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Abstract

Project Code : RSA5180015

Project Title : Ultra Low-Power CMOS Analog and Mixed-Signal Integrated Circuits for
Biomedical Applications and Pervasive Healthcare

Investigator : Associate Professor Dr. Apinunt Thanachayanont

Institution : King Mongkut’s Institute of Technology Ladkrabang

E-mail Address : ktapinun@kmitl.ac.th

Project Period : 15 September 2008 - 14 September 2011

This report is concerned with the design and implementation ultra low power CMOS
analog and mixed-signal integrated circuits for biomedical application and pervasive health-
care. Novel low-voltage low-power circuits have been proposed and realized in modern
sub-micron CMOS technologies, using innovative circuit techniques including subthresh-
old MOSFETs, current-mode translinear circuits, and body-driven technique. The newly
proposed circuits include the followings.

Ultra low-power read-out circuit for pH lon-sensitive FET (ISFET) which exploits the ISFET-
REFET differential amplifier and the Translinear principle to achieve good linearity and
common-mode rejection ability. The circuit is compact and consumes nanoWatts of power.

Current-mode logarithmic analog-to-digital converters using the pipeline and algorithmic
structures have been realized with 6-8 bits of resolution. The circuits exploits subthreshold
MOSFETs and the Translinear principle and operates with 0.2-4 uW under 1-1.8 V power
supply voltage.

Low-power RF power detector exploits the non-linearity of MOSFET and active load
to increase the conversion gain, which allows low operating bandwidth and alleviates the
need for rectifier and filter circuits. The circuit can detect input power in the range of -70
to -20 dBm and input frequencies from 0.5 to 5 GHz, with 0.9-mW power dissipation.

Linear operational transconductance amplifier which uses the body-driven technique
with resistive source degeneration and flipped-voltage follower topology to achieve good
linearity with 0.8-uW power dissipation under a 0.8-V power supply voltage.

All circuits proposed in this report can operate under low power supply voltage and low
power dissipation. They exhibit strong potential for applications in the areas of biomedical

electronic signal processing systems and wireless body area and sensor network.
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U1 (Introduction)

paontmTTuINIuN Waluladasaumaldnmstauuasimihlusgianninlugnisdumy
dslmaiq uarmsthldduingimaniuagnisunmdilouiuussBnsenanasinwlsanagns
auaguaTeneg mssuturesmalulafasaumauagingmanitamaunndiiy vliiaaan
Anisuaridelndiifieuddnds Fonlddn “mermansnisunnduugiuteyaamsauna” vie
“Information-based medicine” Gwnnefisnmstimeluladansaumanuszgndldnisnisume
Wleas1en1squaguAINEILsI 130 “Personalized healthcare” [2]

ANNATIENYeMAlUlag935591 (Integrated circuit %39 IC) Waznadalnduaruinnssunis
sonuuvsTulutiaduddyiazvilinsihmeluladasaumnalUlinsdumsuwmduugu
ToyamsaumanaznsguaguamauiiUszaneudiiold 2sassmdisvnadnuasididsl
ddsennduiilisannsoaiauasitaugUnsaiuar svuudidnusetdindseg dwsumsussand
TmeTanmsunnd fausigunsaifidiosilieglusne wu wiestsnswiuvesila (Pacemaker)
waz iy (Electronic cochclear) aufialAsavie luwesseus1aNe (Body-area sensor net-
work) |y n1595293RAY ECG way EEG wuuldans Tasenesousianie wie Body-area network
(BAN) Huflarwddyannideigunsaisidnnselindsineg dwsunisvssgndlimedanisunnd
1ty Mslilasanelfangasiliinannse fudstogamamsunmdldegnagnies sana 7
Tauaznanlafls (anytime anywhere) Sa7i58n7 “NTQUAAUNINTOUM” 38 “pervasive
healthcare”[3]

SPUULAY 9T A MU T s unnd lumans vl A8 anuddnyBawas Sn1swaun v
ag95A37 wazldfuanuanlanntnidesiauanniilan Seflussiulamsnegiivimesgns
1N TiFeIN1sMIITe e LIRS UL LAY 1993 Tnglavg Ussiduiiddyianiiaz Husumaia

AT0ONLUUNATLI UL ADN AL ATnaan v naalns8ein Wslisyuunaz199saunsavinaule
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Digital baseband
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Tnale)

U7 1.1 wanslassaiemnluvesgunsaiBidnnsetinddmiumsussgndldausuianisummg
[1] FeUsznaudie 4 dundnliun drudeds drulssananadynins duasmdnuwasunas
Fell wazdwdumes Ineasueusfenuaznauduyuarlddmsunsideuse fuiduwes
Ussananadyqnes n15ea1s wasnsianisndsny deihaesiiddalaun smnsuvasdya e
uzdoniduiinea wasulasdygrunidneailuleurdon 199305098y IU 29TV TR0
2095 dATIEiAN 2993uATuaY S SERULSIR A139T 11 asURudnvs vesdeEng
gunsaiBidnmseiinddmiunmsuszgndld mududamsunmd Senuidowasianngunaiuas
syuusee e i lUinses Bidnmsednd il mdinum dmsushuini deuse fuddumes

Uszananadoye o 1380819 LagNI3INNITNAIIUY

18U NEUINA NUITBAIUNTEBNLUUNDTTIN WD UL AonLas NaLd L UL T URaN 1Y
maslamundmiumsussendldau Mudinisunnduaznisauaguamseudi lngeSuieis
N1999NLUUTN I A& s naz usasulidess lumalulad Fueaasie Indndvuiadnnii 1
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lulaswas Mmeisnisuazwelannieg Wy msldueamnlugiusiinindaEy weldansudades
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uanseua wadamstudunnivnived wasilaiauelnivsenoume 1wseumdyayiu
nndamn e pH wasulasdggruuougdenidunineawuuaennisfiulvun nseuanly
Tassasauuulwilatuazuuusaneiii 2sasnraiamdnudyanunauanuding ildmsanu
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Performance specification

Applications Power ADC/DAC Processor Communi- Energy
cation source
Pacemakers <10pW lksps, 8b 1kHz DSP Inductive 10-yr
(4] ADC link lifetime
battery
Hearing aids 100- 16ksps, 12b 32 Telecoil 1-wk
(5] 2000pW ADC kHz-1MHz lifetime
DSP recharge-
able
battery
Analog <200uW 16, 1ksps, | Analog DSP Inductive 1-wk
cochlear [6], 8b ADC (~16 MIPs) link lifetime
[7] recharge-
able
battery
Neural 1-10mW 1000s of n/a High rate Inductive
recording [8], channels, inductive power
9] 100 ksps, link
8b ADC
Retinal 250 mW 10 ksps, 4b No High rate Inductive
stimulator [10] ADC (per embedded inductive power
electrode) DSP link
Bladder urine 1.25 mW 6b ADC No Off-chip 2-wk
pressure embedded 434MHz lifetime
Monitoring DSP wireless battery
[11] link
Body-area 140 pW 1 ksps, 12b | < 10 MHz Far-field Battery
monitoring ADC (per DSP Wireless
[12] channel) link
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wATANSTUS Y UBUNATIVTUD AU ILDELIG

o ]
4

e ld S udafuunsagdedl wndl 2 18 nandnseenuuuuas $rassms Thaues
2aseumdaundaniniilided pH aflwiadn Medeniseenuuunazldtdaluiiic
1 2esiiviaueHlasadvenasuenedyyananafildsanauazimnluguiundusgns
gou uaglivdnmansuddflesivaanssuaiielildmmndudaduiifuaranunso indoayo
sumulnuniiuiitadidninsnends Sniedeanusavnweravednds Body effects) vaunld
3nene rasiiave ddnenmumngavdmsuldludmnyssanadyyinvesssuuniaindund
wuuilesa (Implantable) kagta1a34 (Real-time)

undl 3 eSUNENITEENLULLAY NATIARINSTNLYBIIsasd e e ur donidufinea
wuudenn3fiulnuanseuanlilassasawuulmiladuar uuudane3iiu wielduvasan dyao
nszuaIINase A dy s duduguflneafiinuazden 8 On lneldmeianis
MUluEUAUNAUDEN DUV DINOANA NaNNITNTIUAALITET HAN1TIN1A0INITVINIUWATAY
welulaf@ueauunn 0.18 um wansliiuinisasanunsavhauldafusesulndossiuasldmas
Imngaudmunsussgndldaududanisunmeg

und 4 a%mamiaaﬂLLUUNaimm‘?@rﬁ’ﬁé’amué’igmwmﬂ?ﬁlumm?ﬁwqﬁﬁﬁwé’qmwﬁ"wLLasﬁ
fidonaings 29sfithiaueUszneusesasnmaiafdsnumnnidsassiad (Root mean
square %39 rms) WAZNIIVYILEBNN3TIY 29IMTIVIAMEINY rms afeRudnwazAUliTY
Faduveseamalugndudnarlvanueniiifloiiusnsueneudasifdssign sillides
THuuudiavigauazlifedlinnnsBosnseuauazisasnios nadaesmsvinudildandagiaasly
waluladduearunn 0.18 lulasiuns wansliifuinasaunsonsaaidsnudunalddausd -70
dBm ¢ 20 dBm lughueud 500 MHz 8¢ 5 GHz warldifndee 0.9 mw fefuasesianuns
aulunsldnudmsuszuulassinewugeslans

wnf 5 WWnandimsesnuuuiesvenensudneusinuauddaduildfuseiulildowas i
I@ﬂ%’LWﬂﬁﬂma%’ué@fmmﬁuwmﬁmwagmmmamm 21995 1RSI 19299 5V Fyey TuNa s
Sunplnetudanadunaiiviueismiumslifiunuonnesfivisesasau (Resistive source
degeneration) warlassai1easnudynwuundunsadiu (Flipped-voltage follower) gl
lé’mﬁmﬂuﬁmLé’uﬁqﬁmﬂéfmiﬁwmﬁLL’W"fulWL?:w?w rasfivnaueldmasln 0.8 pW 91nuse
fulides 0.8 V waznasrasimshaurennsuaniiasianuduifuduiinledanuie
disusnslufasiu (Total harmonic distortion) feendh 1 % TUgusIRUBUNN 470 mV 2933
yeensudnoufnuaud Bady fiiausdadidnonmmnganfunmsuszgndlisnudmiuams
nseImHALAzI99sTaNE ST UURITINEMS UMM uImELaslasatieUsEanm wazunil 6

ayunansadunuedlasinig
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2993 TUANF I UIUNUANTELEDN
Aauasaanfldn1asluags
(Ultra low-power current-mode

readout circuit)

2.1 unudn

Ananudslunsasdame 5o lon-sensitive field-effect transistor (ISFET) dawnaluladd
wod [13] vldnanuadlasaznenemegaunnlunmsisowasfaunfiead1asssudivssneu
ﬁwL%umfa%mﬁLLas%amﬁﬁi%’?iaL‘V\ImLLaz’N%Uszmamaﬁzyagmiﬁsmaglu%wLﬁmﬁ’u [14] way
deliunaniladnsldsamniasememeluladduealivnulugusniiuseuingy sa
funislimdnnisnsudaides (Translinear principle) Wioad1sassuedmaalnunnszuad
Tdi&alwein [15] Fadumetnmilsveslilastmiendififumesamauaziiddlusi ddnonmas
WNEaNAUNIs NSN3 aluuuanass (real-time) d@wsunisidaulussuudinisunng
wuUEle (Implantable) Umﬁﬁ%auamu%’amiaaﬂLLUU’Naiéﬂumé@mmma&haﬁi%’ﬁﬁﬂﬂﬁw

Sedmsudaanlreniie (pH)
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2.2 RANNISNIIUVDIDELNA

Savnvtemniilrielossuiiiiugiulassadannueamiaduandlusuil 2.1 nedamadvunady
B1nTnsndn9ds (Reference Electrode) Aduiariuansazans (Solution) Havasauulnihainuj
n‘%mﬂizﬁﬂaaauﬁﬁuﬂaamu (Insulator Surface) vosdamlnyilyiAnnsiUAsuLasmosn e
NILUAATY ip LATUITUINATOA ves T035aNN TaanaidenliTanduduauiuresdamnidey
sorfusianinslast (Electrolyte) Tuagfuanautimaniiuazeulielesouiifesnisin
wsasudeudida i Sr98eaziouloanuumund ik ud idnnsladlu i vesduauau
Tneivszaanlessuiiiufauuasdinmstuudsaue pH wasvilfnszuansuuasussiudaib
(Threshold voltage, Viy) vosdamaiUasuuladly Faaunsadouamuduiuslamaunisd 2.1
[16] e o AoANSlNAWBT (Fermi potential) Y09a15795281 Q.. ﬁam’]wmwuﬂszﬁ;ﬁu
FnafiseitufisossoauILLAzanIAsFh Qse ﬁamwwmLLLiuiJizﬁ;U'%L’Jmﬁwm%uﬂaaﬂwmx
vesasiainhideiud &, fedndluihvestadidnlnsnsrduiloutusidnlnsnvedlelnsion
& oA luihvessesssmasewinansavaosdinaz dianinslan y., AoAndlni
Iplnafifididnlnslanuazauiu ¢, Aefleidunu (work function) Ve4asAIFAY Ve AOWE
sumesdndliaiifiinvestuauiy o, Aedndlniivessessossuindidninsladuazauiud
fnfuulstuegifud pH vesasazans Muansluaunisdl 2.3 uasiBusuusitmunauls
VosBan Uy = 47/, Aousadiugamgil (Thermal voltage) pH,.. Aedn pH Mvililaifiuseq g
QUM & = F/syer ABFAMUTTILARIAIANITIYR BN (5) Aoaruliiusaifougauaf (deal

Nernstian sensitivity, Sxerns:) (lifiviuae)

ss T Wsc s

‘/th(ISFET) - (Eref + ¢l]) - (<pEO - Xeo) - 626,762 - 2¢f + % == ‘/th(MOS) + ‘/chem (21)
_ , Pm

chhem — (ETef + ¢l]) - (9060 - Xeo) - q (22)

Yeo = 2.3Ura (pHpze — pH) (2.3)

ANUAUTUSVDY Vepern NUAT pH @509 T003 M0 lae TEMgwllevi-lude (Site-Binding The-
ory) LazLUUTA0@DITUUR LN -UWLLIU-ALOU (Gouy-Chapman-Stern Double-Layer Model)
[16] Beanunsauansmeuuuaeanginssulugui 2.2 uasiielidesranisiinsieiaoly Vi,

a

anunsagniBeuldlndmuaunis 2.4 laedl - fenasiuvesdndndvimuafiiludasgaine pH
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V,
VGate Ot
\\ Reference /
e electrode
—Si0, )
w p_si \L} I n+ / H \ n’ |
Source Drain Source p-Si Drain
MOSFET ISFET

JUT 2.1: Taseasnnmenmuesdamniuueaiie

Vchem

Go‘_{ "_'% G'
Vref CGouy CHeIm = :
|

@, f(PH) |

solution| semiconductor

w W O

JUN 2.2 uuuinaesliangAnssuveddaine

WAL MY NS USEUNUBUAUN NS o 8TANAIN YA Vi, HBEHIIOUTRN SUVBDAN AL T AN

a

wUsiulaensaiuAn pH wazaamgil

Y

Vehem = 7 + 2.3UrapH (2.4)

2.3 danalug1un1snIuURunauagnIgau

anaNynaulu g IUEUNAU DI 0D UAL T WSIAUNN DO (ves) UBNITESIAUTNSY (V) Ay
N5 NIzUa e @aml naz in 31N N3 AU ves Usea nvg e la neuIun1suns (diffusion)
198 N1 NSeua nsU U8 Uoawn Ty 11 Hu NAU 9819 09U AN AR b9 A9EUNIST 2.5 way T, —

(n-1)Vpg

—V o A v oA a « A LY o
2n41,Cop (%) U%e( wi) (1) \ile Vo Aouseiulindudle Vas = 0 way n Aetaduenudy

293M3RUNEUEN988U (Subthreshold slope factor) wageanviaulugmduiuiie vps >
407 Tawaunisi 2.5 ansaldsudanaiviianuluguiunduegiseuldidesannsiudsuwlas
a9 iliusefudnBuiUasunlandomnuanes Ve, Afuslsaudn pH uaziilosn
ndauafivhauluguiundusgisgoudinssuamsuiitununduileddudnlnuudoatuussiuin
Budsiuwlsnsetuen pH waziflosaine pH Senduuusduilaidudennidviufuanududures

losaulalasiau vilinszuaisunnisiuwlsndudadudiumnududuredlosaulalasiau
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Ip :[Se(fﬁi) (1_6(;}?5)> (2.5)

MIAULUSVRIAT pH (ApH) @1350uans i TunSHULUSVRS Varerm (AVirem) $8% Vi (AVi)
FALEAILUANNIST 2.6 WASTNNENNALA Vig = 0 wazdannvinanulug1udun (Vpg > 4Ur) A
ANTELALNTUTDDAMAIABULUasaINTauanslaRsannisi 2.7 Taefl Ip, ADNITUALATUYE

Waaluaniizaauils (quiescent)

AV = AViperm = 2.3UpaApH (2.6)

—AVrg —2.3UTaApH)

Ip (Vo + AVirg) = 2np1oClos (12/) U%eu%g)e( nUT ) = IDQ€< =UT (2.7)

a | a1 W I fu & A o v v o

wagillosainen pH damdunusiuiendudonnisiuduanududuasslossulalasiauds

AUNTT 2.8 FIUUANLFUNUS TLUINNTELALATUVDIDANA AL AU U TUVDd loeaulalnsiau
AU150UAASLAGIANNIT 2.9 Uage o/n 1A198581I1 0 AU 1LHBIRMN 0 <o < 1 UAg n > 1

pIT = —log,, [1°] 29

—2.3UTa<*l”[H+]/2.3)

nUr

ID (VTO + AVT()) = IDQ6< ) = IDQA [H+}a/n (29)

=

ATeiuuUsaesdamnann [16] JUN 2.3 LLangﬁ 2.4 LAY NYAUDIDANALAZIIAT
flimaaounudnuazvesdamamudidu 5UR 2.5 uansnasiasaaantd ip vs. vps VesBan
fiflawn W/L = 100um/10um fidn pH asiiiiiu 7 (e, Vo = 7 V) Tnefifinisiddeuulatusiy
rlli8n 98 (Vr) Faud 0 - 2V gﬂﬁ 2.6 bAAINATNARIANANTR ip Vs. vgs (e, Vi) VIBamNs
Fiflyun W/L = 100um/10pm Fie pH AU 4, 7 wag 10 (e, V,z = 4, 7 waz 10 V) Tneiifinng
WasuuUasussfutalningneds (V) faust 0 - 4 v agidiuldidauindinuautfedefusoamn
U7 2.10 uananant ip vs. pH (ie. V) vosBamaifloutn W/L = 100um/10um fif pH
5% 0 D4 14 (le. V,y = 0 - 14 V) TnefitnsiasunUasussiudnliingnsde (V) daus 0 -
1.4V Guansiduemududaduiinfiandesfidusaiuiitalaiingredaitoondt 1 v uazBaw

alimAnulineA pH Usean -28 #4/pm



2.3, dawlnlugiunisianuiundusgissou

—r
B

pH @——

JUN 2.3: dydnualvesdaine

— ' _ ‘J s:
=R
L l.

