANTWIIAUINATI UWAE wy; AB LAl (dominant pole) uazd
wpy AD INa584 (non-dominant poles)

20I0gIA, 4(jw)!
A

loglA. Al
g Avo -20dB/dec.

0dB —~ Y >
©p1=®_3dB ' log(w)

SUN 2.19 NaRBUALDIANNATIUUINUDY Ay (o)
Y

v af ¥ 6] a fa (3 1
TAUANIRIY W,y K wyy DRULBNUALTUUUAINN W_345 ~ Wpy Y Wy1 =TT g
0~L
wpy =23l C, fio AdAAUUTEQUAITITIATUYEY MO 38 M10 Uaziiiannunsuws
2

¥
= o

: oS Y dB &
897U 91519818 20log |A,q(w)| HUUINARIIUTATY -20 */ decade 108D Wy < @ <

[ <
Wpz INTIVY ALY

SR T :—;O% (2.33)
Tnoiile wy; <@ < wpy Wle
LA :—1)0% =" (2.34)
oty AET |A,e(w)| = 1950 0 dB 2iiandy
w= Ay Wp1 = Wgp (2.35)

FadlAnAY NaRnveInITvenglinsiuLuwIAY (ain-bandwidth product: wgp)



29

vdd .
J
= VB3°—|EM7 = VB3°__|- My

Vino—{[" 1, Vizo—][" Vin o—|[" 4, Vaz o[ s

VBlO——”: M, V31°—‘|:M3

‘%mﬁ[
My i Tas1||7aso
W

(n ° (

35U 2.20 (n) wae (v) wWasAssanyavatesdwenduaalanuuuiiu

Topi T R\ :
= 8T \N
Vin = 0 N~ \!
_L——”:Ml E_E_l » Msi Tout = ropllron
V S O = (1. —F S | 3 I
Yi Py o Wt @ e
iy RO
fai = GV =0 |

JUT 2.21 () 19sauyadmSuliaszvmsudrauaniaud (v) swsaugadmsuingei
AUAUNNDWING

WiolnserisnIveenaniiavedisasealiendiigui 2.18 (1) lsannisiansanase

2a5auya Tuguil 2.20 (n) UagguTl 2.20 (4) uagausalandnsveeussiulady

Y

Avg = G " Tout (2.35)

1AEEIUNTNIATIEYINT G, A1U1T0TATIEALAIINNITANIRTNINNG (Vopr) HEZAIUIN
(it /Vin) FFUN 2.21 (1) Bouanaliiiudn neua igy,, wudlvaunseninemnusuniuiges

3 1 . & ] = . A £ £
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D15 AU09 M3 N30 1/(gms + 8mbz + Sas3)UT¥U10 1/g5 tneUnfAazd a1l a8nin

[ 3 = Y1 . . C) l
(rasilITase) 30 998U F9UsEa0lOI gy = iy = g, Vi Y30 Gy = = G

NINNIITUT Toye LABTLATIEULUTUN 2.21 (V) FIA181TORAAIIA TN T =
(Tonl|Top) = GmsTass Tast ||Taso) || GmsTas Tas AIUU DNTIVYIUUTINUNAR19B 9995881

woudlugud 2.17 aedlandy
Ava = gm1 [gm3rds3 (Tdsll|rds9)|gm5rd55rds7] (2.37)

torveseauuandilinaiinnalanuuuitu Ao sedtendansalinuldegazan
Tumslfnudusastnlesussiu isltrumsdeunduiuvay ilesanesuuendniaiien
lnglfinadinnalansssum Welfnudusasivesussiu Ao dmaseiening dhiun
dunmauteseeUiout Juiliivrmniaussiuevinadisiiaun uiaunsaliinadania
Taauuuiuiiaifingaaunlaussiuevinnvensasea lanseUuoudly wagaunsaeeniuy
199sltiusaiulvins B unpuazioninalndifssiy ilidedunaiuiemingiiulalaede
[12]

nAuautivesesvwonlildmatinnalanwuuivnnandludnedu a1uisatnly
Uszgnaldauldogamanzaniuiesaintauiulszgailtusnuumnasdnge asnlunis
sonkuvealienliidnsvenefigedsdivanmuianainfioafintuldvinduiulseq

serInmsinelouysey FezannanudanaIn o AnvulunseuIuNSHoREAR

Vop Von
0 0
Vrefl O
b1 0P (0P o}
Cs J_ Ca e - Ca jr— Cs
Vier20 ik T vt -~ Wl
b1 b2 b2 b1
Vemr >

JUN 2.22 299stoundulvunsauuuuaindiiiulseg

nseenkuveaUwendnldluiasuenen IfeiadelnsloundumseAunsaius Iy

1@191e (Common-mode feedback) N alWLsaAUlNLATINTNYITLAURTIAUAIT 99975



31

Joundurusstusamevinndusenuuulaglisuuvainddnfuusey [15] fuansgud
2.22 1aglAs9a3191993Us2n0UARY C, ﬁmﬁwﬁmﬁfn,l,iqﬁm"mLmﬁwm waz Cs ¥md
WausEAULTIAUT e YN A Ing s e Amar19YeussR U198 Fadulmuaiiy
winnzanvewssuluda lnanisvinuvensasdeunduwuuaindaniuusey 91dens
yhauesdygauninuuulideuiu ielvinisaelouusspialfegagniosuasiitel

WIeRUTIMINANA UL EUS AU B UNTUAL]

2.9 Charge Balancing

29.1  #dnn135U83 Charge Balancing

[

Tunisulasdygramssaulail (Voltage-domain) 1 udaygaidaian (time-

[ e ]

domain) Hudndudeseds ADC Tunisnandeyayrad (modulator) Gesnsvinaulaeialuay

US¥NBUMILINAT intecrator agI99UToUMBULTIAY AakandlusUN 2.23 taen15vinanu
S 3

A o ¥

HuguAedyy vt vy azgndufinsnegewioilas lureNdyaIue198e Vge 9290

<3

BUTNINNGOLIOLITIAUOIINAVEIINDT integrator (Vi) HAINNNNTIUTIAUB1IBIVOY 2995

Wisusunsanunnivuall [16]

™ Vint
V/N > » out
VREF —{ (n)
A Vint
‘ AVhyst
>
“out
- i
= T -
« = >
()

JUM 2.23 () WHUAINAITYINNU Uag () HHUATNNINIAIYRINITUDARFRa 10
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FatfuuseiuBawmida (hysteresis, Av,) sztdsunlaseglutisveuunussiuyes
29953 BUIT BULS I UR V,, sflAnduduluseninedne T, Gﬁqﬁﬂﬁt,mﬁwm@mws
Wisuisuwssau Sandu low lumanduiu v, azddianasluszwninegaa 7, Gl
INAve99sUTausuwsany dAndu high d1auudld vy uaz Vegp Hurnsdi

¥
Yo a

ANNAUNUSTAUEINNSDes U lReatl

ToVin = =Ty (Vin — Vrer) (2.38)
ANUNTOMERAILATT
Ty / Vin
To+ Ty  Vggr (2.39)

Fauandbiiiuiiseunisrinaurese Winaweeslssuiisuuseiu ludnsiaiusening
Vi %88 Vegp 40NINT 210307 2.24 dunisfiugiuveduwesingungiivinfdnea
a1u1sntnImsvilaelinann1suee Charge Balancing laan1vual Vy = a - Vi, 4o

Vier = Ving + @ Viyg B8 a fio 9051088 LII0U

Vint ="
Vint
out
Vinz

JUN 2.24 UNUAMNNTYINIUVDI9TTUYLAM Charge Balancing Wuumss

Vini
< out
+

Vy J Vine
RN
/ ~— out
I/INZ

JUM 2.25 UHUAIMNNYINNUTR99sHegLan Charge Balancing kWuuUSuUwsd
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WaNa15UIFUN 2.25 1AgNanNN1Tas 1IN ULUUN U NUIIUSIAUTUNAYBIIITT
integrator (Vy) agdiAdu

% _{ a'VINl lfout=0
X~ _VINZ lf out = 1 (240)

%Lﬁulﬁdmé’ﬂﬂﬁ‘vi’wmuiugﬂﬁ 2.24 @11150UANINITIIUYBIINTTUONLAR Charge
Balancing WUUATs T adindnnisnisvieumileufun1sinauvessasuen.an Charge
Balancing wuuysuusannUsenis Lmﬂshqﬁ’mﬁawﬁﬂmiﬁﬂmﬂugﬂﬁ 2.25 WS90U a - Viyq
Wy —Viy, anUouidnd19395 integrator lalnsnss lngliifoe1du3995a3519u359Aw81989
(Vapr) Ttiuousnaoly dwmalidinvesnsveny « amnsadimninnsanludiineald i

Tnsususmsvenelalagdte wagyinlin1seenuuuaeas integrator UsEaNSAMLNNTU

2.9.2 1995 Charge Balancing ﬁugﬂu

lutdeiazeinnefanisiiaesnisvhaurenduresingnmnd Aerdoinainaind
Aaiuyseq (switched-capacitor) Tun1suuasdyaas Tunseaniuuasas integrator WUy
switched-capacitor falansluguil 2.26 uay JUT 227 ussiudunaazgniiuludaiuuseq
Cs uarUszqaegninemlUfiinAuUsey Cp, Tnstoimlszqazddsuludueg fuusediy

dunanUaeulusening Vep nantien1sinauvenswiasdayg i

SUN 2.26 LARINITOUTILNTAWSINU Vg MUNEN1S9U ¢p LSIRULUE-DHRLADTVDY

Y

NIUTaRes PNP LuuwuIng nimsweusewuulalen gnludameundsdngnssuagaund I

gniiulusufiulsey G Miulssqiazanluimiiuyszqien

Quge = Cs Ve (2.41)

Tuansvine ¢, Useagnantinluil Cin,

JUN 2.27 LanIn1sTUNNTARTIAY Vge Lutan19v191u ¢ nsualvan1u
NIUTARDS PNP viliusesiu Vg (1) gninuludafiudssgund Tuwlansview ¢, nszud

ludaiudu danvindu pl inliussdunnaseud i uussadunadanwvindu Veg(PI) —

Vpp(I) = AVgg 108U UszaRRnAvUszuIdazaanidng Cp, J0inlu N, senidspiu

(% '
Y

NSYNUTDNNATTNUNAGAT AT I TEIaEaLAanilanIUN TN LAaR1E
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a’CS
Qavge = Na N_a *AVpg = als - AVpg (2.42)

108 a Ao Sns1ve18 Feanunsnoenuuuliuiudildandnsaiuvesinfiuuseiituunalug
d1USUNITBUTILNTA AV fuéﬁ"sl,ﬁwizqsuwﬂ”] ArsTawInfi unni1n1sBuRnTe Ve
uennll MafinduunsemUssatondsaumsinurensadnuiaadiaiusarili
a fiAnntuld fhoghadu duinmstiemszy 1 adaevisamunisinurensasdn
a1 Tunvesiafiulsegasdien acg willedemuszy N, adstenilsanunishiures

ATTNUNAAAT VWITBITANUYTERITANDY N, Wi Fovilvuwasuiulszaudianas

Cint

b Vint
b1 -

I 28 o
ot T T

= — i Cycle—*

%
il

JUN 2.26 M3IBUTNTA Vg V0INIIBUTNTARUUAINTANAVY T2

Vdd Vdd

! [1 l(p—l)l

Cint
A

]
£

b2

k Viet
b1 *

[ S I |
L Wl 1T 1

N Tranfer
= 1ZA cycle

[P
VsE L

—

JUN 2.27 MIBUNNTA Vg (1) Wae Vg (PI) V8939950 URNIALUUEIRTRIAUUTEY
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2.9.3  #aNN15VBY autozeroing
TuniseenuuulsasulasdyyransuzdonidufIneawuudnunanisusuni iy

drundanudnglusidudune nseentuunasduiinsadyyiu laglundlaunausias

[y 1Y

duinsailinannisvesainddiiulszgsuiunannisves autozeroing lnedldrutielunis

[

LY <@ a G a [ & £
aﬂwaLLNWUBBWL‘UWQUV\!G}‘U@QQSULL’EJQJ‘ULLaSﬂiUiU’]miUﬂ’Ju 1/f lagfa1suInannIsiUesnu

A

YoausInueaniinrassaluend Wovufiasaduisesduiiinsawuuaindaaiulseq

WARARagUN 2.28

1
/ :
| N .
¢2 Clnt i
1 & to t; t
Vi~ I -
VX : Vint
b2 {
Vos

JUN 2.28 1935 integrator @1dawnAllA autozeroing wuvaIRgIAUUTEY

1asgnesnuuuliinisieu 2 wa lagludiuna ¢, eedieudinisnauuy
Snsvenedounduirfunia (unity-cain feedback configuration) wazlutavinevena ¢,
e t; ussiuduwn Vi, srgniiulufunusey Cs Fafinnsan vy Dunsnmadiouvesey
woud FatuNaAIveense Vi () = Vo(ty) sggnunuludaniulsey G wagludinia ¢,
FLAUUTERAMTUBUTIATE Cipe Geuseuuuteunduvhmtiiduaees integrator wasaLfv

U5 Cs aemusean Vg dawalilinnisduiiiniadu aaduaunisnisaiemiseaiunse

(%
v a

wanalaeadl [17]

Q = Cs{Vin(ty) + (Vx(t2) — Vx(t1))} (2.43)

a 1 a & & a 6 1 o N I v 13
‘Vi’]ﬂWﬂ'ﬁZUTJ’]a’W]“ULUUQWNﬂG] ’e)’e]‘lJLL’e]lliJlﬂJﬂJﬁiUiU’]miUﬂ’J‘LlLLaSlIEJG]i’]‘UEﬂEJL‘U‘L!E)‘IJ‘UG] Qb

A

(%
[ VK'Y

WU Vy(ty) way Vg(t,) azdanvinduussiueanide aeaduuanaliiiuinies integrator

(% 1 = [ 14
mﬂanummmmialumia@mammaawLW"L@
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UBNANTUMANNITVBY autozeroing liieaurannavasoandnLAddiaNuauisaly
m'iamﬁigfmmumummﬁmﬁ N Vy(ty) — Vx(ty) %Lﬁuiﬁ’iﬁagmﬂmsumummﬁqq
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v A

wirduaunsarulUle asiunannisues autozeroing fAuanunsalunsAIdaNan19UD
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Fosannsavienfiusiulides 1 Tad waviasuwlaste process corners i Tnendaain
11 single-point trimming LLéJ’JL%uLGUEJ%ﬁmﬁmmLLaJ'us]’w”Lumsa'mmqqcﬁu nAaNTRYD4
punsaifignlifusingaumnilumeluladfusadia 3 fo BIT fduniu uazueaia lng
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fiaudugaunfias uaz BIT fadeunlassio process corners ¢ uililosn v,, vas BJT
o1aflussiulaigada 1.2 hasigumgdl 0 iy Juilesrmavesundednonseualuda vl
ussrulidesdasiiangendn 1.2 Taad virl BJT llmangdandunsdiluld i desnis
wsaulidsesinin 1 1ad ludiuvassadaunu wuan Arnudunwduilarduves
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maulughuundusou nuaanszid I suiled duiendlmuudeany Ve, é?fﬂﬁﬂmauﬂ’a
Wenfu BIT agelsAnay etaammudsuulasainuaves process cormers vilifian
wiugnlumsenudniiesndn BJT wenainil mmiwieaweun@oudeludnume DTMOS ¥ild
Andulseananavesuonanas daildnuduiugsyuing 187 — Ve, fieudugauafuin
Tunazausnadauseiusd g umis 0 wadu frrUszanm 0.6 Taad ¥l DTMOS
auhalalunisiunlfiiud nguunfluduees Snvisdsanunsoardenisyii single-
point trimming WeliiAnasustuglunsingumgll uazdsasinuiguaniaffvesuea

win Ae aunsarhunusssuliidesnls Wevheusiuiuisaswlasdyauueuzdenidy
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AIneaLuLTnunanIdudunts fierdemeate autozeroing Wuvadndsaiiuusey vivli
A1115008NUU VTR IR g ANTnslidtnue Tagauisavinuiiusaiulibes 1
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WanNN13Ingaungiva s ugasulia BIT
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paoAsTEzRaIN 30 Uikuun Wuwesingamglignaiisuassimununegseliles
grlugruauusiugt Ml s dliluigiudusesingumafifussansamn
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A dudadu nennzeg 1989 NI ATLUSHUATIn R A TF Y THIVE B U IR UL