JUN 2.4: 13snaaeuRnEnuyneeliivesdawin

—=VR=000V ~4=VR=025V =—4=VR=050V ~VR=075V —4=VR=100V —4=VR=125V
—=VR=150V —4=VR=175V —4=VR=200V

1.80 -
1.60 W
1.40 1
1.20 / e i
<tg 1.00 g 5 {
Q 0.80 reeeersmrerernneesloo Mo g
0.60 - X
0.40 4
0.20 -
0.00 Ittt ¢ttt ¢t
0 0.5 1 15 2

VDD (V)

JUN 2.5: AauandfnszlansulazuI A TUYeaAYRIdaNA A pH=7
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10

JUN 2.6: AuanURnszlanTULAZLSIUINAYRAYRIdaNATIAN pH=4, 7 Wag 10

1D (uA)

——pHa —a—pH? e pHIO

0 0.5 1 1.5 2 25 3 35 4
VR (V)

—=VR=0V ~=VR=02V —=VR=04V VR=06V ——VR=08V
——VR=10V ——VR=12V —VR=14V

JUN 2.7: AuandfnsslansuLagal pH



2.4. 1958 uAdygIandamaiiaue 11

—— Vop

iout

or

JUN 2.8 1B uAdyaamanandamailiiauedul

2.4 29959UAEYYINIINDANANULEUD

v

U7l 2.8 LER9298T BU A Fryaunas ke 191 naawa 7 s et Te e Tulml Tneld
TA59a5191092995 V818 Aryaunadnasne 7l wa il lasie lessu (on-insensitive FET) wiofiiZen
1 Referenced ISFET (REFET) uazdaumnlnelidrlanssdnlnsasefusinavesdaminuasiuin
AT lNA981989 (Vapr) BsazviiliisiannsamdavieannisuUsiuesnszualovingdi
[AnainnnsiuulsvesussiulinssdrdaasvinliannsalddisdnlnsauwuuTvanamvls voawms
SamnuazIwlayndhaulugwuiundusgssounuudud (Saturated weak-inversion region)
(ie. Vas < Vin B8% Vos > 4U7) Tngfinssudlnssludamifu 1, wihiuimun

SUA 2.9 waneI9Rs Ve AR uNaing (Differential Pair) Uszneusmedamnuazilnii
A (W/L) WnAukazynaulug1unsiunauegneeeu lnet@uuiin Vs = 0 Wag Vps > 4Ur
ASELALATUYDITAMALATSIMAEINIaTaUlF R Eun1ST 2.10 4T 2.11 LaTHATINTVBINTENE ip:
WAy ins Saiiunseualuda 21, Fauansluaunisy 2.12 Lasnas U vast AT vass SR
WU IFNENIAT AV Aofauandluauns 2.13 dausanansadeu ip, way
ips WRsaunnST 2.14 uay 2.15

ipy = [ge os/nvr (2.10)
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Vegr + AV E ISFET REFET Ig Vg

GS1

U7 2.9: 1359 edIuKan1s (Differential Pair) NUsznaumedamalazIvn

€l

ipg = Ispe o5%/mvr (2.11)
ip1 +ip2 = 2lo (2.12)
vas1 — vas2 = AVehem (2.13)

_(AVehem
e nUp
AVehem )

( (2.14)
14e \n0r

ip1 =2Io .

ips = 210 . L (2.15)

1—|—e_( "CJLTW)

et 1, FonszuansuvasBamauazIafiAl pH $1999 (Wu pH = 7) feunszuavasaaw
AagdAIAY 21, waznszuasinadAlduguddmiuan ApH fienavunne wazlunensadudny
dwisuen ApH fifldvinanng Fallandnuazadiefunsinauresssveedyyiananedild
uoae (MOSFET Differential Pair)

INTUT 2.8 wpaula (M — M) vhawluguiunduegeeu wasUszneuiuuimuda
Lﬁﬂ%ﬁ?ﬁﬂﬁﬂizLLaLaﬂﬁwm (Tpur) UM 2.16 Uag 2.17 Uaiiloann ApH = — log,, A [H+] Ingil
A [H4] femududuredlalasaulossuiitouudatiy waziileannn 0 < a < 1 was n > 1 6

WUAT o/ JAN5E1I19 0 AU 1 aeduaziiulaingl pH Awdsuwlasluiinuduiusiidudadu
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fluAdann 3Tiuvenszual vinadLansluaunisn 2.18

P ipiip2 _ iprsreTlo _ Ioe—(AZ‘i?‘;m) (2.16)
out D3 D, REFET ’

ot = To A [HY]" (2.17)

08, dout = 08,y Io — (%) ApH (2.18)

fnauuRlvigunsainnieglndiunarlan nwindenligamgivideuriu (Thermally matched)

I v

audusuuusandusemdnnmindidefazdisaansfulsueasasiinanfugamgl
(Temperature dependence) wagn15li9asvRN8dY IUNaANDaNn LAz SR INlNaN SENU
91NgIU583 (Body effects) vosuoamn danauassing dnansdumualulunimgul wazdiasns
widsinenssua Io Mdudasyiugamgiivaraus®in o way » lilutugungll narldnssua
0 wmavenesiiiudaszanranisiudsuuaiguund
Nﬁ]iémmé’iyﬁgmma@mmﬂ%aLWWﬁﬁwLauaié’gﬂaammuiﬁﬁfmuﬁLLiw?fuLm&iqamML??m
1 lad dalnuagSiagnitassnmsinulaglivuuiiaemnadinaansain [16] wayd1aenis
YU ve99astaeldlusinsy Cadence wagnisfmesannmaluladyueaauin 0.35 pm U@L
NNFIHAUIA 5 um/2 pm BalnuazSivindivunawiniuae 100 um/10 um ielsiiauaunadiin
(good matching) Lma'qai’lsmﬁzLLﬁiW@sqgﬂa%ﬁﬂﬂ81%aaaiazﬁaummaasmdwLLaﬂ%’uaaLWMﬁﬁ
mmmaﬁamﬂw@ﬁaﬁlﬁlﬁmmLL@JuE‘J’WﬁﬁLLazﬁmmé’mmuLmﬁwmum AT o/n AAWYINAU
0.7 AINTEUE To TAMINTU 1 NA WagUSIRU Vepe SA19IAU 200 mV nefinszuauasusaduly
Sanamuagnideniftelisasvhauiuan pH 8nsdaiiy 7 Tnefhsesldmdslafishgy a nw
SUT 2,10 WansHaT1a09NSNITUANSNYENTEUA I, AUAT pH 557973 4 fla 10 Arusedy
Ve $1995891919 50 mV 84 250 mV Iaefiduseiu V gy = 200 mV 61 108, (Iow) fUA1 pH
fnadnvazidudaduingalutie pH sewing 4 s 10 Fersmmuduidadugndrinlaedae
mvhanluguiunduegisseuvesdamniioglutisnmsdunusvesnszuainsuuszaas 1,000 -
10,000 11 (ie. 3-5 decades) U7 2.10 wansliiuiusiussiu v epr asdfuuusinnniy 200
mV Adslifnansenusenseua L., Juyeen pH 52 5 1 9 egnslsAnudian pH fe wae
A1 pH 899 ANNTEUE Low sgimsfunuslvidesnnnssuainsuve sBamnuasTivalulsasvene
Fuaamanafinsdush ‘vf%aﬂﬁzLLaLmumaaﬁaLWmLLaz‘%LWmashﬂﬂasJ’mmﬁQﬁmLﬂu@ué
\enadeuauansalunsiinvieaneunansENUveId A sUNIUINNATINTEIIIDS

WIIAUBNBY Vrpr gNINRRIMTUSIAUTYIUTUNILYLIN 20 mV (Fogas 10 V8d Viepr) 1
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lout—pH

a: VREF=15¢ mVv

1g—3v: VREF=200 mV o: VREF=250 mVv

16§

lout (A)

JUN 2.10: AUANBUENTIUA L, NTUAY pH ARUIIOU V ppp 589379 50 mV 9 250 mV

Transient Response

12 lout =: Id_ISFET

1g=7 a: Id_REFET

108
< 59
]
L

1719

1~ 1 1 L L

0.0 .20 40 .60 .80 1.0

time ((s)

JUT 2.11: HaN1SINRRINNNIAVBINTEUA L, FONTUREULUAYDIAT pH

AR 50 Hz uazA pH gnasmAlviinisiasunlasuuidadusening 4 fa 10 melune 1
Fundl JUA 2.11 uansranssiaesenanveanszuadaln nszuaiiauaznIzuale WinmsonIs
AUk UV pH %QfﬂzLﬁuiﬁ’jﬁﬂizLLﬁﬁg\‘muﬂlﬁ%}UB\Iaﬂig‘VI‘U‘MﬂLLiQﬁUﬁﬂJ@J’]ﬂAiUﬂ’JuimJﬂi"Jmﬁ
AATUTIUII V e Tosannauldfideddey endulugiuiien pH teendt 5 wiewnni 9 @
\Hunansznuanainmsiinszuansuresdamanaziialulsasverednyanmanielinisaus
U 2.12 uamanszuaiewinedian pH = 7 lunsdisestiuazlilfundssrensualuda 21o)
Fatuldilunsdififundsdronszualudaiu nazuaewinglifimsduuls Tuvas finsditlaild
uwidainenseualudanseuaoviwninisiuuuseiUszana 10 pA iedesar 10 ves I, feiiude

asUlainnsimhauetuinnuaunsalunisidarseannaudyy s unulnunsaugwn
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Transient Response

=: iout:with tail current source
1.9160n *: ioutwithout tail current source

1.0130n |

1.0100n :

jout (A)

1.0670n
1.0040n &

1.0610n

998.00p , . . |
.0 40.0m 80.0m (o) 120m 160m 206m
time ( s

Ul 2.12: nszuaewinmitan pH=7 lunsdliinaasld (with) waglalld (Without) uvastnenszua
luda (210)

25 dsd

9

©

UN i lAna189nI390ALUULAZ T1899NITYINNUTDNITOUA dYe I ndama i lasio Al pH

2

= |3

Favuaan Pessniseanwuusazldmaslndisiuin 1935 auslylaseas1avedeasveny

(% |

FuanamassiiliBamnuazinnluguiunduegnedou waglindnnmsvsudaidesinuanseua
dioltldmnududaduiituasanansafdndyaasumulmnsuiitasdninsngnsds Snia
Feanunso yawe navesfad (body effects) vaswlnlddneie 29937 thawe i fhenimivune
audmsuldludinszuadygiavesseuunmainduainuuilesa (implantable) Wazana3y

(real-time)



UNN 3

Y < <
1suUasdyaLauzaantdy
aa < A «df v
ﬂﬁ]ﬂ@ﬁI‘VIQJﬂﬂﬁ%LLﬁLL‘UUﬁBﬂﬂ’]i‘lﬂﬁJ%%ﬁ
n1a4knm1 (Ultra low-power
current-mode logarithmic

analog-to-digital converter)

3.1 UNdn

19asulasdnaueurdeniuiinealuudennisiu (Logarithmic analog-to-digital converter,
LogADC) ﬁﬂQﬂiﬁﬁﬂﬂuiuizUUﬂiﬁlna5@,@1mLﬁaﬂU5ﬂLL@%LLU@Q?@QJﬂmLLUUML‘ﬁuL%ﬂLﬁmﬁaiﬁ
Iasnsaudyrunadeygyiusuniu (signal-to-noise ratio, SNR) ﬁﬁqmﬁm%’uﬁmé&ymmauw
#n¥14 2935 LogADC annsagnaislilaglinaasulasdonniifiunuunousdoniiendonudnuas
wnd lnwu@eaveslulnarsniudames [17] wislalen [18] TauiuasuUasdaynuuous
GoniluRineawuudadu vielivdnnisussinadyanalulaundonni3fiuduilianunsaadis
LogADC Tulassadauuulnitlard (Pipeline) wuusane3iiu (Aleorithmic) e uuuLavaesty
(Two-step flash) llumnalulag@uea [19], [20] TneiiioiE1912995 LogADC uaz 4 — law ADC

agsiglagniauelagldinainiasivuanseua [21]

16
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unihiaue nuATBRE A UNMseENLUULAZ 583192995 LogADC Tnumanszuaiidmaalvs
Tnwordelassasanshausuulnilatvasuuudanesiin Amngavdnsunmsidnusuduees
WarAuTINITUInd 2993 ADC idnaveiidhwnedethluldfuiaseudyaiaandamng
yhawlughufunduegigeu [15, 22) Feilnszuaewinmiifinrmdius i pH Awasuulas

Tuuileidudndlmuuea Aaliuiees LogADC 93Uainssialanyinnainisaseuadayay
I (%

Sawnlndudyarauidneaeving Jsfianuduiusiiludaduiuidunn pH Tdsundas

T U

[V < @ aa < a
3.2 nsudadg ayzyﬁmuauzaanLﬂuﬂamaawuaanmiwu

Ao o

1995 LogADC Inuanseuaiildayeyiaddnaatenvingdnuau N On i iuUasdoyainnseuane

A7)

13 a [ [ aa '3 < aa Y v fwv
uzdondunm (i;,) Ludygaidneaewing (D,..) lulawmuden fdewdniusiuanduaunis
1311087 s AOANTEUABUNAFIGAVDII9T ADC FlriANATn0aDMINAGIEAWNTU 2V —1 Uay

C fleduuszandaudnvurvasilyidudannisiiu lngdn C awnn sxvibinaandifaiduionnis
AufianuagdenunTunadyyndunntiase waeinliiaes ADC dfidenain (Dynamic range)

g%y Aanansluguil 3.1 Tawanslimiiudna9es LogADC fluwinvesrdyqiaddneadniiiniy

'
[ % =

figytiadian w3 Least significant bit (LSB) Tuegiuadnyamuouziondunn lng

v Y

Y [

No @

QT
a I3 a A v o a a A o

dunmuualanazdvwia LSB Mdsuninmdyaadunaniivuin vy vienineninudnduyyin
dunmvuindnazgnulantudyanamineadis aruasidenuinninmdyyiadunnawn vy
wazlo3aUBUAU9AT ADC WUURNIEUNTIUNAYDI LSB (i.e. LSB = ijyiy1—irn.i) AN
Irs/2N 21995 LogADC Huunnues LSB lulauuden (ie. LSB(dB) = 108,y (i1n.ix1) — (08,0 (irn.0))

AITITINAU C/on atineas LogADC vunn 8 Dnfifian C=2 9zilen LSB(B) = 2/2=0.078125

i = Ipg x 10C° (581 (3.1)

3.3 129395 LogADC luuanszuauuulnnlay (Current-mode
Logarithmic Pipeline ADC)

3.3.1  1A5985192999

2995 LogADC wuulnilauiilassadraiuiionunuasas ADC Inwladuuu@adu Jsaunsaesung
wannsinulalaensieuliisuiuaas ADC Iwiladuuu@adu dauansluudn 3.2 Usenay

AunAnsuUasdygI (stage) anundnwau N n1a taeyl N Asduiudnvesdygiafines
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=
=]

=
L=}
S

=
e
—
S

...... —_—C=1

=i —c3 ]

1

Jury
=
|

Digital output codes

i

/f

1 21 41 61 81 101

=R R S =
|
]

Analog input current (nA)

1y

JUT 3.1: AANWUEBUNALAZLDYNAYDII99T LogADC Yun 5 Un

IMNAYTEANNAZIBEA (resolution) U843935 ADC Lagdrysy1adunmnuad39as ADC zgnuuad
Lﬂué’agapma?maal,mﬁwmﬁazﬁmSu&i’juwimﬂLLsﬂ%LLUmé’anyma%maaﬁmﬁﬁmmﬁwﬁmgm
(Most significant bit, MSB) uazasdnyayiasdnuilings (residue signal) luganiadaluifieuuas
dygranineadnsely ﬁ]uﬂizﬁ"qﬁqmﬂqﬂﬁwﬁ%LLané’fyzgmﬁﬁmaﬁmﬁﬁmméﬁzyﬁa&Jﬁqﬂ
(Least significant bit, LSB) Ineluwsiazn1aue93933 ADC lwiilatuuidedulsznausietaasgy
wag LAy 21asUTUBUAYg I @3nd 1asuInaudnan waseasauaesdyyIn
Faflndnnsvirenuisd lagaeasidIeuiisudyagaazilSeuieudyaasunn (;y) fudyaiu
$1989 (L) BefiinJurdemisvosenguapuosdynindun () viotsdygmdunniimun
4842993 ADC (Input range) Bslunsaindnyaadunaiidtesnitdyayrusnds dygiasewing
vensasilssuiieudyana (8,) aziianduasin “0” vihlreindldilavineu (OFF) uazdyyin
gunmazgnasinludnaseuasiaraadaly Tunsalitdnyandunadaunnnindyynadeds
dyaanenvinnvensasiUSeuiisudyaa (B,) sxiianduasdn “17 yiliedngidayineu (ON)
wazdyauBuNmMITQNAUMET 1081984 LLazmaé’wa‘ﬁiﬁ%gﬂdqr;huiﬂé“mwa@mﬁmLLazmﬂ
ol LLazﬁ@mﬁmﬁﬁmaaﬁwm%Qﬂimﬁ’uhmwﬁ%ama%