(proportional-to-absolute temperature , PTAT) uaguseiusnsds lnedofveadumesviini
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ADANNNITNAS 1T ITUN WIS (PTAT) wazwsanusedalansaunulaeilisndudainisnis

2ONKUVINITNFULaU uonantinadnsveaduesvlaidmnulududusiegumgigaddl
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[
a

Pududedinszviumaiauanududedulunends Sniaduwesyinifosnis nsusu
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Vdd Vdd Vdd

5a - AVBE +

b
N
Q2

5UN 3.1 (n) lassasenmsWensiowuulalenvas BIT () lassasnisniswensawuulalenues
BJT 914 2 7ignludaniesnsndinveanssuanieiu p i wagiinuiivedliamas (4) ey
r Wi [4]

321  wavsdpmmiseRanuEIBImIWTAneTeeselulnals
luiidell agndniinansenuvelguugiiseananymzves BJT JUA 3.1 uandda

NIUTELR03 Q, uay Q, TINNUNVDIDNMMDT (Ag) AU Wi sWsuseluulalonlay

a o

gnludasanseua I uay p - I, d1M3U BIT 919
-~

(collector current %3® 1) gansaeduglaned

= (o ()

1319 Ve ADUSIAUITENINGUE (base) Lardiinmes (emitter) 989 BJT wananil Nseuadum?

1uludneaslalen nszhanalantmas

93U94 BJT Felimsiwousenuulalen (saturation current %39 Ig) dAiAv

lv“’") (3.2)

Is = CT"exp( T

INANNTN (3.2) € ABAANT, Vo ADUTITUDNBIREUTEINMNYDITANDUNOUNAT O LAaTu
n fAUszanas 4 Fadurinsfives BIT ¥ila PNP lunaluladduea Fananslaisiuan I \Ju

dnahuiu T uaghwonsdeuuuaireuugil :NMFINTUAENNTT (3.1) A1 Vgg agle
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L (IC+1)
BE — q n I (3.3)

s
a

figaumniivies kT/q fieUszanal 26 mV Wi Vyy axguiloussiduusyansgamniifuuin
WiTsaud Vg Sdsyavseamniiduauegiivszann -2 mv/C Wunasnamnanailidens
WasuuUasweanszuadusi I; fugamgdl vienanléin Vg faudssndufugumgiiduysal
wFoussRufingAnssunuuduns (complementary-to-absolute temperature, CTAT) g‘dﬁ
3.2 wanslidiuin Vg, fingefauszann 1.2 addusigamndl 0 iaaduils 600 wratu dwdy
NINUTALNDS Qq LA Q, Lﬁ'aqﬂlué’aé’wﬂizL,LaﬂaaLamma%ﬁ'ﬁé’mwdaumﬁqﬁ’u WU

HAFNNYY V 5 VOINIIUTALNDVI9A0TANAUNUS WY PTAT FadiAivinnu

kT
AVgp = Vpga = Vpg1 = 7171(297”) (3.4)

o r ABIUINOAIIEIUNUTIV0IBLANDIILNINNIUTALNBSNIEDY LAy p ABOATIEIUTDS
nszuaRoalantaes 99ngUR 3.2 asiiulaan AV, ddudsedndaamndiduuin wazawinves

X 1o 1 kT 1 1Y) o %
AVgg Bupgiufn - haw pr Tngludruanluisiazmvuald r = 1

VrREr=VBE1+VpPTAT

12 ':::"“'"" o 4N

T \\‘\\\\\VBEZ ’,”/

AC kST pEgey g

S Vprar=0-AVBE
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c) i \\

L NS

Q754 AVge . a®\ A

0 600
— —— —
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a

d' U o 6 1 U
5U¥ 3.2 n3UERIANNENNUSTENIN Vprar WAY Vegr NUBUAN [4]

Y

& a v

dAusunaTIuANUFURUS I UTLEUVDS Ve, (CTAT) wae AVgg (PTAT) Iaavinlu

s
a

AAWIINUSDY (Vgp) TunTduuszandeamaiiluagud uandluguil 3.2 Baanunsavirlalag

9 Y

& A

AMSUSUTUIAUDY AV AUANIAST a TallAnUsedne 14.4 8Rs1dunseild p Wi 5 vln
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AnAdudszanseaumiinduuinailmifie aAVy Wesaweardulszansaumginduay
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u

V03 Vggy aqmaimmmumﬂamauﬂiuawaammuLﬂuﬂu fatl

VREF = VBEl + a’AVBE (35)

Nl 0 1AATU WU AVgg = 0 84 AUNUIINATY T Vegr 38QNUTLINAUINAU Vg

9 Y

FAHANMIAURTIAUD19TS 1INNITUTEUIUATIAAIN BIT VINIAUIIAU Vg NQeunndl 0

wadu daruszan 1.2 1ad lagasuaednsndunliingaumgivisass Ao AVgg uas Vegr

]

fddu

anusaasisldainnisluda BIT drenszuaneaanines NildnTdiuvenszuan1aiu p i
Faussunaeailazgniiouliiuisesulasdyyrausurdeniduiinoaiionansiguvniiy

sUwuUAIneasialy

dyj v o ¥ dl a 1 L a Qe‘
UBNINT 8n1Ve18 a @1nsamuIalanaNNIN (3.5) TagansaINduUTEaNs

UNNTV8Y Vagp tumud agle
9 Y u

av, BE o k
nf | ~2mV/C = a2 n (p) (3.6)
awle
ST
RS - VBE

fatiy NENNTST (3.7) wandliliiuan Wednsidrunseud p AAuan vilins1vene a dan

anas lnevald p fategluyie 2 fs 20 Favinlvdn a didegluyie 7 fa 33
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3.3 N1991UAQUUNLYeY BJT

vdg vag

OF O

g U
ADC scaling Doyt
N\

VREF N—

VBEZ j&__QIK VBEl

UM 3.3 nann1sveuiumesineamaiuline1faussu Very Wae Vg (4]

33.1  NNIShuMIBUARMMANNABUIIR LS8N

Tuidetiazuansdndnnislunisgiudussduiiadasmn BIT tewdsuduaves
gamgilieglusuuuuiinea faguil 3.3 uanednaesingamnfidruninfivszneudie
NIIUTELNDTABIRIAD Q; LAY O, %amﬂu%ama%ﬁgm@a%qﬂlué’aﬁaUﬂizLLaﬁﬁé’mwdau
A1 p W L 0A31 AVpg AANGANTTULUY PTAT 4a® Vg, A5MANTTULUY CTAT
YoNNd usaTusneds (Vagr) @137508579l0970015USUIUINTBS AVpy HaginaTIuAy

Vpgr 3INUUTATIEINTENIN @AVpg bag Vege 930 pu 3sgnlouidngleasulasdyayio

]

oY

< @ aa o U ! ! a o w 1 Y ] = &
LouraanlunaInea mmumimumqm‘mgmL’Uummmalﬂ TnednsaIn U ASUATRIU

SN a - AVgg /< Vprar
Vep1 + @ - AVgg  Viggr (3.8)

u

FapdnIau p dudnginssuwuy PTAT aalandlugui 3.4 (n) FeilAsendng 0 89 1 naon
2995z ning 0 Laadu 3 600 LAaIL 91naunTs7 (3.8) wanslimiiudn p Sannududs
duiugamgll uweiilesain p delilauananlumiisesmiwaloa dely 9ngUa 3.4 (1)

N N ada &, = = a v X
wanansiUdeu p Ieglugluuugaumgiindiviisiluesmwalea Feaunsaesuielinei
(4]

Dout = A * H + B (39)

19 A ~ 600 17U UaY B ~ —273 1Aaiu
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NITINAUVDI AV UaE Vggy WOATN V ppp HUABDIDARI9SNLANLALYINAEINNS
Toidwuanndu 395idn3sngninausfonisteu AVgg wae Vg 101939950 UauMYUAS
Tyaaueuzdeniduidnealaenss d1ndudeaass Vege e dvinliaesingumgd

AUNUNNEABNITOONLUUNINTY LAaZEINIT0aNNISIINIa1UAdLe

33.2  viannstunseuatgmiiendesius X

NNANNTN (3.8) @ansndnguvesaunsindlansil

a- AVBE a
n= Vepr + @ AVpy  VaEr
Ay T & (3.10)
A X = Vi /AVgp A8 l0@nnslusdsail
o) a
R (3.11)

NnaUMTIesuanuladns 1@y ¢ Senstianuduiusiuy PTAT Ing X uanadednsidiu
FEWIN Vigpq U8 AV W01 X ?fqLf]ué’mwmmENLLiqﬁulﬂLLUaaLﬂuﬁagmwmﬁﬁma N
dunsaziuin @ aunsasenuuuldResyuuBueurdenuarsyuuideianea uinuitmn
PENLUU @ MIgTEUUTRInea vlrn1sesnluuiasuuasdygiateusaenyilalaedie dn

M IAUINLATUTULAY a METEULITRIROS vilneteliusedanEnnuasidugnandn

ld_d_ Vdd
VBE1
Q RV (ID'“ L7 A
A
AN ‘_@ AVsr 5
i ADC Digital D
o Back-end out
|

Vaez —1—H Vs

3UN 3.5 nannsventiuwesingumngivlinedednndiuved X = Vap /AVgg (8]
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N3UN 3.5 wandbiiiuiaunmnIsauvesdueesingungliviendanisasi
wseAuanedslud@edinea WeSeumeunsvinnulugun 3.3 nuinasiudesndenisasng

W3R uEeBemsuaz i PTAT Wudgaradunaves ADC Fauanaaannsvineulugy

'
a = o

3.5 N AUEadnIdUTININ Ve Uag AVgg lunsAuingumgil 3avilvinisesniuy

a

STUUeTU lngdns1diues X duavildsunlasuediu 2 Jadene aumngll uazdnsidiu

9 Y

YDINTLLAADALANADS p UBNINLDMI1EIUVRINTTLARRALANMasTuTusIfNuAAIUDY

AVgg WUIINSLILYRIRUNATLAZ BRI IEIUYDINTEUAADALANADTALVINA AV 5y HANAUTY

Tumanduiuavdsrale X dufinnuduladuunniu
JUN 3.6 auuiulaindnsdiuves X duanduilsiduresgumngivardnsidiuves
nsruanalanines Aandluguds p didn 3, 5, 8, uag 12 WUl LilednTduveInTELaLY

1nTY wavesrdlilidudadures X azlinranad

40
35
% 30}
> o5l
%
20}
3
< 15}

10

-60 -40 -20 O 20 40 60 80 100 120
Temperature (°C)

3UN 3.6 nymlaninnuduiussenindnsdn X duaamgil Weludamednsdiuves
nsgld p=3, 5, 8, 12 [18]

333 AUALLAYATDI ADC

Tnehluauandeares ADC axiuegiuinguszasdvoimsthiduses ingumndly
Tt Fslutlagiusinsldauegravainuany vl ADC Sndudesdilafieinguszasdlunns
Ul iilefusmivuanudnuuglunisoonuuy ADC fidiaognaiu nseenuuudues
dioTagnmgianminedoutuiiauazBunogfivszana 100 mK viewhiu 0.1 °C Tngly
msUszanaAANasBeAvas ADC iesuii aunsovildlaefarsandn mndesnsniny

axlduAvod ADC NUTENaL +0.1°C A9tU AURANaIANARNdYIMTUNIUAITHALDY
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n1Uszanal 10 1w @9dlan +0.01°C Tawuszana fetulunisoanuuy ADC A5EAN
AazlduALNEING LOaANATDIAIUAANAIATILAAINAYYIUTUNIU @1u15aRaTUlea1n
the effective number of bits (ENOB) 499 ADC @4lanIfInauaid gy 1dsunIuiiinasio

1
a1 v A

gauniinaendamsldenu eiieeail [18]

_ Drs
ENOB = log, < ) -1 (3.12)

maxlDout - Dout,ideal |

a" = a

187 Dps AD 9UNNINa8AY9N1SYI9 WA Doyt — Doutidear| A® AIAIURANAINUDY

9 Y

'
ad a v (%

PUNNUNNNIINNITINIEAU {ygyad (quantization) 983 ADC

Y

o [ I 1 a a d' 1 v 1% & Y & 1 v A Y
FMIUGULBIRUNNUTUA BJT 9107NA1I019199AU HUAASIALALILSIAURLUTHY

[y 1

q
UM ITYIINTVINUeY

600 °C (Dpg = 600 °C) uazdusinug1edsuszanas 1.2 1aas
21auNAIT AMNariduares ADC Aeg? £0.01°C ndsaInNNsUTuiguaamadl wudn

ENOB mnsilenegi 14.9 bits Guduldldendmsuniseenuuudumesndesnisidsanus

a =

wonaNt ANFUN 3.7 (1) waR@NISVUIAe MSITENTIEIUTENIN Vg UAY AVgg

< o v

WU UMY

AR}

[

iU ADC lnefig9aaumingus -55 °C §i4 125 °C ¥l Dpg ~ 180 °C
WAGIAIRBINIIAINALLDEAYBY ADC 7 £0.01°C tulaulay vl ENOB uanas 1.8 bits
wiaeLie 13.1 bits lnedan a v 15.75 Weludamigdnsidiunseid (p = 5) TVl u

WazuUassiaus 0.36 A3 0.72 Uanafisguil 3.7 ()
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(n)

-55 125
temperature (°C)

()

gﬂﬁ 3.7 (M) Anulddumaduees X = Vag /AVgg e p =5 uay () Anuduladures
p=a/X +a fegunnd [19]

PNUSNNITIUNITAT 1T U198 TuT s Tmainanluidesdu wuieasulas
Yuaatudndunesesnuuuanuavidealidenndssiuniiuliiduladuves X 9910

aunsi (3.11) anansavineyiusves uleuiu X aeld
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o —a
X (X +a)? (3.13)
dofinnsannisiasuutas AX azld
pu=nx-2Espx =2
= — -
K X ou
X (3.14)
zuiuledn AnuaziBenves ADC Adeanistuiuedfugamgfl dadunautanoyius -

YoNAINTTanalLiuI1 N150eNLUUAINAZLA8AYEY ADC UADIANTIDIdNUSEaNS a

LALORIIEIUNTLUAABALANABS p ASHUAMNAXLBEATBY ADC assaAulnlanail

ENOB = log, (@) -1 (3.15)
AX :
108 Xps ADYI9UBY X AAOAYIQUNYANI1TYIN A2081909Y Xps = Xopay — Xmin = 22
dm5U p = 5 Wlefiansangudl 3.8 Mindedanisesntuudugesiimtaudenagi +0.01°C
@ v = a 2 9 a ] v a0 '
wuladnmuazi8eared ADC ziudgullanantesivgungil asuladnfdumia
gaumngil 125°C Aragidenves ADC aeilA1viniu 14.3 bit FaAdesnindismmilley 0.5
bit Fanadianaitiy dewasg1aunseniseaniuy ADC NalusuanUngnssuves ADC 1aan