U7 3.3 uandlasaainenas LogADC wuulwiilat! fefivdnnisyhaumiloutuasas ADC @
duwuulwilayd wazusarmaves ADC Ussanadyanalulawudonniviy fudewFouiieu
2995 ADC WBarduuuulmilas nsaudnanaazgrunuisensmsdyyial (e. log,,(A) —
08,5(B) = l0g,,(4/B)) visoMsguiemA waznsauaosszuyuiifensenidaes (e,
2x (log,, A) = log,, (A?)) Fafundnnisinuveuiazneueiees LogADC mmaaawlﬁé‘faﬁ

BuMmesSyusudy s UTeuieudyaaduns ) AUdY 1989 (Trer) AD
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lmr

y B1 y B2 BN

Digital output registers

Digital output

\/

U7 3.2: Tnssa¥anses ADC lyilarduuuidady

aa v 1

A nszuaduwn e dyauiineatewinawindy 2V dslunsalfidyanuduwsiid1dosnin

T U

Hoyy 1091989 ﬁmmﬂmLaﬂﬁwmmaaaaasLﬂ%'auLﬁauﬁmmﬂm (B;) axdladuasdn “0” vilvaing

[

LUy (OFF) wazdyaudunadzgnasinuludnnsenmaigeiuazniadall Tunsdii

a '

FoyayruBunmdenunnINdyayIenede dyanaieinevesaasiUieuiieudynin (B;) el
Juaedn “17 iaindidnriau (ON) wasdeyay aBunmazgnnsie Trer WSRMAIE 1inss
uazradnsldazgnawulusnsenidsassuasninsely LLazé’mufyma%maaﬁwmwgmm
Aulngeassdamesinilouduiulunses ADC Wadunuulnilal

Aaudnvauzauudiug lun swUaedyanueees ADC anunsagnuanslalaeninuliiduids
\duuuuwasie (Differential non-linearity 138 DNL) wagauliidu@adunuunasiy (Integral
non-linearity %38 INL) 83819151995 LogADC A1 DNL uag INL fadun1sil 3.2 uas 3.3 a1y
S0 Tael g = n (i) — In (i) Wag i, AomNTzuavesdy uAInealeWiNg & wag k =
0,1,2,...,28 -1

DNL. — 2h.RrEAL = Dk IDEAL (3.2)
* Nig1pEAL ‘

INL. — \n (ix,rEar) — N (ix1pEAL) (3.3)
’ Nig IDEAL ‘

[

1iduwadf (Dynamic range %39 DR) U9499395 LogADC AodnTIdIunassnuvodaygyiod

A
Bunmasgasion LSB Manian (LS By.,) TIRONaA19U8IAINTTHATBIRTNDRDWINA 1 Uay 0 39
anansauanalaluaunisn 3.4
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N '—I>—07. X .—Ib—oj“ I:XZ o
e e— e e
A ~ A
v s
IREF - L
) y BO ) y B1 BN

U7 3.3: 15985192995 LogADC wuulsilay

Irs Irs
DR = 20log () =20log - (3.4)
w\7sB, . 10 Irs (100(TN’1)10—C)

3.3.2  N1599NWUU2935 LogADC Tnuanszuatuulnnlayl

Tudm sz edu1enseenkuueas LogADC wuulnilaululnunnseua dwsuiiiewiasen

€

aMNIERALINA N WITE LA dyy I daalana 1 liTuund 2 Belvianssuaianving

o

=N fa M

389 100 nA (ie. Irs = 100nA4) hazApIN13ANNAzIBeAtUNTWUAsFY I 8 Un (N = 8) wag
Inpr = Ins x 10 (571 = 10nA fedilunsaznnaves LogADC Seyeyaunseuadunm i,y 92gn
WIHUWURY Inpr oA @y afineatoning lunsdlll iy < Inpr danuAInea
Lmﬁwmmﬂ’msLﬂ?&JULﬁauéngmm%ﬁmLﬁuaaﬁﬂ “0” LLazéTiyﬁgmauwmsQﬂdqr;huiﬂé’h’sqai
snidsaeanazaanely Tunsdlfl iry>lner dyanafineatoimaaziianduasin “17 uas
FYUBUNAREYNNIINY Tnpr (e, MY 10 vidoansne 0.1) wagnadwsiliazgndssinily
farasunmasansuazniasiely wardyy1afinealerinnvreuiazn1ALgNULIIA1IEI T
wosilormdudyyrudineatewinn 8 Snilauysal

Ul 3.4 wan93993 LogADC Tnwilarlnuanszua tnedineaun M, — M, veannadng M, —

Y

Mgy wazfMAUUIEY Comr — Coms MTNMTUNAsIMULAZAIAI QI8 (Sample and Hold:

S/H) egudmaanszuadunnadslugin1nusnved1as LogADC weawmnaing Mg, wae Mss

9

gnAIUANMEHYIMUIRNTTlITIUEeU (Non-overlapping clock signals) ¢, hag ¢, ANEIRY
weam M; — My yuthidunsasasviounseuadinszuasnededdludmnninves LogADC

JUN 3.5 uaneeasluudaznin (Bit cell) ¥ LogADC lngilvil 1 Weusaiunszuadunm U1

o

2 Weusieiunszuadede 117 3 Aedyaundneaeing 9 4 Juvneminpdinszuaoving

]

(%

luganmadaly wagui 5 defudyauuininiuay weawnivualuieasgnludalimhauly
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T Vdd

e e

C) IREF 2 2

1 4 1 4 1
Bit Cell 1 Bit Cell 2 e — BitCellN

-
3 I 5 3 ] 5 3
BO [} BI D, IBN

| Digital output registers

SU7 3.4: 2995 LogADC Twiilaflyimnszua

a &

Y (9 1

grulundUag9gou woae M, — My vthUuaesaenaunszuasunszualeinnaINaIn

' '
[ =

Negtanth AnaenuazdlinasiSouisudygunseua (M — My) @

e

IV NUNNLUIEU g U

[

Fyanunszuadunniunszuasnads uazlidyaufinoatewinaiin 3 lnoAAdnealoinai
Isagldlumunuuoamingng A, wa My Wieldeninazdwiunseuadunmiiiumsanie 1
w38 0.1 (ie. AMY 1/1zpr) WENRTENAEERY N13AMFyIUNTELaBUNRRENENN1TVRS
asazvieunseualngldvunanuniteue sweanm My, wag My, Wy 1 uay 0.1 whusswun
auniaves My suddu lunsdiidyaunineaiovimaiuasin “17 weamnaing Mys az
Un (OFF) wazoanaing 11, 221 (ON) desiunszuadunniigausne 0.1 uavdsrelugims

aa o a

enasdes Tunsdlidyguidneaeninailuaein “0” woamnadng My 921U (ON) waz
ueanaIng My, 95U (OFF) desiunseuadunviigusie 1 uazdwioludnsasenideaes 2993
onfindsansUsznoufENeann M, — My Inglivdnnismandaides (23] Fsannsauansléi
ﬂi%LLﬁLmﬁV\mﬁuaﬂ’Nﬁ]iﬁ%”JL@iWU?J\‘i Mo AfiiuAenmiaeaeveInTzladunnvse 0.1 wih
yesnszuadUNm Masenszualiage I, veamnaind Mg fignamuaumedyguuRniLa
fufiulsey co vmihiinssviodenunseuaioninaludanadaly anuutiugwensasavion
NITUE Lar9ATuN ANl MINAIAY LaL dINa s UszaNSNINNITNIUU99935 LogADC #d
fusealanniisgnidenlsiiauenidemisnn warnaaareessas LogADC Usenaudis
JRsAvYioUNSEUALAz IS BUIBudya aunssuafuandluzun 3.6

UM 3.7 wanensasadnanszuadneds [24] Falilassaransesairenssuadnadeuvuludac
L03A0NT TiTenszuaeWNATiTaf ULz nsELaTNsae TN Aafuite funns
émLGUEJmamwumﬂmsﬁmlﬂiﬁuaqLmﬁqamlmé’uivshﬁmLLazqmmﬁ Tnofhsasasrenszuadneds
wuuludasosmedivilsussnausoyeaia M, — M, Wagfsnumy R, wazyndiaesusznausie

WBAWA Ms — My WAZAINIUNIU R, LAENTEUAMNAINWITIE0sQnAnaanuazauiulagly
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iL\' M3 '— —| Ms M7
M4 I— —'E’ M8

- - [

U1 3.5: 1aslunmazna (Bit cell) 109 LogADC

SNl

M9

i N M3 l—
M4 I—

M10

M1 M2

JUN 3.6: 1935MUN1AAAYTIEYR935 LogADC tnvilatilvuanseua
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R1

D

M10

—| s

out

S-He

JUT 3.7: 299583 9NTLUAD 14D

Mola® My UavNainsvensyuaarivariiu M, feduiiesandulsyandnsfunsvesnseua
Mobhde Mo YlduUsyans msdundsveanseua My, firnndugud MEadateelunaujos)
WAZNTERAYDY My, QNARARNIAY My WaE M Fanseuaves My, WMaruiE LY Ry Weada
usaulluda iy, deduidlefimatuudsgnmnfvhlinasuanes Myuay My, Wasuwadludndan
winftu vilinssuaves M, fdUsASMsfuuUsfuenmgilugud (vetosadluymaufis)
19958519n58 a8 ANUE UMY Ry = Ry = 600kQ WAy Ry = 1MQ LazuuInuoannnnud
wanslumsnad 3.1

SU7 3.8 wanawadaernszuad1sdeuni (Normalized reference current) funsifuuUsves
useulides Tnesmuslisssulidoafintuiazanaddosay 10 vosussiulidond (1 V) &
Flinszuasnadaudsuudasdosas 0.9 vasrinszuaUnd gﬂﬁ 3.9 LAAINAINADIVDINITHULUS
guuiifiiintunaranasiosas 100 vesgamgiiung (27 °0) Suhliinssuadndaddeuniasios
8y 15.3 Y99AINTEiauni

3.3.3  WNAav1a9INISYIeU

295 LogADC Tnlanilnunnszuanimaziden 8 9n Mibiausldgnesnuuulmiaunieliuss
fulwidssnunn 1 Tad 2s9sgniaesnmsieulnglilusunsu Cadence Spectre warldiuys
gunsalsneqanwalulag@usauuin 0.35 um NTLUEINBY (Trer) Waznseualbinsaluda (1) &
AR 10 NA FUAUUTEY Comi, Coms AT Co Trunawiiufe 5 pF wara1339 3.2 uang

YA VD WOANAN 1T TUI9T war1993 LogADC WMmdslnfinading ianua a1 nssuadunnasan
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A9 3.1 UIAUBINaEnlEl1u995a5 19N TELaD19D

R [ W(um) | L(um) |
My, My, My, Mg — Mg | 10 1
MQ,MlO 40 1
Ms 15 1
Mg, M1, 20 10
Mo, M3 50 10
Mia 100 10
M5 400 10
Mg 20 10

1.004
1.003 +
1.002 +
1.001 +
1.000 +

0.999 -

1 (nA)

0.998 -
0.997 -
0.996 -

0.995 A

OA994 T T T 1
0.90 0.95 1.00 1.05 1.10

vdd (V)

gﬂﬁ 3.8: NAINADIANNTELADIDIUNANUNSHULUTVD IS IPU LWL R
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1.08 -

L0 —f-eeeeeeeeeeee e

L T R

.02 freveessssee

L

T B il

I S o

I

0.92 T T T T T 1
0 9 18 27 36 45 54

temp (C)

a

JUN 3.9: HaT1a0INTYIUAINTELEs19BIUnAR UM SRULU QUM

Y

1 a

Wity 3.3 w7 wasldduanauniniliviudousinnud 1 kHz Fadieanedmsunisidauasas
ADC dmsunlatedyannnudadildaniaseumdyaiunndams nssiaesnisyiien
29499995 LogADC ﬁﬂmaﬂaué’ﬁyzymﬂizLLaSuwmﬁﬁm'ﬁLﬂﬁﬂuLLUanLLUULﬁﬂSz?TWLuuL%EJaG?JLWi
100 nA 939 0.7 nA neluran 256 mS Iﬂa'gﬂ'ﬁ 3.10 WARINTEUABUNATHILITAU AL AY
mé@mmﬂimaﬁagjé’muﬁwaqmﬂLLSﬂmamq% LogADC Fauanaliifiuinieasmuuay Asen
FynaasaguuazasAnszuadunaliogisutiug warsUil 3.1 wansdyuRineaisving
8 Invo99as JUN 3.12 uanawadiaesndnuvazdya uATnealo AT UN ST LABUNN uazHa
msnaassnliiidudadunasin (IND uazanaliduiBadunasing (ONL) uanslugui 3.13

Wag 3.14 MUARU Fauansliiiuinies LogADC danuwsiudnalunisuuasdayeyo

o
a A

3.3.4  N1991894N1999UUB9995 LogADC NausanUuI9asanuady e
ANDANA

JUN 3.15 KARIMATTINTIVNALAIYaABTENI199T LogADC fUaseumdyanaindaiin
nlananliluuny 2 Fagndtaesnisviaulaglilusinsu Cadence Spectre meinalulag CMOS
0.35 pm tagldunasneussiulideuin 1V nssualudaisaseumdygiadamn Io = 40nA

WAZAENANYRINSTLALD VINAAINMATOWA Ty e uBamaLyiniy 100 nA datudsdenlinssua

Y a v & a W Yo a o
871989 Trpr = 10 NA FUAUUSEY Comn, Coms WaE Co TAMNAU 3 pF 29aslidnyganinimly
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v LN
1060 = LS/H

90.0n

80.0n

70.0n

60.0n

58.0n

(A)

30.0n

20.0n

10.6n

0.00 e T
0.0000000 85.333333m 170.66667m 256.90000m
time (s )

JUN 3.10: nszuaBunasunsdulasamdayay ol

.
E . |
4.500m 90.00m 175.5m 261.0m
time (s )

=b.

SUN 3.11: dyanauddneaioming 8 Unuaeias LogADC

AN57991 3.2: vAveNeamaliliuggs LogADC

| 991 | HodLe | W (um) | L (um) |

o M, — My 100 10
N34 Ms1 — Ms, 5 [ 035
M1 — Mg, M14 — M16,M22 ].OO ].O

Mz, Mg, Ms 9 5

| My, M;, M, 25 5

JUN 3.5 My 20 10
M107M12,M21 10 10
Mll,M13,M51 5 035

M17 — MQO 50 10
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255 -

170 A

Digital Output Code

85 -

iIN(nA)

'
[

JUN 3.12: HamsdnaesnudnuaedaIufInealevinaiunseLadunn

1.5

0.5

INL

-1 T T T T T
0 50 100 150 200 250

Digital Code

U7 3.13: wadraesrnuldidudadunasiy (INL) 1993995 LogADC 8 Un
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N | I
0.8 l
0.6

0.4

0.2

DNL
o

-1 T T T T T
0 50 100 150 200 250

Digital Code

SUT 3.14: wadassnuilaifudadusaing (DNL) 842595 LogADC 8 T

FOUTUNU 6o WAz ¢; AWA 1 kHz

gﬂﬁ 3.16 LAPINATIABINTINNUTDINITILANIAF Y IUATNDAMNATUA pH SEWINe
4 fa 10 FauaasliiufsnnudiusiBadusenine pH TBunauasdynnufineaiiioring su
7l 3.17 uag 3.18 wansmasiassnaiuantliifudadunasan IND wazanulddudaduna
#14 (DNL) 9992993

Bit Cell N

3

BN

@,
I | Digital output registers
N Digital
output
? h

3.15: NSWOUADTLININNINAT LogADC UNITEUAIFYE1UINDALR

@aNl
=
=2



3.3. 29395 LOGADC Tnupnszuauuulniilatl (CURRENT-MODE LOGARITHMIC PIPELINE ADC)

29

250 P~

200

150

100

Digital Output

50

o |
RN 1L A T
S )

Digital Code

JUT 3.17: madnaesnsvinuanulidudadunasiu (INL)
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DNL
-

-2 T T T T T
0 50 100 150 200 250

Digital Code

JUT 3.18: madnaesnsviuanulidudadunasii (ONL)

3.4 1935 LogADC lnuanszuauwuuaanasny (Current-mode

Algorithmic Logarithmic ADC)

1 dqj 1 = o o U a =
AUrNaININNTDNLUULAE I1889N1TTN91U9T LogADC Tnumnsyuanuusanasiy (Algo-
rithmic ADC) @eaansaanni1sidmaslnueeasas LogADC uunnseuaninausluimveon 3.3 o

Tnglgnanlunisulasdeyeiad (Conversion time) LuT

3.4.1 1As9d5199999

1995 ADC wuusane3Tiuilaseadneansiidenemysenuuunazass Waiulsznauastos
ﬁﬂﬁﬁuﬁ'%wﬁaaLLaﬂsi’fﬁﬂé’muﬁﬂLLazﬁmmmmzauﬁm%’umiLLUaaﬁm@wméuwmﬁﬁﬂ’;mﬁﬁw
2495 ADC L%QL%UIWJG]ﬂi%LLﬁLLUUﬁ@ﬂ@%ﬁmléfgﬂﬂ%auaLﬂuﬂ%ﬂLL’iﬂIu [25] Tnedilaseasnaneases
L.Lamiugﬂﬁ 3.19 WardNS0esUNNTINNUTe sl mMsulasdyaaaziEuande ¢

fidnaednilu “17 19sduuazasainszua S/HL (Sample-and-hold: S/H) azduaInssuABUN

uaziile ¢ feaedniiu “17 wag ¢, sleraednidu “17 Anszuadunmiigulduazasenliazgn
desielinsasamans (X2) nszua 2ipy szdeudinsesiliouliisunszuaiiioSsuifisuiunszua
INR5981989 Trpr WHEN 261y < Ippr AYYIUAIAOADWING (D,,,) 2ilAduasdn “0” uaz

amd S, U159 (OFF) wagAINTEWd 2iy Jegnanduluiiarimsulasdyaiusines
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JUT 3.19: 1A59a$192995 ADC Waiduuuudanesidlnunnseua