TumsudasAwazn1siundaany Wusy

15 - L2 ¥ ¥ ¥ v Ld L v
. .
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12 a H a i H H a i
-60 -40 =20 0 20 40 60 80 100 120 140
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3UN 3.8 nsmluaninnuduiusseninmiuagzidenves ADC Nineinsregmungil [19]
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gamndl 0 1nadu fuseduldgeds 1.2 aad Juflesiunavesunasdienseualuda vinls
usadulwidsadasfiangand 1.2 Taad vl BIT luwangdnsunisinluldnuiideanns
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unil 4

N1399NKULLALINABIYRLTULRTIngamaTvlin DTMOS

4.1 Ui

Jaytuduwesingunndfasdaomaluladfuea dnisldauegrsunsnaisdu

Y

a a

Tnganisugesingaungividansudawessouselulnanidsausaliaunsiugias

eSS Ul 1 dunis Felldradnuudugiognuszann +0.20C Tuag

a

gaungdl -55°C fls 125°C [20] sgnlshmuduwesingaumglviaifoansusaiulmae il

AN 1 1aad Lesannussiuiinnasey BJT WullAtaads 0.8 Tiad Maumngil -550C &

Y

ISP I

WU ULSIFUANATDULAAI18NT SR WAV BJT vinlrusssulwidgadaadiaiuinnii 1
Tad setedindauyinlidueesyinl luwmuirauiussuunaeinisuseansninnisly

NAWUGS hazipamsusaiuliibesnndt 1 lad

= v & 5o N o d' ) = 5 Yo =y va
LW@IWL%HL"U@TJ Qmﬁquﬁ'}mqiﬂmqﬁ’]uwLL?Q@IUIWLE?ENW'] 1 I’Jaﬁﬂ,@uu C\]\ﬂ,@llﬂ']i

0
Uiaueuesinaamgiivdaveamn Weaneamaihnulugiudunduseu anuduwus

sewinansTuAmTULazLIIduINA-ge sl uilai T wendlmuudvamiloufuaauduius
FENINNTERARDAANIADIUAY V5, ARBRIMFUNUSAINET viTbiueaagnian Tt dudy
NI INQUNN uaﬂﬁmﬁﬁqmmﬁ -550C WS99 Vs vesuaainniianyuseanas 400 fadliad
Fovilvueamnannsnvinuiiusssulidoiing 1 Tadld whiesananuiuulsees
NIPUINIHARE WaRe 2 FuUsunsusama Ae LisruTaEuLazAINAdDIRUTEY L
dsmalvimnsfiawanluniserudwesgamgidaunanindeifieuiuduwefuinsesse
luTnan$ TnefiemnuRanainogd -1.8/+1°C faud 10°C fs 80°C ndsannsuiuiitey

gaunNd 1 g [21]

luunilazeSurendnniseanuuuduigasingumadyiin Dynamic Threshold
MOSFETs (DTMOS) Aanisuueamlaniluuweusauuulalen vilinuaudfves DTMOS
AUKUIHBNTEUIUNITRANAIULAZAITV1IUYDY DTMOS nuanusiiediy BJT Favinlu

DTMOS a@unsatiunldyny BIT wazanuisavinauiuwswulndssminii 1 1aas 21n9113de

'
1

AruMUI Wuweswila DTMOS dudlrianuRanainltunissuaigungiiogn £0.4°C
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D

UNAUa U UTN1T00NLUULN 8TALYYAITURN ULUTADATEUIUNITRNA ALAZAINITON9Y

'
1

wseAulnidee Ineiidanuianaialuniseruagumniiegi +0.25°C ndann1suuen

Y

gaunidl 1 eius Tugasgaumaiisaus -20°C fia 85°C
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4.2 HANNITVNNUVDITULDTINDUBNTYEN DTMOS

9 v

a a

wanN13vnuveRiugesingamgiuia DTMOS fwuanslugudl 4.1 dusndenis

Y

WASULUAILIINU Vg 193 DTMOS Hanuwausifedfulssiu Vep 483 BJT NingANTIULUY

o - |

CTAT willouiu wikansnaiuiidulsednsaamagil lag DTMOS AduUsednsgumvgiioyn

'
(=

Uszanad -1mV/°C dududseinSoungiives BJT sgnuszunns -2mV/°C uananniinamia

VOIUTAY V, MANIINN15luda DTMOS 2 fafisldnsidiuvesnseianieny p inliiin

AVsg TimgRAnssuuuy PTAT Tnsuansdaauns
kT
AVsg = () " In (p) (4.1)

1Y 1 [ kT o a { o o { a
19g p Ao ons1dINVRINTELAlUSE Lay 7% wsefuguundl WedusIAuiinaIn DTMOS
a s (Y] % a 1 ) % a a1 a a o‘d! a0 d! 4"
1NATITILIIAUDIDY WUITSIIUD19D9TATIUTELU 600 TaalanTala1UTeuaIns Nl
YDIUTITUD19D9NANIN BIT masrasananyilmdumasyiin DTMOS fiaduauisaiiay

yauiksulniassinit 1 has

Vdd Vdd

UM 4.1 lassaframswenseuuulalonves DTMOS e 2 Nignludasnigdnsidiuvesnsyua
$19AU p 111 [8]
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Vrer = Vsg1 + alAVsg
O.G‘Loj‘““" Ry
= '00 +*® 1
S Vse1 " alVse
() 1
(e)] 1
g :

o
= ) ) :
o* °~' 1
“o" A‘/SG "‘l-:"‘:‘-“‘i
> * 1
0 ,“ ------- / e !
0 200 400 600

temperature (K)

a

JUN 4.2 n31UanInNudUiusTenIng Vg, wag Al fiugaumgil [8]

Y

YBNANUNTIaIL DTMOS TUANINANSTEYUF DN UYDIUDANAKUUSITUA VI b

nseankuULazinuuseansanvinlalaedne tasludndudsseaniuuluinanianuanig

v v a

Tneagufonsldenu DTMOS Wusiingaungddudfmuusiviliiseuianaialunisen
ATRYNINIBDTIEUAU BIT LAZULIIAU Ve U89 DTMOS LUsUSIUABNTZUIUNTTHARTDENIN
NoaaLuUsIINAT [10] laenanna a91esu DTMOS fstimnuminzauluntsunanldeu

[ 3 (5% ady Y & ° J (3 = 1 o
LU‘UL“ZIULGUE]TJ@IQQJﬂQNVIW@QﬂﬁiLLifl@‘Lﬂ,WLaEJ\W]’VTJ’] 1 hammsmmmuuu&nqa

4.3 N1390NUUUIULRS RN

1INNANANIUITITD7 4.2 nudwilaluda DTMOS 2 #7189 n1d1UUDINTEhas 9y

[
a =

91n3U7 4.2 uapdliAuI s uATURD Ve Way AVs TingAnssuiuy CTAT waz PTAT

ANUAIAU LIBNTUILTIHUT1DILANIINNITTINAULOT Ve hag Al 22AIUTIHUB1989

=

A

Veer = Vs + alVsg (4.2)

a Y% ¢ A a

08 a AegnsveneasnfviliduUssdnsaumgivesussuaededianlugud Weiansan u

9 Y

[ a

AD TNIIAIUITLUINITINY PTAT KazhiAUa198e WUINFRIIAINAING1ANGANTTULUY
PTAT Fadlandu

a- AVSG

'u - VSG + a- AVSG (43)

lng 1 IANUGEULUAIEnINe 0 89 1 Aausigaumgil 0 1eadu 83 600 LAATY
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wena1ntl Llearsanistednianisldmalninvesduwesingumgiilunisasng