N cycles
1

4

ShETET

Uy Tyl

JUN 3.20: dysyrauniinidmiualuaun19inauredieas ADC Waduluudanasiy

®3

a0

winadnnell 61 2ix > Tnpr dyaufinsaWinavzianduasdn “17 wasavd s, 9z
\UAN15YIN9a1U (ON) YIINTeUa 2iry EQNAUAIE Trpr WASKATNS (2iry — Irpr) SQnUBUNGU
TuidudnanadunaiiieSouifisuuasuasdygnundnoate winadndnly Tagasasezdeundu
nszuatfudiuau (N-1) ﬂ%y’qdauﬁ%ﬁﬂ'mjumwa iy Al Toedi N Aesuaudnvesduaa
Fnoaleinnued29as ADC wayn3UoundunIzuazHuNeg S/H2 wag S/H3 Wilamianan
2INNUYNADS WAL Tnpr Adurmilsvosrgegauesnseuadunniifoanisuas JUM 3.20
LARIEY I UURNTIAIUANANSYINIUYE9T ADC

1995 LogADC WuU8ana3AuilATias1an1svinautnilounua99s ADC WeidunuudaneI iy
e il nsUszanadygralulawudon i %wmammdﬁmiaué’m@m%Qmmuﬁ@’hami
M3 (M3ensaudyyIn) LLazmsqmaawaqﬁmmm%gﬂLmuﬁé”;amiaﬂﬁwé’qaawm
Fyan WulReAufumdnn1sve99as LogADC wuvlwilaviildnann1iludwd 3.3 U 3.21
LanIlATIA5192995 LogADC WuUsaneI il Feflvdnmsvhausesiolud mMsulasdayaaaziy
1nile ¢ feaednidu “17 2aasguuazasdnszua /B, (Sample-and-hold: S/H) agduen
nszuaduna waziile ¢, dAnaednidu “17 wag ¢, feraednidu “17 Anszuadunsiduliuazag

AliavgnassiolvasiSeuiisudyaalnunnssuaiveiuSouiiouiunseualinseoneds Irer



3.4. 19395 LOGADC Tnnunnszlaluusane3fiu (CURRENT-MODE ALGORITHMIC LOGARITHMIC ADC) 32

o3 o,
S/H, S/H,
— S,
04
s
Iin ¢4 )
+
I >
¢1 IREF+_
O Dour

JUN 3.21: 15983192995 LogADC wuudanesy

I3

loelunsdifl iy < Iner SyaaRdneaeying (D,,,) wdanduasin “0” munuliaing s,

g q

a

w1 UANMIYI9U (ON) wazadng 5, UAN59IU (OFF) uasnseuadunnavgnassioludeneas
UNMAIADINALNTSIA i2y %Qnﬂauﬂé’ulﬂLﬁ@ﬁﬂﬂﬂiLLﬂaﬂﬁmiyﬂmﬁﬁmaaLmﬁwmﬁm@iaiﬂ Tunsal
A iry > Inpr danafdneatewinnazdanduasin “17 muauliaing s, sdansviau
(OFF) wagaint S, aziUnn15vin91u (ON) Flinssud isy %Qmﬁaaﬁhmﬁ K 3UAU Y rnmr U
NAANS 115 /10er dzQNANBlUETENASsERsTINTEUAD MR T I 9z gnTeunduluiieriins
wasdaaddneaminadndely lagsasezloundunszuadugiuau (N-1) afarouiiaziing
dunszud iy el Taedl N Aedaudnvesdgafineatoninmaueansas ADC wagnsteu
NAUNSEUEILHLINAT S/ Ha WAy S/ H; Wemhanalhaasiaugnies uas Iyer AoAInszua

a e Yo

unanliendyaufdneaeminaintu 2V -1

3.4.2 N1599NWUU935 LogADC TnuANSZUELUUDanasy

1995 LogADC Imaianselanuudanasiiy Usenauniegieasduuiazaimdayaias (Sampling and
hold: S/H) 1993 AMdYa MNTELATIadalngasaziounsEua (Current mirror) 29a50U38Y
Wisudayeyrad (Comparator) kaz1935enmadass AuLiug lun1TuUasdye 19099995 ADC
%%uagjﬁummLL@JuE‘J’wmms?jmLLasmmél’agzym mMsazTioukaznsUSauiieunseua Faazld

a a o = =

nanfsddesmatduniseaniuuiasinegilvdannuutiugge
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V{ MY

JUT 3.22: 29953 UUALAIAINITLANUFIY

3.4.2.1  995guLaTAIANEIM (Sample-and-hold)

JUT 3.22 uannsasduuazasrnseuanugunliiasasiounseia (M, wag M) d3Ind (5)) uae

Y
v =

FuuUsEy (Csm) Inensasazduanszuadunaiile 12 vinouduaindln (Closed) ni3ilouss
FUINNATBS My WNAU Vi W38 ¢y dlFnasdn ‘17 uazasasyimsasanszuadiduléiiesing
e M, vhemuluaindda (Open) vidauloussiuvnnaes M, wiriu 0 V vie ¢, fimasdn ‘0’
Fr9959zilmuisiugueInsduLaT AN TEIAZ azdpslinnufunuBUNA ALY
RRGTEGR LLaxmmﬁmwmmmﬂmié’mamﬂizqﬁw (Small charge-injection error) Tngvalua9as
Tugui 3.22 Sanuiiananveansduuazasdinssuafiguiuluiosianldanuluises ADC 9
ADINTALALLDENES

15181113080 ANAFUNMUBUNALAE LRI AN FUNILLD WA YB 9T du AT AsA NS UE L6t
Tngldmatinnisdoundunuvauvisemalinnialan Lagis1au150anAURANAININNITENEN
Usq I Tne 1 lasaairansasuuu dyananasing sieldadinduasn (Dummy switch) [26] U7
3.23 LARNITAN LAY ALA1 NTEia T 9as azviounszuamalan wuuunlsdygmnie (Wide
swing cascode current mirror) ¥ilasasfianudumuiovinagetu Taedl M, way 1, 1Hu
nsusamesmalaniioifiumnuiumue Winmueas wazsasiliinadaaindvasniiioan
auAawainiiinannssadntseq el M, imthilduaindfeuessedayaal ¢, wag
Me wag M, vwihilduainduasniieueudedynin (@) uazilvun (W/L) Wuasimiaves
Ms

2asguuazasAnszualusuil 3.22 uay 3.23 lHssasviounszuadslduoamingidunszua
Bumm (A1) wazeIAInTERAIYING (M0) WuAuagiiiu 29s3sdeaiinuaunsdve swoamnngs
dieliiranuRnnanvenseuationiian dafesnddnnuammsduommeann dafuisasduuas
AsAnszuaTlduoawindfeiulunsduuas asrinszuaisiiauusiugrganin esanlifide

Aana1afiiinanaullaunsAveswean 19sduLazARInsenaUssanilldlasainavesins
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¢ Ipias CE Tnias
in_ | four
M, :“ _ Viias _ ”:M.l
QJG (Do ¢'n
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}'1(, CSHJ__ M:

JUTN 3.23: 1995gUuAAIAINTZUAMALAALUULNIdy NI

Voo

_w.:l
— CSHI

JUN 3.24: 293sguuazasanseialagliiasmheanuddunseua

yieAnudunsEIa (Switched-current memory cell) falugufl 3.24 Tagsasazdunseus
Suwmﬁa é1 WAz ¢, dr1aedn 1 ibivnauaziasuves M, delsmeiu waziminulseg
Csi WQNBAUTEYNENTEUA L, + Ipras PN 6, WAL by WHAIADIN 0’ WAL 65 HANADIN
1 Fufulse Cop Bensanszqliaediilsl 1, renssuaievinadiainiu 7, wsastasiin
Wind1veIMTANLAZAIAINTTIAGS JxfaallnnufumuBuNAm AL WINRES WAy
AAANAIAINNNTSATAUTE ALY

U7 3.25 uannsasduuazasidyanuiliilasaiavensasaindeudnssuanalanuuy
A3A" (Regulated cascode switched-current memory cell) [27] Tngnsasiinannsvingumiiou

fU9astugun 3.24 wildlassaianalannuunsAyinlind A unIue I innreea9ses Beinl
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L’n ¢1 qJ1

SUT 3.25: 193sduuazasidyaailiasaindanuinssuamalanuuunse

ALt vINTNLAY AN TELAGI U Tnensasduuarasendyanailu [27) Snstounszua
Bunadiga B uiluaidedisninavemstounszuadunaiign A Feazlviamuusiudilunisgy
uazmsAnsEuagenitnsteudiyn B 1osnga A finnudunudunmiininfige B lnorans
fraosmanuiawnainmsguuazasAnszialuguil 3.26 Wisuifeulunsdideunseuadunai
0 A uag B dmutaenszuaduma 0 - 100 nA Jauanslifiuiinstdeunszuadunaiion A T
AAuRamaIANsELAgIaRtToEnIn 0.3 % YesAnszuadunm Jetipeniinsdinteunszuaduns
fign B Bsflrrmnuiianananseuagegauszanns 0.6 % vesAnszuaduwn sevinlisduuazas
Andyaadlugud 3.25 lunsdliiflounssuadunadian A dudidnenimmmngaulunistinudmsy

2995 ADC A15Auaztden 8-10 Un

3.4.22 2swWTsuiigudyalnaanssd

U 3.27 wanarseslsuileunssuauuuiuguiliaasduesdunesives 25 e 1, >
Inpr 99 A Wilusadugeluuasgnusns fetstueaduneiines shliussdulewinaveaas
WU Vo 91308030 17 81 L < Tner 99 A wilusefusinasuazgnuensdieisastueaduios
wod yhlrusefuleminmYeIaTWnNiU Vo videaedn ‘0’ 2asitedinEeseuazidenves
AslSeufiunsewa s?fqv‘iﬂ,ﬁ'lé’mLmﬁuLawﬁwmﬁﬁ@‘wmmlé{mﬂ Iin A1NAWRBIAU Tppr 108
WanunsaUTulpmanuasiBualunsssuiisunseualalaeldlasaiawuuaindnssuadou

n&u [28] Aauanslugun 3.28 Fellrmanuazidentunisileuiisunseualusedu 1 pA
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Voo

Iy lour = Ky
;&; Toias
SN
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O

M,

JUN 3.29: 19sdyAIMNTERARAL1ITA IDUNSERARIALAAKU LN Tad AN 319

3.4.23  9IAMHYINLALINTALTOUNTEUE

2Ty IUNTELALAY e TaTiBUNTEua TNz anlunsIF g m3uases ADC Fealannu
aunssIRINsAzeUNsTLATIZNNN FadasdimnumumuloinagauasinudnuazaEmeS
yomsudanesfinun fufunisfeddiuuamuenuazarunietemsesmoamaiiuinn
Mamanvesalulad e lldanuaunsdvewoamlniia wagltmainmalaniileifinaay
FunuLeMAY892993 JUT 3.29 WAneIsAAdAINNSEIALAL MR aziBUNSELARALAn

WUULN &Yy 1uN 319 (Wide-swing cascade current mirror) Mlalwsas ADC

3.4.2.4  29938NAIAIHOHYUIUNTEUE

=

JUT 3.30 waneavsenmdsaasdyinnseid Fansudamesnndignludalvialuguddy

Y

ndueg19gau (Weak inversion) uagnssuadunn (1,,) Jeuduiasasviounseuaaialanuy

WA (M5 — Ma) WNEI958N MG a0 1N TEUANAINNY (Mg — Miye) TUI
Y] sa a ¢ v ¢ a1 W d‘ PN a

aunsavann1snsudaLles [23] wandladnsswaoing (1,.,) JAfaaunisn 3.5 ned Iz, Ao

v
a

nsewabNnsIntuda My, F9UUAT8TIANNY 10 nA

2

I, = Lin (3.5)

Ips

3.4.3 WNAYIAINISYINU

1995 LogADC Inuimnseuanuusanasfidgnesniuuuazinassnsinulaglilusunsy Cadence

warn1sAmasanmaluladtusavwin 0.18 lulasuns 29asvinauiukrassnglnides 1.8 v g
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JU 3.30: 1WITINMAIADIF Y IUNTEU

Fygauniiniluniswlasdeya 1 KHz wagldridanulingg 180 nw 1393 S/H Tiaiiudseq
Csn WU 5 pF Tumsesnszua UR 331 uay 3.32 wansnanissiaosanlaiidu@ed
WUUTM (Integral non-linearity: INL) wazuuunani (Differential non-linearity: DNL) U94743%
LogADC wuusanesfislunsdinsviienuiuy 6 Sauay 8 Tamudiu Wedeunsvuadunadiia
1970 0 - 100 nA nglunan 2.048 Fundt Tnelidmanisudasdoya 1 KHz Fauandliiuiily
nsdimavhauuy 6 Tniu esdaududaduiifannineden INL uay DNL lifiu =1 LSB
yauzlunsdinsvhauuuy 8 Jn 2eesiinnududaduiinelilaeiien DNL geanlsiifiu 3 LS8
uazdian INL gegalsitAu 6 LSB Jusannsaifiuidsauvensasladniioansn INL uaz DNL veq
1995

SUT 3.33 uansradnassnsnanuenaes LogADC wuudaneifinlunsdinsianu 8 Jn e

(% 3

Jounsvuadunaiuudyaiaseuiivuin 15 nA kazaaud 10 Hz lnaihdygusineaianying
Aldnulaanduiludyaiunssud (1, ) 39iulii11995 LogADC anwnsavinuldegnagnsias
el dulBudung JUN 3.3 uamauansuved L, . AW1nNsulaan3ies Jauandli

Winde unlaannnsulasreaeasiinnuRaiigusnnii -40 dB (138 100 i)

3.5 @3

unillaeasunenseenuuULaE NaI1aBINITINUYBI2935 LogADC Tuluuanseuanldlaseasi
wuulniiladuazuuusanesfiy wisldulasmdyuunseuaainieaseuadayaiudamalmdy

dyeufdneaniaiuaziden 8 Un lavldmatinn1sieulugiuiundusgisosusoiuadie
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2933ATIANIANUF YU UAAL

[

m’mﬁ’mq (RF power detector)

4.1 UM

mimaﬁmﬁﬂé’wué’a@mﬂ?{ummimﬁmmﬁwﬁmLLaxai’wﬁ]ummiumiﬂszqﬂﬁ%’muwma6]
Fos sausluszuunisdeansldans [29], [30] TaufansTauasnaaeuisassau [31], (32] lussuu
nsdeanslians 2vsnraiamdanudyyaniunnuiingagliluguauaiteusunsldids
sy an Wnauduidaduressesvenemds viemuausnvegvesdiunaiuuas
dadeya 3593’Ufﬁ’wé’amu%mé’mmmﬂﬁummﬁ%mammﬁwmmié’lmmﬂ%’mqqqm (peak)
y3omsnvesfindsaetiads (oot mean square: rms) M inAgsaRLLNE TUna 0TS
yunnsvEedayaaumeganiiisnsAaEaeA e azn1snsIniam ms wsnzandmy
ﬁzyzymua;ﬂLamﬁﬁé’mwmgqqmamLa?{a‘ﬁ’qqLﬁ@lﬁlﬁmmnﬂuﬁwﬁqqsﬁu A1TMIIIAAT rms VS
dynaduaunsovilivans™s wu nisligunsalliifiignme (Thermoelectric) [33] nslianu
Liwaduretlalen [34] wsensuawmessaunalulnans [35] vie weawln [29], [36], [37] %ise
nslsasiwinduuansewa [31], [38), [39) nsasaainlaglindnnisiiinemumeimungauiunis
Hlugunsaiiniesile Fnidosaniiuuudinsinsshauinieuas mnuusiudige egrlsAmunis
aamumosliihgnmelumealulagfuoaduseddinssuiunmsadafududsdudouuas Sdunu
g4 [33] 2sasnnainidanuildlalen endenrailiidudaduvesialenlunsBeanssuadayaya
Sunpuaraaussiuliinsionimedfivunusiutumedygabune Taefivesdilalen [34]
waznIuTamessounalulnais [35] amnsadianldlunisastenasesainnduvesdygyin

AauAMNIINY egnlsinuiivendilaleawaznsudanessesselulnanslimunsaulunisasn

42
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Tumalulad@ueauuuinluly Sslivangaufumsaiisiideansdunu 19snsadad ms
ansaadlalagldiasanaluuanszid WuNsenia@ed 1ITMT LazININTOIdYY I
Tnensaswaniannsoaislalngldaasnsudrousnned [31], [38] wier99snsudaiied [39]
avsnneiahinuilivénnsmmuddidesorfoauauifondlnuudyavomauianesses
sioluTnans vieueawinlugiumniiinGuiudsy (Subthreshold) teaieiladdundnmans
dmsunisiuagan rms [39] Nfﬂimi%ﬁmﬁwﬁﬁmuﬁm%fué’zyiywﬂﬁummﬁim&4 fnsiauslilu
39] uaidadiuuuiinrinisvhnuideuieitadeSsufeuiuisnsnsaiaidsnuisou 29s
asviamdsnudianunseassldlasenfenuaudfenuliiludaduveaeams [29], [36], [37]
Tngldanaliddudaduvosmuiumutesveseamndivinaulugulaslondn [37] afanseua
Iwaseislvnaulsiufurunvesusssudunmininsuvesueams sgdlsiniumadaiviaus
Tu [37] Fesndelnsuslsuuwilunisadranisivdsuudasussiuriasy Jeldmnzalunisass
Tuwelulagsessm mansavanideanslinsasTowuuilnedeudyandunn amnudingd
ruasuvsswednalugulaslonlalaenss wazldrsasvenensudduiuaudglunisulainszua
wwmaLduusefudsiiauely [30] Jallidonainduna 20 dB uaziluuuding 3.1 GHz A
10.6 GHz warldmdran 10.8 mw Mnunassielnides 1.8 V 2695059030 & ms &
ansnsnasslilnsendeanauifmdaomeseamaiivhaulugiudud 1291 Tnsndnmsiugiu
lﬁgﬂﬁuaumﬂm%ﬂmﬂiu [36] mé‘aﬂisLLaLmﬁwmmaﬁmmamaﬁmmaé’aﬁymwam'wmam%lmﬁ
feuusiufumidsassveauseiudunafioning Hansnaasivessastu [29] fuvudiasinsg
yhaunhaunn willidenainondt 20 dB wazidanudunmiianiinsiadnld -35 dBm Fagn

fnlesnsidusamnlugiuinindasulisulunisainssuaeminaendlnuuden falivis

v
v A v

nsvihaugnABIUsEINm 2-3 MAsesdu vhlndiafidenainvennsndan uideiduiulss

q

v
=

2930 IafMdaen ms Adiauelu [29] ’Lﬁﬁé’mwmaLﬂ?iaul,l,ﬂmLLazﬂﬁawaiﬁwqqum
nnnaFunuewiwnvensaslumsfiusasueeasuulauayliisesvensdenniiiunuy
Ussanasieriies (successive-approximation logarithmic amplifier) lumsiiufidewatn 2993
nstafdea ms dasihluvszgndlfndussuuedotnoduseslsameiidesnisgunsainga
Famdanuifielidmnasiumiesduwes Ssdndudesiongmsldauiiuuasiieulngls
FoavAsununine’ lnermasnuesdyyandunrsiingilunadnuasfifdanulssina -
50 dBm {4 -60 dBm Fausadlinsmsainfdnuidanulhguasifdenatani 2asnea
o idsudygueduaraiingeenuuu wag Sassmsiaulag i maiines mnmallad

waavun 0.18 lulasiuns wdenaluiagnanideniseaniuy LagNadIanINIsiIeIuUD9I99s
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RMS power detector

Vout

JUT 4.1: 1A5983990939359 130 InMANUFY A UANNTITE

4.2 1AT9E31999957TIDINSINUT Y Y IUARUAINDING

=

UM 4.1 LLameqa%wwamwamaﬁmﬁwﬁwué’zgapmﬂﬁummﬁ%m UzNoumeNaTngIain
fdsau rms warssvENEEon M3 TIuuUUUsEINARe e useiuBuwA AL InggnuUaady
usasewinelWasadanansd rms vearndsnuduwslageduauliiudaduvesean 49
gnasieludnasvesdonnifiuuvuussnseideiieveedyauuaraiisgandiiewing
wuuidaduluwdiua (Linear-in-dB) Tnensuszanainuuiadiundutie (Piecewise linear) 2443
ggnpstaie 7 mawdeutuimuasniulumausniiddueaindunmiiutuiion1sindause
Auganen lNAse 193598 NN UAAE AIANILEAUIIAULD NG KA A LEL NTEWEALBNYINANA AN
Tngusssuemnanaignaslugidunnveninreednly wagnseunaeinaNaA19veInaIn
ye1egnian s funazdeuirfmumulnanifioaisussfue wiymvoasasinidsny
dosnussfudunmvenasvenedenniifiuuuulssinasioidendudyyalinss fdudsll
FadlirasBeanszuansensasasainveudyaia shlvussndaiuiiduuas mstimanuls @
FumMu Ry wagduiusey op aiinasnsesriuihmihideunduiiievindraussdueeion
TWnss @MU Ry gﬂa%ﬁqlmaiﬁmaaLWGﬂuzhumwTNW‘i’ﬂﬂdﬂ%mL'%'u (Subthreshold region)
dielildaeuiumugslaglifuiidudesian sfidonatnuazarudubaduresisasnm
amdsnugnivualag Iuunnvee dayaa ML san v ey vilie ey lhuay
fidona¥nveannasgitu winesasliidanugatude swiddeildninveresuu 7 ma dady

U

PNz AU A TR I3 Adenadn kazaulire999nsI9n
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4.3 N1992NLLUUNT

4.3.1  729395A579IANIANIU rms

a

U7 4.2 uannsasasaiaiidanu rms Ssendeuauindiaeswemoamslugunsvinaudy
GT’; ’J\‘lf\]iULUU’NRﬁVIﬂSUUNf\]”lﬂ’)x‘]ﬁ]ii/ll!’]La‘u?ﬂu [29] ImamwmamaamwaqL,Laummmhm
Fu 2asiivdnmsvinnuded dyapadunmedumuiingtouriuiauiulse oo difivinaves
M, weawla M, uay M, wiloutuynusemauazyienlugruduiiuasiussiulusauinmi
fu wean A, mthitanussiuseisndiinnsiuuUsveenszuILnsais (Process variation)
gl worussduliiAes mannsowandliussduewinanaig (v, — Vi) fuunaudsiuiy
Ardssesvesusaiudunn Tnolidyynaussdunauaudingidunm v, = Vi cos (wt) agld
INTTUALATUYEY My UaT M, DAdsaumsil 4.1 wag 4.2 mud WU Lazusaduloinanasiis
(Vs — 1) anansauansldfaannisi 4.3 Fsazgniaifiuuszq ¢, nsesnnmiiniriu vilnldusasy
LW lilnsIRaNnTi 4.4 FUanI IS WINANAA (v,0) TvunauUsiuduAidsansves

VUIALIRUATUAUDINENBUNR VTBwUTHUR UG UTRIdy I AMNBUNmATIULe

. nOOx W
ipg1 =" 5 (L) (Veras + vrf — Vrw)® (4.1)
1
nCOfE W
ipgs =& 5 (L) (Veras — Vom)® (4.2)
2

Vod = U1 — V2

= 7Tout (iDS1 — 1DS2)

nCOm W
= (rasa [ rasa) - £ 5 (L) (V2 + V2 cos (2wt) + (Vpras — Virr) - Vi COs (wt)) (4.3)
TLCOI W
Vod = (TdSQ H Tds4) . K B) . (L) . ‘/i2 (44)

Ul 4.3 wansransdnaesnmuanTRBunmLeYNAT892993M 59 InAES rms Aimd 5 GHz
TnsFsuifisuiunanissiaensasiu [29] meldmiwesiesuazfouluinshaudeatu a
nsdasanandlifiuinssiviauelusud 4.2 Tdanvensudasigsniniesmnanusumy
W Winmiigedu Faavilfanuldunvessgiluuagshlinmsoenuuuisasuenefonniii

wuuUszanasollesinedu wenanileaslugun 4.2 delimnududaduifniiuagdiinisnsa
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Differential Output Voltage

Vias Vaias

JUT 4.2: 19930539TAME9U rms

-#-This work
—o=Ref. [1]

-70 -60 -50 -40 -30 -20 -10 0
Input Power (dBm)

JUN 4.3: AaudRdunmemnnue99snsIaiafiae ms 1Aud 5 GHz

Fndunniinranin (Uszanas -60 dBm to -10 dBm)

4.3.2 19937818 ”zy,tuu'lmuw?iannfl‘%ﬁu (Logarithmic amplifier)

LSIULEMINAVEIIATIVIAMEL rms gnawialldnsasvenedenn3iiund 7 navenefuans

Tuguy 4.1 2sasvenedenni3iinadiemeisasvengdain (Limiting amplifier) Tuguy 4.4 Tay

Tivasvenedygranansiidwsaziounszialuluan (wanemedan) 19sve18d1inynain

willouiunun snciuaAusnAfiueanadunadiy 1 6 Wanseiedn) lunistdeunduiivesin

A19U59AU N A I NTI 2WITVL WAL NIAATIUTIAULDIVINARA AN ULAY NTTUA LD INAHA SIS

wsaueWineNangnaslugBunnresniavenednly wazilewnusiiuBunnesInsiduuns

sulrinss 3sldnseuaevinarasiisvemnaiaveedallnnanuar AN seuatn TN iuLay
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Vpp

A 7 b U

1 © %! it
out  Vout out out

I -
|

Vgs generated as a PTAT voltage CMOS Current Reference Circuit

JUT 4.5: 21995a39NT8UAD14D9

Jouhmmunulvaniieai1ausaduieinn 104399303593 Iniaeeu vililddedldiens Sus
nszuatarvsnaunioululasvesdenn3iunuUnd uenanil 2TvIEENITaNRULAIN

henle iilaunsaeeniuuasvengliianubdunnuas idenaingalalagldidinudey

=

NER WAAI1YNTL WA MO AYD91995 VL8 A51991N 1T AS19nTEa 919899 bl I AunsduUsves

q

NsrUINNTSase usaiulnifesuavanumunil [40] daanslugud 4.5

JUN 4.6 LARILTIAULDMING HAAI9UD9999TATIVIN MG rms TuguN 4.2 NAnuddyayia

Bunmeingg lagMaenudunnauin -65 dBm a39usIAuLeIINAIUIA 10 4V (-50 dBV) uaz
MAsUBUNATUIA -10 dBm asussduWinAvEIA 1V (0 dBV) ﬁaﬁfuﬁé’awai’m@uwmm
1995dAUszana -65 dBm 84 -10 dBm wan13FaRINITINUKkAAIIIRTAINTahnuldgn
FosflamiBunnUszanas 5 GHz SUR 4.7 uaninadaeausefuleWinnves2993nsaa afds
sudleteudaygadunm 25 GHz AAmdsnudunmain -80 dBm fs 0 dBm waygUR 4.8

LAAIAANYAE UIIRWLMINA AUMaIudune Fauandliiuingumddunaiasiainldeg
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Differential OutputVoltage (dBV)
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JUN 4.6: USHIUDMNANAFANVBIRINTIVIAMAT rms NAUABUNARIY

Uszanay -70 dBm 4 -20 dBm lagdiAusasiueminnussan 0.4 V 8 1.2 V sy

SUT 4.9(n) uanausssute winmilonaaeunisvinuvesguieunduiitevindraussiusemiisnli
n31 Ineteuunasireussfuserionlninsegnifindluiuussfudunn 2.5 GHz 18999959818A
usn uazUFuTuALTIfuDeYigndaud 0 f 100 mv Fwwadiaoenisvhanuanddiifutiusedy
sovlwmAsundasAussfulevinmdniosuaz1asfeanansavhaulignsies Ul 4.9() uans
3L YR sUsIRUIMINA D ussFuBaY e IUAB LA lUTaeRf s nuBuwn i1 il -50
dBm §U#l 4.10 meﬁmﬁ%ama%mw’;’mﬁwé“amuél’zy}zyﬂmﬂ?{ummﬁ%wqﬁlé’aamwu%u lng
HuATY 60x130 jum? 5UT 4.11(0)-(A) uanssasIneIMIvhamsasiildnndsgisssuas s
fudszauasismumuysdnnnglinsduulsveanseuaunisasng LLiQﬁuIWLgaaLLazqmmﬁ
wazgUil uanssuUlalasinduuuuildaradudomelulad 0.18 um n151eil 4.1 agUnadiaoinis

91995 e SeUg U U990 U

4.4 @3

Umﬁlﬁa%maﬁamsaaﬂmewimmi’mﬁwﬁaaﬂuﬁm@wmﬂﬁuﬂamﬁ%mqﬁ%’ﬁwé’amuﬁﬂLLazﬁﬁé’U
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JEUUIRTTAMTUNWTINTUNnduazlaseveUseam (Neural network) [41] wazTudaqiu
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degeneration) [45], [46], [47] wallan1sludawuuuiudsuld (Adaptive biasing) [46] wiaila
msltueamalugiulnslen (Tiode MOSFETS) [48] uaginafiansideusesudumem (Input level
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Ultra-Low-Power Differential
ISFET/REFET Readout Circuit

ABSTRACT—A novel ultra-low-power readout circuit for a
pH-sensitive ion-sensitive field-effect transistor (ISFET) is
proposed. It uses an ISFET/reference FET (REFET)
differential pair operating in weak-inversion and a simple
current-mode metal-oxide semiconductor FET (MOSFET)
translinear circuit. Simulation results verify that the circuit
operates with excellent common-mode rejection ability and
good linearity for a single pH range from 4 to 10, while only
4 nA'is drawn from a single 1 V supply voltage.

Keywords—ISFET, CMOS, low power, weak inversion.

I. Introduction

The recent success of ion-sensitive field-effect transistor
(ISFET) fabrication in a standard CMOS process [1] has
triggered a vast research effort toward the integration of
ISFET-based chemical and biochemical sensors and CMOS
signal processing circuitry in a single chip [2]. More recently,
the subthreshold region has been demonstrated to exist in
CMOS-compatible ISFET, and it has been exploited together
with the translinear principle of weak-inversion metal-oxide
semiconductor FETs (MOSFETs) to realize an ultra-low-
power current-mode readout circuit [3]. Such a single-chip
“smart sensor” with extremely low power consumption holds
great potential for real-time biochemical sensing for
implantable biomedical systems. In this letter, a novel ultra-
low-power differential readout circuit for pH-sensitive ISFET
is proposed.
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I1. Proposed ISFET/REFET Readout Circuit

Figure 1 shows the schematic diagram of the proposed ultra-
low-power differential readout circuit. An ion-insensitive FET,
also known as a reference FET (REFET), is used together with
an ISFET to realize a source-coupled differential pair with a
shared quasi-reference metal electrode as their gate connected
to a stable DC reference voltage (Vrer). This suppresses the
output current variation due to common-mode disturbances in
the electrode potential and permits the use of a solid-state quasi
-reference electrode. All MOSFETs, the ISFET, and the
REFET operate in the saturated weak-inversion region (that is,
Ves<Vty and Vps>4U7) with identical DC bias current (lp). The

— VDD

2lo

Fig. 1. Proposed differential ISFET/REFET readout circuit.
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drain currents of the subthreshold ISFET [2] and REFET
differential pair can be derived in (1) and (2), respectively,
where o is the quiescent drain current of the ISFET and
REFET at the reference pH of 7, « is a dimensionless
sensitivity parameter of the ISFET [2], Ut=KT/q is the thermal
voltage, n is the subthreshold slope parameter, and ApH is the
differential pH variation. Therefore, ip, srer €quals 2lo and
ip, reret 1S ero for a large negative ApH, and vice versa for a
large positive ApH. This is similar to the operation of a
conventional MOSFET differential pair.

) e(72.3(zUTApH/nUT)

I, isreT = 2 |0.1+e(72.3aUTApH/nUT) ' @
. . 1
ID,REFET =2 IO_ID,ISFET =2 IO'W' (2)

Applying the translinear principle to M; to M,, the output
current iour can be calculated as in (3). The current igyr can
also be rewritten as (4) and (5) since 4pH = —log;pA[H+],
where A[H+] is the differential change in hydrogen ion
concentration. Since 0<a<1 and n>1, the index (a/n) is always
between 0 and 1. Therefore, if a linear relationship between
iout and A[H+] is desired, iour can be applied to an appropriate
translinear circuit as in [2].

. i, Xi i x1 234
iy = p1”lo2 — D,-ISFET o _ Io-e( 23 UTApH/nUT)l €)
Ips Ip reFer
. L e/n
lour = Io'A[H :| ’ (4)
. o
IOglO lour = |0910 O_FApH' (5)

Assuming that all devices are in close proximity and
thermally matched, the ratiometric relationship of the
translinear principle reduces the temperature dependence of the
circuit, and together with the ISFET/REFET differential
topology, the body effects of MOSFETs, ISFET, and REFET
can easily be shown to cancel out, at least in theory [3]. A
temperature-independent current source lo can be provided by
a bandgap voltage reference generator, and assuming that o
and n are temperature-independent parameters to a first-order
approximation, iy is inherently temperature insensitive.

I11. Simulation Results

The proposed ISFET readout circuit was designed to operate
with a single 1 V power supply voltage. The ISFET and
REFET were modeled with the behavioral macromodel
described in [4], and the circuit was simulated with Cadence
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Fig. 3. Simulated transient response due to changes in pH.

and component parameters from a 0.35 um CMOS technology.
All MOSFETSs have the aspect ratio of 5 um/2 um, while the
ISFET and REFET have a large aspect ratio of 100 um/10 um
for good matching. Both DC current sources were realized
with simple current mirrors with large channel length for good
accuracy and large output resistance. The index «/n is around
0.7, lp is 1 nA, and Vger is 200 mV. All bias currents and
voltages were chosen to center the circuit operation on the
reference pH of 7. The circuit dissipates 4 n\W.

Figure 2 plots the simulated ioyr against the pH value at
various Vger Values. At the nominal Vger of 200 mV, a good
linearity is obtained for the pH range of 4 to 10. This is limited
by the weak-inversion operating range of the ISFET [2], which
spans about 3 to 5 decades of drain current. Figure 2 shows that
a large voltage variation of over 200 mV (100% fluctuation) in
Vrer has virtually no effect in igyr in the pH range of 5 to 9.
However, at lower and higher pH values, evident fluctuations
in iout Were observed because the ISFET/REFET differential
pair saturated with either ip, jsrer OF i, rerer Was practically zero.

To test the common-mode signal rejection ability of the
circuit, a 20 mV and 50 Hz disturbance voltage was added to
the common reference electrode Vger, While the input pH value
was ramped up and down between 4 and 10 within 1 second.
Figure 3 plots a transient response of ip, sret, i, rerer, @Nd Iour-
All signal currents are virtually free of common-mode
disturbance except for the regions where the pH is either less

ETRI Journal, Volume 31, Number 2, April 2009
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Fig. 4. Simulated ioyt with and without the tail current source.

than 5 or more than 9. The noticeable disturbance in the low
and high pH values is due to the saturation of the
ISFET/REFET differential. Figure 4 plots the transient
response of ioyr Of the circuit with and without the tail current
source at pH = 7 when a common-mode disturbance of 20 mV
at 50 Hz was applied to the reference electrode. With the tail
current source, ioyrwas Vvirtually constant, while a variation of
around 10 pA (i.e. 1% of lp) was shown when the tail current
source was omitted. Figures 3 and 4 clearly demonstrate the

superior common-mode rejection ability of the proposed circuit.