[y

wserudunalviiu ADC vl DTMOS gnludaniudnsndunsewaseiu 5 w1 (p = 5) 9N

s
a

AUENTUSTENIN CTAT uay PTAT WUl a AV Vegp ddudseandeamgiidumudiud

AsEI 9 FOVinld o danuduiusuuu@aduivgamad mininsdaguaunisi (4.3)

Tmlagle

a-X

H=1+cx-X

(4.4)
18 X = AVsg/Vse Tavinlid ADC anunsaudasdaygyias X ey luguuuudnsnadiu g us
89918058 1 wdgunlassendng 0 A 1 delimunsanansgungdluniigesm

wawudla JeeasaUsusnsidlu u Wiansluniigasdwadealiannaunisa (3.9)

4.4 AMAWUTUTILYBINTEUUNITESIea DTMOS
luduimesingamgistausalaiu nudtanuulsusuesnszuiunisadisdms
619NN Vy, Tasbuanivmmdnivilfensusiuglumsingamaiiidranas DTMOS Fagn
visuaiduiringumgd Fninliradanananas :1nn5d1aes process comers Lileluda
DTMOS shelmasdnensrhagnuafiial 500 nA wag 2.5 uA Tvmsudames M1 uaz M2

AR U A93UR 4.3 WUT1 USIAU Vegy WRBUWURIAINA 335 mV 9 190 mV uagdl

s
a a

duuseiinsgaumvgdussanas -1mV/oC saguil 4.4 dauUN 4.5 LanausIn Vg, lURgULUA

9 Y

€

(%
Y |

Faus 381 MV 9 250 mV. lofin1saudnsdiuse g Ve /AVsg ﬁqgfdﬁ 4.6 WUIDNITIAIU
fanan dmswasuulanuulifudaduiuvgamgiilusaweuvesenmgil a aaumgil -20°C
LAy 85°C HAYINNNTINADINUIMEIINNITUTUITB UM findsiumisiigumgd 300C
anuaamadoulunseumManngiitaIgeia +5°C mnfia1saundl comers FF vasuaaLmin
Tnsmswasuulasussiuianasesgnuansiedadnualgnasas duandluzui 4.3 wuind
corners FF ya3uoaig Vy, asiUasuniasinnanas S9vliussdiu Vg, Was Vg, ffnanas

danalagnssianmiuglun1TUAYDQUNNI
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JUN 4.5 n3mAaduNusTEniNe Ve - Auanngil Wagnludasiisunasingnseuaanuni
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45  Wuwesingamgiiithiaue

lusadedl aznanisnseenuuudumes ingumndada DTMOS Aifinsuaenaves
ALY TUTILVBINTFUIUNTAIN a8 1sTinaalusiadafinium wuinduwesuiauoain
uay DTMOS fignludadioundsinenszuagauaftudaiuuiugilunissiudgmmg i
yndesnislimuusiugiangedu Sudufeserdensusuiisugungi 2 suvis Sevils
doddnauardunuluduneunmanduty Taiiauedureiiagaunnifivamenanes

process corners bAs38M3109 wanIRe3 U 4.8 Tasvafraduigesnguuniiaiin DTMOS

Tassaiaduwesingumgiiada DTMOS $awfu 2T (PMOS) bias circuit Gasznaudae
DTMOS 2 6 @i M1 waz M2 1Jufaa3 19096 PTAT waz CTAT dqu M5 waz M6 T dud
asaunastenseualudaly DTMOS wagdiuanying M3 wag M4 (2T) a51auseiudnedalv
wasIenszua [8] Suiliunasinenseuaaninsausunseualudaldmnin process comers 7
Wasul Tnensudamesmuevihaulugdudunduseu Ganszuainsuveuoaa e

(%
Yoo A

NTUNAVRIVBRANLNTnaSUIE ARt

A T SIS BB
3 TR (OR8N ol P\aoy) ~ P \au; (4.5)

= %

W08 I, = 2npoCor UR | g AD AMUAADIAIUTEY WAE n Ao dUUTEANTVOIURA kag C,oy AD

a

AN N s anlanuefuN way Uy = kT/q ABUIIAUQUNYT Uaz Veg WSIRULNA-UDA

Y

Vpp HINAUATU-UDA UaY Vyy, AB USIUTAISU PMOS

Tuduasasasuussdudeds 2T wuusafu dguft 4.7 (n) duerdensuianasi
seiu 2 wila Toe M, [Susieaulanuusssun diu M, Wuseasauuy thick oxide Favinlsf
Vi VOSHRANAI 2 uaneinei Ta V,,, 98eseaiiauuusssumildtonndn Vi, vewed
WALUU thick oxide IaRnsannssuarunsuBawedia 2 aldussiudnadafiudsundas

[

MMl il [22]

mim, mq

Vine = Vint) +
(Venz = Ven1) m

m
2 Urln

VR =
eference
1+M2

U1 Cox1 Wi Ly
(4.6)

mym, Uz Coxo2Wo Ly

1oy m AeduUsEaNSNstUasuLUasg URUNEY (subthreshold swing coefficient) &3l
WSIUTASUINgANTTUWUY CTAT wazdusenugauniddngAnssuiuy PTAT lagusesiu
Vieference NAATUNUANMS0RRNRUUT NG ANTIULUY PTAT %30 CTAT lalagn1susu

gnsdmvuavemITames Feaunsaliiluiiingmgiile
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981905AAY WIRAU Veserence NEANEN AT NS Mdsuiiuinduauluaae
NN NSNTIUTanes 2 BANA9AU ANURLLUSTBINTEUIUNNTAS19EINaDY19H1N

HOLIIAUD1BINAATY Fevinlrusesus19dainauluidudadunazyinlnnisi vl e

gauniltinAuEnnaInNunTUla

NNFUN 4.7 () Jdim3iiaue993aT1LTIRUNBe 2T lngndensugamnesng 2

Wuneamnuuusssuniuiloutu F9nlR Ve, wae Vi, Saviniu defiansannseuasiu

v
v

NINUTALNDING 2 AL IALTIAUDN9DY Fail

Vsense

. mm, Ul p1Cox1Wil,
(4.7)

= mim, U2 CoxaWo Ly

Fauanalsifiudl 2aTas1ausesueneds 2T fendensnudanasyiameaiy WeallSeuiieuiu
aun1sil (4.6) uladn usHuTAENILYNIITN VAU Vipnge WRBUWUARDAIINRY

wUSVBINTEUIUNITAS198nAY [22]

vad vdd
Native Normal
NMOS NMOS
Vs
M1 Ml
VReference Vsense
10 | I: MZ Normal | [MZ
NMOS NMOS

(n) (@)

JUN 4.7 (n) 2995a319U59A 11989 2T vila NMOS fnewiln Uag (1) 299585 19U59A 11984
2T %ila NMOS wilaifgii
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w +V, V.
by = o() e () e () 1]
A nUs nUy (4.8)

[
Y

HaNINTUIMNIUTELNDT MA NUIN Vg = Vs = Vaa=Vpp, Vs = V. A9UU Vegs =0, Vopy =0,

Vepa =0, and Vpp = Vpp — V, AOtUNIZLAATUIZIR

toe =10 (), exp () [1 - exe ()]
0+ =\ ), P\, P\, (a.9)

WoNTEUd Ips = Ip, AIUUANNST (4.8) Windu (4.9) azla

148
1+ Bexp (;‘{}’TD)

V, =nUpln

(4.10)
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9197 4.4 namsIeuiieuduwesingnmgiuila DTMOS wag MOSFET