V. Conclusion

A simple ultra-low-power readout circuit for pH-sensitive
ISFET was presented. The circuit employs an ISFET/REFET
differential pair operating in weak-inversion and a simple
current-mode translinear circuit to achieve good linearity,
excellent suppression of common-mode disturbance in the
reference electrode, and compensation of the body effects. The
proposed circuit was demonstrated to be an attractive candidate
for signal processing front-end of a real-time implanted
biochemical sensing system.
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This paper describes the design and implementation of an RF CMOS quadrature LC voltage-
controlled oscillator in a 0.35 um technology. The proposed oscillator employs the switched tail
transistor topology and differential switch capacitor tuning to achieve low phase noise oper-
ation. A modified series coupling mechanism is used for quadrature signal generation with wide
output signal swing. The oscillator core circuit was designed to operate with a 2.5V power
supply voltage with a 4mA total supply current. Measurement results showed that the pro-
totype oscillator could achieve a nominal oscillation frequency of 2.2 GHz with —110dBc/Hz
phase noise at 1 MHz offset frequency.

Keywords: CMOS oscillator; voltage-controlled oscillator; quadrature; phase noise.

1. Introduction

Quadrature voltage-controlled oscillator (QVCO), used for I/Q modulation and
demodulation, is one of the most vital building blocks in modern digital RF trans-
ceivers. There is a number of challenging design issues involved in realizing a GHz-
range QVCO, including low phase noise, wide tuning range, low power dissipation
and sufficient phase accuracy. High phase noise is mainly caused by the poor quality
factor of on-chip inductor in CMOS process and the flicker noise from the tail
transistors. Improving the phase noise performance has been achieved by attacking
the two abovementioned root causes. The quality of integrated inductor has been
enhanced by using special layout and fabrication techniques, e.g., in Ref. 1.
Reduction of the flicker noise originated from the tail transistor has been achieved by
using resistor biasing” and switched tail transistor biasing® techniques.

*This paper was recommended by Regional Editor Krishna Shenai.
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This paper presents the design and experimental implementation of an RF CMOS
quadrature LC voltage-controlled oscillator based on the switched tail transistor
biasing, which has been coined by the authors in Ref. 3 as the “memory-reduced tail
transistor” topology. The rest of the paper is organized as follows. Section 2 describes
the circuit design and realization of the proposed QVCO. Experimental results
of the prototype circuit and conclusion of the paper are given in Secs. 3 and 4,
respectively.

2. Circuit Design and Realization

Figure 1 shows the simplified circuit diagram of the proposed quadrature LC voltage-
controlled oscillator. The circuit is realized based on the so-called “memory-reduced
tail transistor” topology,® to reduce the close-in phase noise due to the flicker noise
originated by the tail transistors. The switched biasing is realized by NMOS tran-
sistors M5— M8, which force a trap and release captured electrons, rendering the
transistors to be memory-less.® The cross-coupled transistors M1—M4 form
the required negative resistance for sustainable oscillation. Since all transistors are
switched biasing, the circuit is expected to have lower flicker noise.?

Quadrature signal generation is achieved by using anti-phase coupling of two
identical differential oscillators. This can be obtained by using either parallel-coupled®
or series-coupled transistors.” In this work, a modified series-coupled topology® is used

Vo I

a  q 240/0.35 b
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I Y'Y I Q=4.9@2-GHz | VY'Y I
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[ N \ J [ N \
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M M }_K{ M 3 .
| 600/0.35 | 2 p 600/0.35 N OIfOZZ'p
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80/0.35 80/0.35 160/0.35
ng=4 ng=4 ng=8
Ms Ms + M; o Mg
Fig. 1. Schematic diagram of the proposed quadrature VCO.
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to avoid center-tapped inductor and to achieve large oscillation amplitude. PMOS
transistors M9—M12 are used to perform the coupling mechanism.

The inductors were selected from the 3-metal spiral inductor library offered by the
process design kit used in this work. The inductor value was chosen to be 1.92nH
with a Q-value of 4.9 at 2 GHz frequency. Using thick-metal inductors would provide
higher Q-value, and thus a better phase noise performance. Varactor capacitor
(Cvar) and a binary weighted array of switched capacitors (Cbank) are used to
resonate with the inductors and achieve frequency tuning. Switched tuning of the
array capacitor Cbank allows a wider frequency tuning range than that of the con-
tinuous tuning alone. Capacitance tuning of Cbank is performed by a digital control
word with a differential switching tuning technique,’ as depicted in Fig. 2, in order to
achieve higher quality factor.

Varactor capacitors (Cvar), realized by PMOS transistors operating in the
accumulation region, are used to provide wide tuning range and sufficiently high
quality factor. The gate length of PMOS transistors was chosen to optimize the
frequency tuning range and the quality factor. Small gate length increases the quality
factor by reducing n-well series resistance; however the tuning range is decreased
due to the increased ratio of fixed overlap capacitance to variable capacitance. The
maximum and minimum values of Cvar are 370 fF and 102 fF, respectively, yielding
the ratio Cmax/Cmin of 3.6.

Layout of the oscillator was performed very carefully in order to minimize
parasitic effects and post-layout simulations with extracted netlist and pad/package
parasitics were performed to ensure robust circuit performance. Overall circuit
floorplan and layout were drawn symmetrically to achieve the best matching and
minimize the output phase error. Cvar and Cbank were laid out with share source/
drain area to minimize the fixed parasitic capacitance. Figure 3 shows the die
photograph of the prototype QVCO.

+ to resonance tank —

1712 'j_ — 172
ng=2 =
20/0.35 ng=2
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T |
zzokw T ZOKW§
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Fig. 2. Implementation of the differential switch tuning of Cbank.
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Fig. 3. Die photograph of the oscillator.
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Fig. 4. Measured output spectrum of the VCO at 2.2 GHz.




Implementation of an RF CMOS Quadrature LC Voltage-Controlled Oscillator 935

3. Experimental Results

The oscillator was simulated and fabricated with a 0.35 pm 2-poly 3-metal CMOS
technology. The circuit was designed to operate with a single 2.5V supply voltage.
The oscillation frequency was designed to be in the range of 2.0—2.2 GHz. The total
power dissipation for the oscillator core circuit is 10mW and the output buffer
consumes about 100 mW. The total die area is 450 x 680 mm?.

All measurements of the oscillator performance were carried out with PLCC-
packaged chips mounted on an FR-4 test board. The measured output frequency
spectrum at 2.2 GHz is shown in Fig. 4. The measured phase noise is shown in Fig. 5.

Carrier Freq > GHz Signal Track On DANL Off Trig Free]
Lng Plat ;

Carrier Power —23.65 cBm Atten 6.60 dB  Mkrl 10.0000 kHz |
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dB/{ | g Il i i¥
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Fig. 5. Measured phase noise at 2.2 GHz oscillation frequency.
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Table 1. Summary of the measured performance.

Parameters Measured results
Technology 0.35 pm CMOS
Oscillation frequency (GHz)  2.0-2.2
Vop (V) 2.5
Total Py, (mW) 110
— oscillator core 10
— output buffer 100
Phase noise (dBc/Hz)
— At 100 kHz Offset —87
— At 1 MHz Offset —110
FoM (dB) 167

At 100kHz and 1MHz frequency offsets, the measured phase noise values were
—87dBc/Hz and —110 dBc/Hz, respectively. The frequency tuning characteristic, in
the linear region, is shown in Fig. 6. The calculated frequency tuning sensitivity is
about 120 MHz/V for each continuous tuning. The measured performance of the
prototype QVCO is summarized in Table 1. The calculated figure of merit (FoM)® is
equal to 167 dB.

4. Conclusion

This paper has presented the experimental implementation of a GHz-range CMOS
quadrature LC voltage controlled oscillator in a standard 0.35 um CMOS process.
The prototype QVCO achieved 2.0—2.2 GHz oscillation frequency with 4 mA current
drawn from a 2.5V supply voltage. The measured phase noise of a 2 GHz carrier
signal is —110dBc/Hz at 1MHz offset frequency. Therefore a low phase noise
QVCO using the switched tail transistor biasing topology has been successfully
demonstrated.
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This paper describes the design and implementation of a low-power wide dynamic range radio-
frequency (RF) power detector in a standard 0.18-um CMOS process. The proposed circuit includes
a root-mean-square (RMS) power detector and a logarithmic amplifier. The RMS power detector
exploits the non-linear characteristic of MOSFET to realize the RMS conversion. A current-mirror
active load is used in the RMS power detector to increase the RMS conversion gain. Since the output
of the RMS power detector is a DC voltage, the following logarithmic amplifier does not require
wide operating bandwidth, thus allowing simple circuit realization with minimum power dissipation.
Simple differential amplifier is used to realize the limiting gain stage. Post-layout simulation results
showed that the proposed circuit was able to detect input power from -70 dBm to -20 dBm with
signal frequencies ranging from 0.5 GHz to 5 GHz, while dissipating only 0.9 mW under a 1.8-V
power supply voltage.

Keywords: Low-power, RF power detector, Limiting amplifier, Logarithmic amplifier, RMS power
detector.

1. Introduction

Power detection of radio frequency (RF) signals is required in many applications,
ranging from wireless communication systems [1], [2] to integrated circuits test and
measurement [3], [4]. In wireless communication systems, RF power detector is
usually employed in a control loop in order to optimize power consumption, improve
linearity of the power amplifier, or the control the gain of the transmitting and
receiving chain.

The power level of a RF signal can be computed by using either the peak or root-
mean-square (RMS) values. Peak detection is suitable for constant-envelope or low
peak-to-average ratio modulated signals, however RMS detection is preferred for
high peak-to-average ratio modulated signals due to better accuracy. Detection of the
RMS value of a signal can be obtained by employing one of the following
approaches: thermoelectric devices [5], the non-linear characteristics of diode [6] or
bipolar junction transistor (BJT) [7] or metal-oxide-semiconductor field-effect
transistor (MOSFET) [1], [8], [9], or current-mode computational circuits [3], [10],
[11].
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The thermal-based detection is suitable for measurement equipments because of its
wide operating bandwidth and high accuracy. However, the implementation of a
thermoelectric power sensor in CMOS technology requires additional post-
processing steps, which are complicated and expensive [5].

The diode-based detectors use the non-linear characteristic of the diode to rectify the
input signal and create a DC output signal level proportional to the input amplitude.
For RF signals, Schottky diodes [6] and BJTs [7] can be used to realize the diode-
based detector. However, Schottky diodes and BJTs are not available in standard
CMOS processes thus are unsuitable for low-cost implementation.

Current-mode computational circuits, including squarer, divider and filter, can be
used to realize a RMS detector. These current-mode circuits can be realized by using
transconductors [3], [10] or translinear circuits [11]. Power detectors based on the
translinear principle exploit the exponential characteristic of BJT or subthreshold
MOSEFET to realize the mathematical functions required for RMS conversion [11].
Translinear-based power detector for RF signals has been demonstrated in [11],
however the achievable bandwidth is relatively limited with respect to the other
approaches.

Alternatively, RF power detector can be implemented by exploiting the non-linear
characteristics of MOSFETs [1], [8], [9]. In [9], the non-linearity of channel
resistance of MOSFET operating in deep triode region was exploited to produce a
DC current proportional to the amplitude of an input RF voltage signal at the drain of
the transistor. However, the proposed technique in [9] is based on the use of resonant
cavity to generate the drain voltage variation, thus is not suitable for CMOS
integration. The need for the resonant cavity can be alleviated by applying an input
RF signal directly to the drain terminal of a triode MOSFET and using a
transimpedance amplifier to convert the output current to voltage [2], [12]. The
circuit in [2] achieved a 20-dB input dynamic range with 3.1 GHz to 10.6 GHz
operating bandwidth, while dissipating 10.8 mW from a 1.8-V power supply voltage.

In [1], the non-linear square-law characteristic of MOSFET operating in the saturation
region was utilized to realize a RMS power detector. The basic principle, originally
reported in [8], is to exploit the differential output current of a MOSFET source-coupled
differential pair which is proportional to the square of the input RF voltage signal
amplitude at the gate terminal. The experimental RF power detector in [1] exhibits very
wide operating bandwidth; however the input power detectable dynamic range and the
minimum detectable input power are limited to 20 dB and -35 dBm, respectively. The
dynamic range and sensitivity is limited due to the use of a subthreshold MOSFET to
generate an exponential output current within the logarithmic amplifier. Since the
exponential law of a subthreshold MOSFET is valid for the drain current range of about
2-3 decades, this leads to the limited dynamic range of the power detector.
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In this paper, the RMS power detector in [1] is modified and improved further to increase
the conversion gain and dynamic range. The conversion gain is enlarged by increasing
the output resistance of the RMS power detector. The dynamic range is increased by
using a successive-approximation logarithmic amplifier. The RF power detector is
targeted to be employed in a microwave-based fruit maturity detection system [13],
which exploits the reflection of microwave signal to determine the permittivity of the
fruit-under-test and relates it to the maturity of the fruit. The system is intended to be
deployed a wireless sensor network for fruit farming and the device must be able to
operate for months without battery replacement, therefore requiring low power
consumption. The RF signal power reflected from the fruit is usually small and in the
order of -50 dBm to -60 dBm, therefore requiring high sensitivity and wide dynamic
range of the power detector. The proposed RF power detector is designed and simulated
by using process parameters from a standard 0.18-um CMOS technology. The paper is
organized as follows. Section 2 describes the architecture of the proposed RF power
detector. Detailed circuit designs are described in Section 3. Simulation results and
conclusion are given in Sections 4 and 5, respectively.

2. Architecture of the proposed RF power detector

Fig. 1 shows the architecture of the proposed RF power detector. It consists of a
RMS power detector and a logarithmic amplifier. The input RF voltage signal is
converted to a DC output voltage, which represents the RMS value of the input
signal power, by exploiting the non-linearity of MOSFETs [1]. To achieve a linear-in-
dB input-output characteristic, the DC output voltage is further amplified by a
successive-approximation logarithmic amplifier, which is realized by cascading
seven current limiting amplifiers. The cascaded limiting amplifiers produce a linear-
in-dB output characteristic by using a piecewise linear approximation. All limiting
amplifier stages are identical except for the first stage, which includes an extra input
pair for DC offset cancellation. Each limiting amplifier produces both differential
output voltage and current. The output voltage is passed to the following amplifying
stage. The output currents of all limiting stages are summed and applied to a load
resistor to produce the output voltage of the power detector. Since the input signal of
the logarithmic amplifier is a DC voltage, the envelope detector or rectifier is not
needed. This saves chip area and power dissipation. The resistor Rg and capacitor Cg
realize a lowpass filter to perform DC offset cancellation feedback. The resistor Rg is
realized by using a subthreshold MOSFET in order to obtain large resistance with
minimum die area. The dynamic range and linearity error of the RF power detector
are determined by the number of cascading limiting amplifier stages. Increasing the
number of amplifying stages will improve the sensitivity and dynamic range of the
detector, at the expense of increased power dissipation. In this paper, using seven
stages of amplifiers was found to be an optimum solution, in terms of power
dissipation, dynamic range and sensitivity of the power detector.
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Fig. 1. Architecture of the proposed RF power detector.
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Fig. 2. The proposed RMS power detector.

3. Circuit Description and Analysis

3.1. RMS Power Detector

Fig. 2 shows the RMS power detector realized by exploiting the square-law characteristic
of MOSFET operating in the saturation region. The circuit is a modified version of the
recently proposed RF power detector [1], in order to achieve higher conversion gain and
sensitivity. The input RF signal is applied to transistor M;, via an AC-coupling capacitor
Cc. The transistors M; and M, are identical and operate in the saturation region with
identical gate bias voltages. Transistor M, is used to reduce offset errors due to process,
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temperature and supply voltage variations. Thus the drain currents of M; and M, can be
expressed as in (1) and (2), where B; = W,Cox(W/L); is the MOSFET transconductance
parameter, LL, is the electron mobility, C, is the gate oxide capacitance per unit area, Vr
is the threshold voltage, W and L are the channel width and length of transistors,
respectively.

Ipsi = %(VBIAS +Ver =Viy )2 M

Ipsy = % (VBIAS —Vin )2 @

Assuming that Vgg = V; cos(mt), the output voltages V, and V, are given by (3) and (4),
respectively. The small-signal output resistance (r,,) of the circuit is equal to rys//rgs,
where 1y is the drain-source resistance of M;.

Vi=Vor = Vs 3)
= VDD - Vlgl /ﬁ% (Vi cos(@r) + VBIAS - VTN )+ VTP
Vo =Vipe + T (inm - insz)
(C)]

=V,pc t7,

out

{i'vﬁ + %V[2 cos (2ar )+ %(Vms ~V,y WV, cos (a)t)}

The capacitors C; and C, form lowpass filters to filter out the RF signal and its
harmonics. Since the circuit is fully-symmetrical, the DC voltage at V, (V,pc) is equal to
the filtered voltage at V,. Therefore the differential output voltage can be written as in
(5), which is proportional to the square of the amplitude of the input RF signal.

Ay 3)

Vz_vlzrnuz 4

The simulated input-output characteristic of the proposed RMS power detector is
demonstrated in Fig. 3, where the differential output voltage is plotted against the input
signal power at 5 GHz. For comparison, the circuit in [1] was designed and simulated
under the same circuit parameters and operating conditions and the results were plotted in
Fig. 3. It can be seen that the proposed RMS power detector can achieve higher
conversion gain due to larger output resistance. This improves the sensitivity of the
power detector and eases the design of the following logarithmic amplifier. Furthermore,
the proposed circuit has better linearity and wider input detectable range (i.e. -60 dBm to
-10 dBm). Note that, the circuit can still detect the input signal power with the presence
of offset errors and short-channel effects of MOSFETs, as explained in [1].
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Fig. 3. Output characteristic of the proposed RMS power detector with a 5-GHz input signal.

3.2. Logarithmic Amplifier

The output voltage of the RMS power detector is passed to the following 7-stage
logarithmic amplifier as shown in Fig. 1. The logarithmic amplifier is realized with the
limiting amplifier stage shown in Fig. 4. The limiting amplifier is realized by the simple
source-coupled differential amplifier with current-mirror active loads (drawn in black).
All amplifier stages are identical, except for the first stage which include an additional
input source-coupled pair (drawn in grey) for DC offset cancellation feedback loop. Each
amplifier provides both differential output voltage and current. The differential output
voltage is passed to the input of the following amplifier stage. Since the input voltages of
the limiting amplifiers are DC signals, the differential output currents of all amplifier
stages, which exhibit the limiting current characteristic, can be summed at the output load
resistors to produce the output voltage of the power detector. This saves the need for
rectifiers and filters, which would normally be required in logarithmic amplifier.
Furthermore, as the bandwidth of the amplifier can be very low, the amplifier can be
optimized for the required input sensitivity and dynamic range with minimum power
dissipation. The small-signal differential voltage gain of each amplifier stage is given by
(6), where g,; is the small-signal transconductance of transistor M;. Finally, the bias
currents of the amplifiers are generated by a process, voltage and temperature insensitive
current reference circuit [14], shown in Fig. 5.

A8 _ #,W/L), ©
g 4, W/L),
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Fig. 5. Process, voltage, temperature insensitive current reference.

4. Simulation results

The proposed RF power detector was designed and simulated by using Cadence Spectre
with process parameters from a standard 0.18-um CMOS technology. The circuit was
designed to operate with a single 1.8-V power supply voltage and the total power
dissipation is 0.9 mW. The key parameters of the circuits are summarized in Table I. For
the circuit in Fig. 2, the filtering capacitors (C, and C,) are 100 fF, the AC-coupling
capacitor (Cc) is 1 pF and the gate biasing resistor (Rg) is 1 kQ.
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Fig. 6 plots the differential output voltage (V;-V,) of the RF-to-DC converter in Fig. 2
against the input RF signal power at different input frequencies. The output voltage of 10
LV (-50 dBV) is generated with the input signal power of -65 dBm. The maximum output
voltage of around 1 V (0 dBV) is generated when the input power is about -10 dBm.
Therefore the input dynamic range is about -65 dBm to -10 dBm. Simulation results
suggested that the circuit was able to detect the input power for frequencies up to 5 GHz.

Fig. 7 shows the simulated transient output voltage of the power detector when applying
different input powers of 2.5-GHz signal. The input signal power was swept from -80 to
0 dBm. The output voltage is plotted against the input signal power in Fig. 8. The output
voltage range is roughly 0.4 V to 1.2 V and the input detectable range is approximately -
70 dBm to -20 dBm.

To verify the operation of the DC offset cancellation feedback, a DC input offset voltage
source was added to the input of the first amplifier stage. A 2.5-GHz input RF voltage
was applied to the power detector and the offset voltage was varied from O to 100 mV.
The simulated transient output voltage were obtained and plotted in Figs. 9(a)-(b). It can
be seen from Fig. 9(a) that the offset voltage only changes the output voltage level
slightly and the circuit can still function correctly. Fig. 9(b) plots the output voltage
variation as a function of the offset voltage when the input power is -50 dBm.

Fig. 10 shows the layout of the RF power detector. The total die area is 60x130 pm?’.
Figs. 11(a)-(c) show the post-layout simulation results of the RF power detector under
standard process, voltage and temperature variations. It is verified that the circuit can
operate correctly. The post-layout simulated performance of the proposed RF power
detector is summarized and compared with those of other reported detectors in Table II. It
can be seen that the proposed circuit exhibits wide operating frequency, the largest input
power detectable range and the best input sensitivity, with reasonably low power
consumption.

5. Conclusion

A low-power wide dynamic range RF power detector has been described in this paper.
The proposed circuit comprises a wideband RMS power detector and a successive
logarithmic amplifier. The RMS power detector exploits the non-linear characteristic of
MOSFET operating in the saturation region with an active load to achieve high RMS
conversion gain with minimum power dissipation. The design of the logarithmic
amplifier was simplified because wide operating bandwidth and the rectifier/filter circuit
are not needed. Post-layout simulation results, in a 0.18-um CMOS process, verified that
the circuit was able to detect input power from -70 dBm to -20 dBm with signal
frequencies ranging from 0.5 GHz to 5 GHz, while dissipating only 0.9 mW. Therefore
the authors believe that the proposed RF power detector is suitable for wireless sensor
network and telemetry applications.
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Table I Circuit Parameters
Circuits Transistors W/L (Wwm/pm)
Fig. 2 Mi, M2 2.5/0.18
Ms, M4 0.24 /0.2
Fig. 4 Mi, M2 2.5/0.18
M, Mot 2.5/0.18
Ms, M4 0.48 /0.2
Ms, Ms 0.24 /0.2
Fig. 5 Mi, M3 0.4 /0.5
M2 0.4/10
M4, M7, Ms 4/2
Ms 43.5/0.6
Ms 2.4 /0.6
Mo, Mio, Mi1, Mi2, Mi3 5/5
Mia, Mis 60 /5
Mis 10/5
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Fig. 10 Layout of the proposed RF power detector.

Table II Performance Summary and Comparison

Parameters This work [1] [2] [3]
CMOS Technology 0.18um 0.13um 0.18um 0.35um
Area (mm?) 0.0078 0.0126 0.36 0.031
Conversion gain (mV/dB) 17 6 6 50
Dynamic range (dB) 50 20 20 30
Minimum detectable signal (dBm) -70 -35 -40 -25
Operating frequency range (GHz) 0.5-40 0.125-8.5 3.1-10.6 0.9-2.4
Supply voltage (V) 1.8 1.2 1.8 3.3
Power dissipation (mW) 0.9 0.18 10.8 8.6
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Fig. 11 Post-layout simulated output characteristics of the power detector with (a) process variations, (b)
temperature variations, and (c) power supply voltage variations.
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Abstract— This paper describes the design and realization of a
low power current-mode logarithmic pipeline analog-to-digital
converter in 0.35 pm CMOS technology. The ADC is intended
for conversion of sub-microampere analog output current of an
ISFET based pH sensor. Subthreshold MOSFETs and the
Translinear principle are exploited to achieve simple and low-
power ADC realization. The ADC was simulated with a 1-V
power supply voltage and dissipated 3.3 pW static power at 1-
kHz clock frequency.

Keywords: low power, logarithmic, analog-to-digital
converter, pipeline, weak inversion.

l. INTRODUCTION

Logarithmic analog-to-digital converters (ADCs) are
usually employed to perform non-linear signal compression
and conversion for an optimum system signal-to-noise ratio
over a large input dynamic range. Logarithmic ADCs can be
realized with an analog logarithmic converter, which exploits
the inherent exponential i-v characteristic of a bipolar-
junction transistor [1] or a diode [2], and a linear ADC.
Alternative implementations of logarithmic ADCs, in CMOS
technology, using pipeline, algorithmic, and two-step flash
structures have been proposed by performing signal operation
in the logarithmic domain [3], [4]. Recently, a simple
logarithmic and p-law ADC has been proposed by using
current-mode techniques [5].

This paper proposes the design and realization of a low-
power current-mode logarithmic pipeline ADC suitable for
sensor and biomedical applications. The proposed ADC is
intended to be used with the weak-inversion ISFETs pH
sensor readout circuits [6]-[7], where the output current is
exponentially related to the detected pH changes. A
logarithmic ADC provides analog-to-digital conversion and
achieves a linear relationship between the input pH changes
and the digital output codes. This paper is organized as
follows. Section 2 describes the operation of the logarithmic
ADC. Section 3 describes the circuit implementation of the
proposed current-mode logarithmic ADC. Simulation results
and conclusion are given in sections 4 and 5, respectively.

978-1-4244-4522-6/09/$25.00 ©2009 IEEE
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A conceptual block diagram of a logarithmic pipeline ADC
is shown in Fig. 1. In each stage of a linear pipeline ADC, the
input signal is first compared with a reference signal.
Depending on the comparator output, the input signal is either
subtracted, or not, with the reference signal and the
subtraction output is multiplied by two before proceeding to
the next stage. Comparing to its linear counterpart, a
logarithmic pipeline ADC performs all signal operations in
the logarithmic domain. In a logarithmic pipeline ADC, the
subtraction is replaced by a division (i.e. scaling) and the
multiplication-by-two is replaced by a squaring.

In this work, a current-mode logarithmic pipeline ADC has
been designed in order to obtain an 8-bit digital representation
of the output current from the ISFET readout circuit [6]. The
operation of the ADC can be described by (1) where the input
current i)y is represented as an exponential function of the
output digital word D, N is the conversion resolution, and
iinmax 1S the full-scale input current. In this work, N and ijnmax
are equal to 8 and 100 nA, respectively.

LOGARITHMIC PIPELINE ADC

D |n(i|NNma>< )
2

()

BN

Fig. 1. Block diagram of the logarithmic pipeline ADC.
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The reference current (Irer) for each stage of the ADC
corresponds to the midpoint of the input range in the
logarithmic scale, which is equal to the digital output code of
128 for 8-bit resolution. In this case, IREF is equal to 10 nA
as calculated in (2)

In(100)

%6 =10nA

loer =€ )

In each stage of the ADC, the stage input current is
compared with Iger to produce the digital output bit. If the
stage input current is less than Iger, then the stage digital
output is 0 and the input current is passed to the squarer. If the
stage input current is greater than Iggr, then the stage digital
output is 1 and the input current is divided by Iggr (i.e.
scaling) and the resultant current applying to the squarer. In
this work, the resultant current applied to the next stage is
equal to the input current scaled by a factor of 0.1. Similar to
the conventional linear pipeline ADC, the digital output bit of

each stage is appropriately delayed for a correct digital output
representation.

Fig. 2 shows the simplified schematic circuit diagram of
the current-mode logarithmic pipeline ADC. Transistors M-
Mg, switches Ms;-Ms,, and capacitors Cgp;-Cspp deliver the
sampled input current signal to the first stage of the ADC.
Switches Mg;-Ms, are controlled by non-overlapping clock
signals, ¢, and ¢o, respectively. The simplified schematic
circuit diagram of the bit cell is shown in Fig. 3. All
transistors operate in the subthreshold region. Transistors M;-
M, take the input current from the preceding stage and copy it
to the comparator. The current comparator, realized with a
simple CMOS inverter (Ms-Mg), compares the input current
with the reference current. The stage digital output is taken
from the comparator output at terminal 3. According to the
stage digital output, Mg and My; function as switches that

CIRCUIT IMPLEMENTATION
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M3 |
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M17
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M16 MS1

®

Fig. 3.
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Schematic circuit digram of the bit cell of the ADC.



select the input current scaled by a factor of either 1 or 0.1 to
the subsequent current squarer. By scaling the channel widths
of My, and My, appropriately, the input current is copied to
the sources of My and My, by a factor of 1 and 0.1,
respectively. If the stage digital output is 1, My is OFF and
My, is ON passing the input current scaled by a factor of 0.1
to the current squarer. If the stage digital output is 0, My; is
OFF and Mg is ON allowing the input current scaled by a
factor of 1 to the current squarer. The current squarer is
realized by Ms-Myg based upon the translinear principle. It
can easily be shown that the stage output current at the drain
of Myg is equal the square of either iy or 0.1,y divided a DC
current lo. The transistor Mg; as a switch controlled by the
clock signal and the capacitor Cc either hold or pass the
output current of the squarer to the next stage. The accuracy
of the current mirrors and the current squarer is important to
the operation of the ADC. Therefore all transistors are
realized with long channel length.

The final bit cell stage N of the ADC comprises only
current mirrors and comparator as shown in Fig. 4.

IV. SIMULATION RESULTS

The proposed current-mode logarithmic pipeline 8-bit ADC
was designed to operate with a single 1 V power supply
voltage. The circuit was simulated by using Cadence Spectre
with component parameters from a 0.35 pm CMOS
technology. The reference current IREF is 10 nA, 10 is 10 nA,
CSH1, CSH2, and CC are each 5 pf. The static power
consumption at full scale input current is 3.3 uW. The sizes of
transistors are summarized in Table 1. A non-overlapping
clock signal of 1 kHz is used for simulation as the ADC is
intended the low-frequency ISFET readout signal. An
exponential decaying input current signal was applied to test
the ADC. The input current decays exponentially from 100
nA to 0.7 nA in 180 mS. The simulated sample and hold input
current applied to the first stage of the ADC is shown in Fig.
5. The simulated 8-bit digital output of the ADC is shown in

®

Vbp

]

M1 }—o—{ M2
=L

M3 M4

®

Fig. 4. Schematic circuit diagram of the final bit cell stage N
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Simulated waveform of the sample and hold input current to
the first stage of the ADC.
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Fig. 6. Simulated waveform of the ADC digital output bits.
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Fig. 7. Simulated output digital code vs. input current.
TABLE |
SI1ZES OF TRANSISTORS
Transistors W(um) | L(um)
Fig. 2 M1-MN 100 10
¢ MS1-MS2 5 0.35
M1-M4 100 10
M5,M7 20 10
M6,M8 10 10
Fig. 3 M9,M11 5 0.35
g- M10,M13-M17 100 10
M12 10 10
M18 1,000 10
MS1 5 0.35
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Fig. 6. The simulated output digital code is plotted against the
input current in Fig. 7 to show the logarithmic relationship of
the ADC. Fig. 8 and Fig. 9 show the simulated integral non-
linearity (INL) and differential non-linearity (DNL), as
defined by (3)-(5) [4].

INLdB =20- (LOglo (ITideaI ) - LOglO(ITmeasured )) (3)

DNL,, = INL,, (i +1) — INLy, (i) "
In(llK+1)n

IT, =K-.e 2 ®)

V. CONCLUSION

A 8-bit low-power current-mode logarithmic pipeline ADC
was designed and implemented in a 0.35 um CMOS
technology. Subthreshold MOSFETs and current-mode
techniques are exploited to achieve low-power and simple
circuit realization of the proposed ADC. Simulation results
verified the ADC operation at 1 kHz clock frequency. The
ADC is potentially suitable for conversion of sub-
microampere output current from an ISFET based pH sensor.
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Low-Power CMOS Interface Circuit for ISFET
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Abstract  This paper describes the design and
realization of a low power CMOS interface circuit
with digital output for ISFET-based pH sensor in a
0.35 um CMOS technology. The circuit comprises a
current-mode translinear sensor readout circuit
using subthreshold ISFET and MOSFETs and a 8-bit
current-mode logarithmic pipeline analog-to-
digital converter. The proposed interface circuit
was simulated with a 1-V power supply voltage
and dissipated 15.7 uW at 1-kHz clock frequency.

L. INTRODUCTION

Recently, there is a considerable research interest in
the integration of Ion-Sensitive Field-Effect Transistor
or ISFET-based chemical and biochemical sensors and
CMOS signal processing circuitry in a single chip [1].
Subthreshold operation of CMOS compatible ISFET
has been demonstrated and exploited to realize simple
translinear circuits for ultra low power current-mode
sensor readout [2]. This poses a great potential for the
realization of low power sensor interface circuit for
real-time biochemical sensing of biomedical signals.
The authors have recently proposed a simple
low-power pH sensor readout translinear circuit using
subthreshold ISFETs and MOSFETs [3]. This paper
describes the progress of our attempt on the design
and realization of a low power sensor interface circuit
with digital outputs for ISFET-based pH sensor. This
paper is organized as follows. Section I describes the
operation of the ISFET sensor readout circuit. Sectionb
II describes the operation of the logarithmic ADC.
Section IV describes the circuit implementation of the
proposed sensor interface circuit with digital outputs.
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Simulation results and conclusion are given in sections
V and VI, respectively.

I ISFET/REFET readout circuit

Figure 1 shows the schematic diagram of the
proposed ultra-low-power differential readout
circuit. An ion-insensitive FET, also known as an
REFET, is used together with an ISFET to realize a
source-coupled differential pair with a shared
quasi-reference metal electrode as their gate
connected to a stable DC reference voltage (Vge).

—1— Vop

iour

o

2lo

Fig. 1 Proposed differential ISFET/REFET readout

circuit.



This suppresses the output current variation due to
common-mode disturbances in the electrode potential
and permits the use of a solid-state quasi reference
electrode. All MOSFETs, the ISFET, and REFET operate
in the saturated weak-inversion region (that is, Vgs <
Vy and Vps > 4Ur) with identical DC bias current (Ip).
The drain currents of the subthreshold ISFET [2] and
REFET differential pair can be derived in (1) and (2),
respectively, where I, is the quiescent drain current of
the ISFET and REFET at the reference pH of 7, a is a
dimensionless sensitivity parameter of the ISFET [2], Ur
= kT/q is the thermal voltage, n is the subthreshold
slope parameter, and ApH is the differential pH
variation. Therefore, ipkrer equals 2lo and ipgerer is zero
for a large negative ApH, and vice versa for a large
positive ApH. This is similar to the operation of a
conventional MOSFET differential pair.