Sarameter nuiitiaue (8] [21] [23]
(Simulated) | (Measured) | (Measured) | (Measured)
Technology 0.18 um 0.16 um 0.35 um 0.18um
Sensor type DTMOS DTMOS MOSFET DTMOS
Supply current 8.1 pA 4.7 pA 4.5 pA 36 YA
Supply Voltage 1V 1.8V 22V 1.8V
Temperature range -20°C-85°C | -55°C-125°C 10°C-80°C | -55°C-125°C
Trimming points 1 1 1 1
Inaccuracy(30) +0.25 °C +0.4 °C -1.8°C /+1°C +1°C
FOMinaccuracy (%) 0.5 0.4 il 1.1
Time conversion 32 msec 200 msec 10 msec 2.6 msec

|Inaccuracy|
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Temperature range
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A DTMOS-based temperature sensor with an
inaccuracy of +0.25°C (30) from —20°C to 85°C

Rom Khanpeth
Dept. of Electronics Enginecring,
School of Engincering,
King Mongkut’s Institutc of
Technology Ladkrabang,
Bangkok 10520, Thailand
khanpeth rom@gmail com

Abstract— This paper describes the design of a low-power
temperature sensor in a 0.18-pm CMOS technology. The
proposed temperature sensor employs the so-called "dynamic
threshold MOS (DTMOS)" diode-connected transistors as the
temperature sensing devices. Process spread of the MOSFET
threshold voltage is compensated by using the 2-transistor (2T)
voltage reference to generate the bias current sources. A charge-
balancing delta-sigma (AE) analog-to-digital converter (ADC) is
used to obtain the digital representation of temperature values.
The DTMOS temperature sensor core and the ADC operate
with 1 V power supply veltages. The ADC operates with a 64-
kHz clock frequency and each temperature conversion time is
32ms. After a single-point temperature trimming and a lincar
fit, the proposed circuit achieves a maximum inaccuracy of
£0.25°C (30) across all process corners and the temperature
range of —20°C to 85°C, while consuming 8.1 pW.

Keywords—temperature sensors, sigma-delta modulation, ADC,
CMOS analog integrated circuits

[. INTRODUCTION

Integrated temperature sensors with digital output are
required in many electronic applications and systems. Two of
the most important requirements of on-chip temperature
sensors are accuracy and energy efficiency. Commercial on-
chip temperature sensors in CMOS technologies usually
employ a pair of parasitic bipolar junction transistors (BJTs)
to sense the temperature because its base-emitter voltage
(Vgg) exhibits a well-defined temperature dependence of
around -2mV/°C. It has been demonstrated that a well-
designed BJIT-based temperature sensor can achieve an
inaceuracy of less than +0.2°C from -55°C to 125°C [1], [2]
with one-point calibration to compensate for the dominant
process variation of the BJT’s saturation current. However,
BIT-based temperature sensors often need a power supply
voltage of more than 1V since Vg can be close to 1V at low
temperatures (e.g., 0.8V at -55°C) and leaving insufficient
headroom voltage for bias current sources.

Alternatively, MOSFET-based temperature sensors have
been demonstrated [3], [4] for low voltage operation. By
biasing a MOSFET in the sub-threshold region, it can be used
as a temperature sensing element because its exponential
relationship between the drain current (/) and gate-source
voltage (Vgg) 1s similar to that of the BJT’s. The temperature
dependence of V¢ of a sub-threshold MOSFET is also well-
defined and is around -1mV/°C. The value of Vs of a sub-
threshold MOSFET can be designed to be about 0.2-0.3V by
selecting suitable values of [ and the aspect ratio (W/L), thus
leaving generous headroom voltage for bias current sources
and allowing circuit operation under a power supply voltage
of less than 1V over a wide range of temperatures.
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Metha Kongpoon
Dept. of Elcetronics Engincering,
School of Engincering,
King Mongkut’s Institute of
Technology Ladkrabang,
Bangkok 10520, Thailand
metha ko@kmitl ac.th

Apinunt Thanachayanont
Silicon Crafi Technology PLC.,
40 Thetsabanrangsannua Rd., Ladyao,
Chatuchak, Bangkok 10900, Thailand
apinunt@sic.co.lh

A state-of-the-art MOSFET-based temperature sensor [4]
can achieve an inaccuracy of #0.4°C (36) over the
temperature range of -55°C to 125°C with a single
temperature trimming. In [4], the so-called "dynamic
threshold MOS (DTMOS)" diode-connected transistors were
used as the temperature sensing devices. A DTMOS is simply
a MOSFET whose gate and body terminals are shorted
together, and thus a DTMOS diode-connected transistor is a
MOSFET whose gate, body and drain terminals are
connected. The Ip-Vgg characteristic of a DTMOS diode-
connected transistor is relatively less sensitive to the process
spread of the threshold voltage (Vy,).

This paper describes the design of a DTMOS-based
temperature sensor in a standard 0.18-pm CMOS technology.
The proposed temperature sensor employs 2-transistor (2T)
voltage reference circuit [5] to generate process-compensated
bias voltages for current source transistors. This allows the
proposed temperature sensor to achieve an inaccuracy of
+0.33°C (30) over the temperature range of -20°C to 85°C
with a single-temperature trimming. A charge-balancing
delta-sigma (AX) analog-to-digital converter (ADC) and a
digital back-end processor are used to converter temperature
to digital values. The operating principle of the temperature
sensor is explained in section II. Simulation results and
conclusion are presented in sections IT and TV, respectively.

II. THE PROPOSED TEMPERATURE SENSOR

A DITMOS-based temperature sensor core

Fig. 1 shows the circuit diagram of the proposed DTMOS
temperature sensor. The circuit consists of two identical
DTMOS transistors (M; and M), two bias current source
transistors (Ms and M), and 2T voltage reference (Ms and
Ma). All PMOS transistors are in the sub-threshold region,
where I, can be described by

B =h(Jen(CEre) e () -ew ()],

where I, = 2n,C,, VE, fio is the carrier mobility, n is the body
effect coefficient, C,, is the oxide capacitance per unit area,
Vi = kT/q is the thermal voltage, k is the Boltzmann constant,
q is the electron charge, V;p is the gate-body voltage, Vep is
the source-body voltage, V), is the drain-body voltage, and
Vinp < 0is the threshold voltage of PMOS transistor.

In Fig. 1, the two identical DTMOS transistors, M; and
M,, are biased with Ip and pls, respectively. As a result, the
source-gate voltage difference (Alsz) is proportional to the
absolute temperature (PTAT), AVs; = nV;In(p), where p is
the bias current ratio, As the temperature dependence of Vg
is complementary to absolute temperature (CTAT) with a
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coefficient of about -1mV/°C, a linear combination of Vg =
Vie + @ - AVg; will give a temperature-independent voltage,
where a is a suitable gain factor required to obtain zero
temperature coefficient. For p=3, the value of a is around 9.
Using a ratiometric approach, a PTAT ratio (), given by (5)
can be used to represent the measured temperatures. Fig, 2
illustrates the principle of the ratiometric measurement,
where p varies from 0 to 1 over the temperature range of 0K
to about 600K. An ADC can be used to digitize p and a digital
representation of temperatures in degree Celsius can be
obtained with D,,,; = Ap + B, where A=600 and B=-273.

_ o- AVge 3)
R Ve T a-AVs,

Alternatively, p can be rearranged as

a-X )

I"':lJr o-X

where X = AV /Vsg. Thus, an ADC can digitize X instead
of i, which allow a simpler circuit implementation since Vgzp
is not needed. Using the digitized X values, pand D, can be
easily calculated in the digital domain.

In MOSFET-based temperature sensors, the process
variation of V, is the main source of temperature inaccuracy.
The process spread of Vi, across all corners can typically be
around +/-20% or more. This causes significant variations in
Vs and the resultant X, thus MOSFET-based temperature
sensors typically require two or more trimming points to
achieve small inaccuracy. In this work, M3-Ms gencrate the
bias currents for M, and M, that can compensate for the
process spread of Vy,,. The process compensation mechanism
can be explained as follow. Consider the fast-fast (ff) process
corner, Vg, 1s decreased and if Iy is constant, Vg, will be
decreased. To compensate for Vyy, reduction and trying to
maintain Vg, 5, Is should be increased which can be achieved
by reducing V,. In Fig. 1, since V, = Vs¢, thus V, will track
the V,,, variation. As a result, the bias currents provided by
M3-Mg will help reduce the effect of process spread of Vyy,.
Note that a similar explanation can be offered for the slow-
slow (ss) process corner. Figs. 7(a)-(b) illustrate temperature
characteristics of I, and V¢, across all process corners. The
simulated curves were obtained with Is=500nA and p=5, and
the maximum variation of Vg, is decreased to about +/-7%
across all process corners.

InFig. 1, Ms and M4 form the 2T voltage reference circuit
that generates V, to bias the current source transistors (Ms and
Mea). The expression for V, can be derived as follows. By using
(1), the drain currents of Mz and My can be written as

w Vrns Vo
tos = 1o (7)o (S) [exe () = 1] M

nvy nvr.
Fog =0y (#)4 exp (T;:") [1 — exp (M)] (8)

vy
By equating (7) and (8), 1, is given by

148

V, =nVyIn| ————M——————
o v
1+ ,Bexp( nl}f)

©)

_ (wiL)y Vins=Vins i s
where f = e (—-WT . Note that V,;,; and V,, are less

than zero and are not equal due to the body effect. According
to (9), ¥, has a PTAT behavior as shown in Fig. 7(a).

P
T wers Slanvs,
s
1) E- &
&
=
2
o
- AVse -
r / b

- - ~

= N

o 200 avg 500

Temperature (K)

Fig.2. Temperature dependence of Vg, AV and Vypp.

B. Charge-balancing AX ADC

The ratio X = AV / Vs is digitized to a bitstream output
BS by a 17-order charge-balancing AL ADC, whose inputs
are AV and Vi.. Fig. 3 shows the simplified circuit diagram
of the AL ADC [2], which comprises an input multiplexer, a
switch-capacitor amplifier, and a comparator. The circuit
operation can be explained as follows. The ADC is reset at
the start of each conversion and operates with two non-
overlapping clock phases, ¢, and ¢,. Correlated double
sampling (CDS) is employed to reduce input noise and offset.
During ¢, the operational amplifier (opamp) is connected in
a unity-gain configuration and the input signal, offset and
noise are sampled onto the input sampling capacitors Cs.
During ¢, the opamp is configures as a charge amplifier
with a gain of (C5/C,,,) and the input noise and offset are
cancelled. In this work, Cs = 125fF and C;,;; = 4Cs. The
input multiplexer samples and selects the input voltage to the
ADC by using a network of sampling switches which are
controlled by ¢,, ¢, and BS. The input signal of the ADC is
AVse when BS=0 and Vs; when BS=1. Fig. 6 shows a timing
diagram and waveforms during a period of ADC operation.

1

41 82 gs 2 Cips
Temperature Sensor l
Vsay Cs
it £ ¥ B
| Vegr | voltage [T -
bl e | ™ = e | I
I
] e |
—
92 Cint

1

Fig.3. Simplified circuit diagram of the overall temperature sensor.
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Fig.4. Schematic of fully-differential folded-cascode opamp.
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Fig.6. Timing diagram and waveforms of the ADC operation.

‘When BS=0, V¢, and Vsg, are connected to the differential
inputs of the ADC, thus the differential input voltage of the
ADC (during ;) is Vyp = Vigq — Vigo = AVgg. While,
during ¢, the multiplier swaps the inputs and Vs = Vigs —
Vg1 = —AVge. As a result, the change of the output of the
charge amplifier is proportional to 24Vs;. When BS=1, Vg,
and OV are connected to the differential inputs of the ADC,
thus the differential input voltage of the ADC (during ¢, ) is
Vs = Vigy. During ¢, the input is switched to Vg, = Vg
to reduce the effect of input common-mode voltage. When
BS=0, AV, will be integrated for 2 cycles and when BS=1,
Vse will be integrated for 1 cycle. After these cycles are
completed, the comparator will compare the output of the
integrator and update BS accordingly. This allows trade-off
between the speed and precision of the ADC [2]. Therefore,
the average value of the bitstream BS gives the ratio X =
2AV;/Vis, which can be used to calculate,

2-8Vgs
Vs +2:0V5s

(10)

The value of p in (10) is not PTAT since ¢ is 2 and not equal

to the suitable value of 9. Thus, a PTAT ratio ppgr can be

computed in the digital domain by using p from (10) as
45

Herar = T e (11

The measured temperatures in degree Celsius are computed

with D, = AMprat + B, where A=600 and B=-273.

III. SIMULATION RESULTS

The proposed temperature sensor was designed and
simulated with process parameters from a 0.18-pum CMOS
technology. The power supply voltages of the temperature
sensor core and the ADC are 1V. A conventional fully-
differential folded-cascode opamp with switch-capacitor
common-mode feedback shown in Fig. 4 was employed. The
opamp was designed to achieve more than 70-dB open-loop
gain and 3-MHz gain-bandwidth across all process corners
and over the target temperature range. A dynamic latched
comparator shown in Fig. 5 was used. In this work, the
DTMOS temperature sensor core was biased with Ig=500nA
and p=5. The ADC computes each temperature with 2048
cycles and operates with a 64-kHz clock frequeney, thus a
temperature conversion takes 32mS. The average power
dissipations of the DTMOS temperature sensor core and the
ADC are 3 pW and 5. LuW, respectively.

Figs 7(a)-(c) show the simulated temperature dependence
characteristics of (a) ¥y, (b) Vg1, and (¢) AVg;. The maximum
variation of Vg is about +-7% across all process corners
from —20°C to 85°C. Fig. 8 shows the temperature dependent
characteristic of the ratio X across all process corners.
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Fig.7. Simulated temperature dependent characteristics of (a) Vi, (b) Vg,
(c) AVg;; with I;=500nA and p=5,
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The simulated bitstream BS was exported to MATLAB,
where a script was written to perform the required back-end
processing, including the decimation filtering, a single-point
offset trimming and a 1%-order linear fit. The resulting
temperature inaccuracy, across all process corners (tt, ss, ff)
and the temperature range from —20°C to 85°C, is plotted in
Fig. 9. With a single temperature offsct trimming at 30°C, the
maximum 36 inaccuracy is =0.25°C for all process corners.
The presented sensor has lower inaccuracy than previous
works [3],[4].[6]. while the conversion time is lower than
when compared to [4]. Table I summarizes and compares the
performance of the proposed temperature sensor.
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Fig.8. Temperature dependence of the ratio X
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Fig.9. Temp v of the p d temperature sensor after a

single offset trim at 30 °C (J.inéar fit).

1V. CONCLUSION

In this article, a low power MOSFET-based temperature
sensor was presented. The proposed cireunit used DTMOS
transistors in the sub-threshold region as the temperature
sensing components. The 2T voltage reference circuit was
used to generate the bias currents that compensated for the
process variation of the MOSFET threshold voltage, thus
achieving small inaccuracy after a single-point temperature
trimming. A 1%-order charge-balancing AL ADC was used to
perform a ratiometric analog-to-digital conversion to obtain
the digital representation of the measured temperatures. After

a single trimming point and a linear fit, a maximum 3o
maccuracy of £0.25°C was obtained with all process corners
and the temperature range of -20 °C to 85 °C.

Table. L Performance summary and comparison to previous work

Parameter This work 13] [4] 16]
l'cchnology 0.18 pm 0.35 um (.16 pm 0.18um
Supply =
ULt 8.1 pA 4.5 pA 4.7 pA 36 pA
Supply v 22V 18V 18V
Voltage = : 2
Temperature vZUjC J.U-"C 755-“(‘ ﬁ55-“(,
i 85°C 80°C 125°C 125°C
Trimiing 1 . i _
points
Inaccuracy = -1.8°C .
Y 25 o o 11
(30) +.25°C H1°C +0.4°C ] °C
Relative
Inaccuracy 0.5 4 04 1.1
(%0)
Tlm? m 32 msec 10msec | 200 msec | 2.6 msec
LCOnversion
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