(~2.3aU;ApH [nUy)

) e

Ipseer =210 - 1 4 o 23eUrApH [nUy) O
) ) 1

ip rerer = 240 = Ip sseer =21

W 2

Applying the translinear principle to M; to M,, the
output current ioyr can be calculated as in (3). The
current igyr can also be rewritten as (4) and (5) since
ApH = -logipA[H+], where A[H+] is the differential
change in hydrogen ion concentration. Since 0<a<1
and n>1, the index (a/n) is always between 0 and 1.
Therefore, if a linear relationship between ioyr and
A[H+] is desired, iour can be applied to an appropriate
translinear circuit as in [2].

i Ipiipy _ Ipusrer Lo I ol23aUsntijntr)
our = . =———=1

lD} iD,REFET (3)
. el
iour = 1o A[H'] @

. [04
log,y iy, =log,, 1, — ;APH

®)

Assuming that all devices are in close proximity and
thermally matched, the ratiometric relationship of the
translinear  principle reduces the temperature
dependence of the circuit, and together with the
ISFET/REFET differential topology, the body effects of
MOSFETs, ISFET and REFET can easily be shown to
cancel out, at least in theory [2].
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II. LOGARITHMIC PIPELINE ADC

A conceptual block diagram of a logarithmic pipeline
ADC is shown in Fig. 2. Comparing to its linear
counterpart, a logarithmic pipeline ADC performs all
signal operations in the logarithmic domain. In a
logarithmic pipeline ADC, the subtraction is replaced
by a division (i.e. scaling) and the multiplication-by-two
is replaced by a squaring. In this work, a current-mode
logarithmic pipeline ADC has been designed in order
to obtain an 8-bit digital representation of the output
current iy, from the ISFET readout circuit as in (5),
where loggiou is the input current iy of the ADC. The
reference current Iy is represented as an exponential
function of the output digital word D which can be
described by (6), where N is the conversion resolution,
and inmax is the full-scale input current. In this work, N
and inmax are equal to 8 and 824.3 nA, respectively. In
this work, Iy for each stage of the ADC corresponds
to the midpoint of the input range in the logarithmic
scale, which is equal to the digital output code of 128
for 8-bit resolution. In this case, Ixer is equal to 28.7 nA
as calculated in (6).

Dln(i,,vmax )
2V

In(824.3)

26 ~28.7nA4 6)

Lpor =€ =e

In each stage of the ADC, the stage input current is
compared with Ixg to produce the digital output bit. If
the stage input current is less than Irg, then the stage
digital output is 0 and the input current is passed to
the squarer. If the stage input current is greater than
Irer, then the stage digital output is 1 and the input
current is divided by Iger (i.e. scaling) and the resultant
current applying to the squarer. In this work, the
resultant current applied to the next stage is equal to
the input current scaled by a factor of 0.035. Similar to
the conventional linear pipeline ADC, the digital output
bit of each stage is appropriately delayed for a correct
digital output representation.

IV. CIRCUIT IMPLEMENTATION

Fig. 3 shows the simplified schematic circuit diagram
of the current-mode logarithmic pipeline ADC. In Fig. 3
transistors M;-Mg, switches Ms;-Ms,, and capacitors
Cspn-Csp deliver the sampled input current signal to
the first stage of the ADC. Switches Mg-Ms, are
controlled by non-overlapping clock signals, ¢; and ¢,
respectively. The simplified schematic circuit diagram



Fig. 2 Block diagram of the logarithmic pipeline

ADC

of the bit cell is shown in Fig. 4. All transistors operate
in the subthreshold region. Transistors M;-M, takes the
input current from the preceding stage and copies it to
the comparator. The current comparator, realized with
a simple CMOS inverter (Ms-Mg), compares the input
current with the reference current. The stage digital
output is taken from the comparator output at
terminal 3. According to the stage digital output, Mg
and Mj; function as switches that select the input
current scaled by a factor of either 1 or 0.035 to the
subsequent current squarer. By scaling the channel
widths of My and M, appropriately, the input current
is copied to the sources of Mg and M;; by a factor of 1
and 0.035, respectively. If the stage digital output is 1,
My is OFF and Mj; is ON passing the input current
scaled by a factor of 0.035 to the current squarer. If the
stage digital output is 0, My; is OFF and My is ON
allowing the input current scaled by a factor of 1 to the
current squarer. The current squarer is realized by
Mis-Myg based upon the translinear principle. It can

Proceedings of the 2009 (. 12') IEE] International Analog VLSI Workshop

easily be shown that the stage output current at the
drain of Myg is equal the square of either insmn Or
0.035in 54 divided a DC current L. The transistor Mg; as
a switch controlled by the clock signal and the
capacitor Cc either hold or pass the output current of
the squarer to the next stage. The accuracy of the
current mirrors and the current squarer is important to
the operation of the ADC. Therefore all transistors are
realized with long channel length. The final bit cell
stage N of the ADC comprises only current mirrors and
comparator as shown in Fig. 5.

V. SIMULATION RESULTS

The proposed sensor interface circuit with the
logarithmic pipeline 8-bit ADC was designed to
operate with a single 1 V power supply voltage. The
circuit was simulated by using Cadence Spectre with
component parameters from a 035 um CMOS
technology. The currents I and I are both equal to
287 nA, Csy1, G, and Cc are all equal to 3 pF. The
static power consumption at full scale input current is
15.7 uW. The sizes of transistors are summarized in
Table 1. A non-overlapping clock signal of 1 kHz is
used for simulation. An exponential decaying input
current signal was applied to test the ADC. Fig. 6 is
shown the simulated digital code output of ADC is
plotted against the output current iy, from the ISFET
readout circuit and the pH range of 4 to 10 at the
nominal Ve of 200 mV. In Fig. 7 and Fig. 8, The
simulated integral non-linearity (INL) and differential
non-linearity (DNL) [4] of the interface circuit is shown
in Fig. 7 and Fig. 8, respectively.

M1

Differential
ISFET/REFET

Readout Circuit

5

—
Irer 2 2 2
] . Bit
1| Bitcell1 |4 1| Bitcell2 |4 1
s e weele CellN
M8 3 T 5 3 T 5 3
A g 0 BN

‘ Digital output registers

Digital output

Fig. 3 Schematic circuit diagram of the current-mode logarithmic pipeline ADC.
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Fig. 5 Schematic diagram of the final bit cell stage N Fig. 6 Simulated output digital code vs. pH.

Table.1 Transistors dimension

Transistors W(m) L(pm)
M- Mg 300 10
Fig. 3 Mo~ My 100 10
M- Me, 5 035
M- M, 100 10
Mq, M, 20 10
Mg, Ms 10 10 -
Mg, Myq 5 035 0 50 100 150 200 250
g4 I Ma-My | 100 10 ekl
My 35 10 Fig. 7 Simulated INL
Mg 2870 10
Mg 5 035
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ABSTRACT

In this paper, a new current-starved delay cell with enhanced
rail-to-rail voltage swing is proposed to improve phase noise
performance of a CMOS ring oscillator. A 3-stage ring
oscillator was designed as a test vehicle of the proposed
delay cell. Simulation results with process parameters from a
0.18 um CMOS technology showed that the ring oscillator
realized with the proposed delay cell exhibited 2-3 dB phase
noise improvement with no extra power dissipation.

Index Terms—voltage controlled oscillator (VCO),
starved inverter

1. INTRODUCTION

Voltage-controlled oscillator (VCO) is a critical building
block in high-speed phase-locked loops used for many
communication systems. VCO can be implemented by using
LC resonant circuit, ring structures or relaxation circuit. LC
VCO inherently has the best phase noise performance due to
high quality factor of the LC resonant circuit. However,
fully-integrated LC VCO is costly and difficult to implement
due to the complexity of on-chip inductor realization and its
frequency tuning range is relatively narrow. In contrast, ring
oscillator can have wider frequency tuning range and smaller
die area, at the expense of higher phase noise. Thus ring
oscillator is often used in applications where phase noise
requirement is less stringent.

It has been demonstrated that phase noise of a ring
oscillator can be reduced by either ensuring rising and
falling edges symmetry or increasing signal swing [1]. A
practical approach to achieve the waveform symmetry is to
employ linear loads such as passive resistors or linearized
MOS active resistors [2]. It has also been analyzed that
differential ring oscillator will have higher phase noise than
its singled-end counterpart [3] under identical number of
stages, power dissipation and oscillator frequency. Single-
ended ring oscillator is not necessarily worse than its fully-

differential counterpart in terms of substrate and supply
rejection [3]. Thus single-ended ring oscillator is preferred
in our work.

This paper proposes a new current-starved delay inverter
with enhanced rail-to-rail voltage swing to reduce phase
noise of a ring oscillator. Section 2 describes the circuit of
proposed delay cell and section 3 reports the simulated
results of a 3-stage CMOS ring oscillator realized with the
proposed delay cell. Conclusion is given in section 4.

2. PROPOSED CURRENT-STARVED DELAY CELL

The basic current-starved delay cell is shown in Fig. 1(a),
where transistors M1 and M2 form a CMOS inverter and
transistors Mn and Mp realize the current-limiting devices.
Both Mn and Mp can be designed to operate in either the
saturation or the triode region. If Mn and Mp are biased to
operate in the saturation region, they act as current sources
to limit the current available to charge of discharge the
output capacitor. If Mn and Mp are biased in the triode
region, they act as voltage-controlled resistor and the
available charging and discharging currents are decided by
their gate overdrive voltages and aspect ratios. In this case,
signal swing is limited by their gate overdrive voltage and it
can be quite small at high frequencies. Biasing Mn and Mp
in the saturation region, rather than in the triode region, can
achieve larger signal swing and better phase noise. In both
biasing conditions, signal swing of the basic current-starved
delay is limited by the gate overdrive voltage of the current-
limiting transistors. It has been pointed out in [3] that, for a
given bias current and oscillation frequency, the phase noise
can only be reduced by improving the current switching
efficiency, which can only be achieved by increasing the
signal swing.

This paper proposes a new current-starved delay cell as
shown in Fig. 1(c) with enhanced signal swing to improve
phase noise performance of ring oscillator. The proposed
circuit is simply the basic current-starved delay cell with two
additional pull-up and pull-down transistors, Mps and Mns.



The gates of Mps and Mns are connected to the input of the
inverter. When Vin is high and the output voltage is being
pulled down by M1, Mns is turned on to short the source of
M1 to ground. This eliminates the headroom voltage
required by Mn. The same explanation can be offered when
Vin is low and the output voltage is pulled up. Therefore the
signal swing is enhanced and exhibits a rail-to-rail
characteristic, similar to a simple CMOS inverter delay cell.

Fig. 1(b) shows a current-starved delay cell with
symmetric load transistors, M3 and M4, to provide a more
linear load and achieve better waveform symmetry. Signal
swing of the circuit in Fig. 1(b) is also somewhat limited by
the headroom voltages required by M3 and M4.

Fig. 2 shows the simulated time delay of the circuits in
Fig. 1. It can be seen that the time delay tuning characteristic
of the proposed delay cell in Fig. 1(c) is relatively more
linear than those of the circuits in Fig. 1(a) and Fig. 1(b).
However, the circuit in Fig. 1(a) exhibited the widest time
delay tuning range.

Fig. 1: (a) Basic current-starved delay cell (b) Current-
starved delay cell with symmetric load and (c) Proposed
current-starved delay cell with enhanced signal swing.

Cempare delay tims
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Fig. 2 Simulated time delay tuning characteristic of the delay
cells in Fig. 1.(a) ,Fig(b) and Fig(c).

T T TFESN 2T T - T
It \
M;[:]u:vsw - . o vp |
. II | - Mp|| “—Mp:: | :
I ¥
| I:M2:|—|[:M4: :—H:MG |
: |: 11 Vo
I 1 11 |
| HDM,I{W: Hizws
V | |
o g v g
ILj_Mn| e vty eyt T ey M

Tested Delay Cells

Fig. 3 Three-stage voltage-controlled ring oscillator
3. SIMULATION RESULTS

A 3-stage ring oscillator, shown in Fig. 3, was used as a test
vehicle to demonstrate the performance of the delay cells in
Fig. 1. The oscillator circuits were designed to oscillate at a
nominal center frequency of 2.5 GHz and identical power
dissipation. All circuits were designed to operate with a
single 1.8-V power supply voltage and all simulation results
were obtained by using Cadence Spectre with process
parameters from a standard 0.18-um CMOS technology.

Fig. 4 shows the simulated frequency tuning
characteristics of the oscillators, under the same power
dissipation. The oscillator with the basic current-starved
delay cell (Fig. 1(a)) exhibited a frequency tuning range
from 391 MHz to 3.29 GHz when the control voltage was
varied from 0.6 V to 1.8 V. The oscillator with the delay cell
in Fig. 1(b) showed a tuning range from 1.72 GHz to 3.85
GHz when the control voltage was varied from 0.7 V to 1.8
V. Using the delay cell in Fig. 1(c), the oscillator showed a
tuning range from 1 GHz to 3.6 GHz when the control
voltage was varied from 0.6 V to 1.8 V. It could be seen that
the oscillator with the basic current-starved delay cell
exhibited the widest frequency tuning range.

Fig. 5 shows the signal swing of the oscillators when the
control voltage is varied from 0.7 V to 1.8V (i.e. tuning the
oscillation frequencies). It can be seen that the signal swing
of the oscillator using the proposed delay cell in Fig. 1(c)
was virtually constant at 1.7 V while the other oscillators
showed variable signal swings.

Fig. 6 showed the simulated phase noise of the oscillators
at 1-MHz offset from 2.5-GHz carrier frequency. The phase
noise of the oscillator using the proposed delay cell showed
2-3 dB improvement over the other oscillators, under the
same power dissipation. Table 1 summarizes and compares
the simulated performance of the 3-stage oscillator realized
with different delay cells.



Fig. 7 compares the phase noise of the three oscillator at
1-MHz offset from the carrier frequency. It can be seen that
the oscillator with the proposed delay cell can achieve better
phase noise over a wide range of carrier frequencies. Table 1
summarizes and compares the simulated performance of the
3-stage oscillator realized with different delay cells.

Table 1: Simulated performance of the 3-stage ring
oscillator realized with the delay cells in Fig. 1.

Performance VCO with | VCO with | VCO with
Fig. 1(a) Fig. 1(b) Fig. 1(c)

Pdiss (mW) 0.2-2 0.4-2 0.2-2

Frequency tuning | 0.39-3.68 1.7-3.85 0.7-3.57

range (GHz)

KVCO (GHz/V) 3.1 2.7 2.5

Phase noise -76.5 -76.7 -78.8

(dBc/Hz @ IMHz

offset from 2.5

GHz carrier)
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Fig. 4 Simulated frequency tuning characteristics of the
oscillators using the delay cells in Fig.l1(a), Fig.1(b) and

Fig.1(c).

Compare Voltage Swing
T T T

Vawing(v)

(—w- Basic current starved
~&- Current starved with symmetric load
—#= Current starved with MOS switch

T e

e | L i i L i
[E] 0o 1 14 1.2 1.3
Voltags contral (V)
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4. CONCLUSION

A new current-starved delay cell is proposed to enhance
signal swing and phase noise performance of a ring
oscillator. A 3-stage ring oscillator was designed to test the
performance of the proposed delay cell, compared with two
existing delay cells. Simulation results of a 2.5-GHz
oscillator showed that the proposed delay cell was able to
provide a larger and more constant signal swing over the
frequency tuning range. A 2-3 dB phase noise improvement
was achieved with the oscillator using the proposed delay
cell, under the same power dissipation and oscillation
frequency. Therefore the proposed delay cell can be used to
improve phase noise performance with no extra cost.
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Abstract—This paper proposes a low-voltage linear operational
transconductance amplifier (OTA) in a 0.35-um CMOS process.
The proposed OTA employs a bulk-driven differential input
stage with resistive source degeneration and the flipped-voltage
follower topology to achieve high linearity under low power
supply voltage. The proposed OTA dissipates 0.8 pW from a
single 0.8-V power supply voltage. Simulation results with
showed that a linear differential input voltage range of 470 mV
was achieved with less than 1% total harmonic distortion.

Keywords—operational transconductance amplifier, bulk-driven,
flipped voltage follower, source degeneration

I. INTRODUCTION

Low-power linear operational transconductance amplifier
(OTA) with small transconductance values is demanded for
biomedical and neural network integrated circuits and systems
[1]. To allow low-cost and full integration with digital circuits,
OTA should be realized with modern CMOS technologies and
thus it should be capable of operating under low power supply
voltage as mandated by modern deep sub-micron CMOS
technologies. Like other analog integrated circuits, realizing a
low-power OTA with high linearity and wide signal swing
under low power supply voltage is a real challenge.

Low power, low voltage OTA with small transconductance
can be achieved by using subthreshold MOSFETs [2], bulk-
driven [3], [4] and current-division techniques [5]. To improve
the input linear range of OTA under low power supply voltage,
several circuit techniques, such as source degeneration [5]-[7],
adaptive biasing [6], triode MOSFETs [8], input level shifting
[9], can be used. Among the abovementioned techniques,
bulk-driven and subthreshold MOSFETSs are probably the
simplest and most effective solution for realisation of low-
voltage and low-power OTA [9].

Bulk-driven differential pair has successfully been used as
the input stage of transconductance amplifier to allow a wide
input linear range under low power supply voltage operation.
In contrast to the conventional gate-driven counterpart, the
bulk-driven input stage allows the DC input common-mode

978-1-4244-7456-1/10/$26.00 ©2010 IEEE

voltage to be in the middle of the supply voltage and a larger
input voltage range at the cost of lower transconductance
value and higher input-referred noise [9]. Linearity of bulk-
driven input OTA has been improved by using resistive source
degeneration [7], gate degeneration [2], bump linearization,
and parallel connection of input differential pairs [10].

This paper proposes a new low-voltage low-power CMOS
OTA with wide input linear range. The proposed OTA
employs the bulk-driven flipped voltage follower [11] with
resistive source degeneration as the input differential stage to
achieve high linearity under low power supply voltage. This
paper is organized as follows. Section II describes the circuit
implementation of the proposed OTA. Simulation results and
conclusion are given in sections III and IV, respectively.

II. CIRCUIT IMPLEMENTAION OF THE PROPOSED OTA

Fig. 1(a) shows the basic source-degenerated OTA with
bulk-driven differential input transistors. The differential input
voltage is applied to the bulk terminals of M; and M,. This
allows the input DC common-mode voltage to be set to the
middle of the power supply voltage. The differential
transconductance of the circuit can be written as in (1), where
gm1 and gy, are the small-signal gate transconductance and
body transconductance of M, respectively. For good linearity,
(2) should be applied and the effective transconductance is
reduced to (3), where gmp = Ngm and m is about 0.1 to 0.3.
Therefore the effective transconductance of the bulk-driven
source-degenerated amplifier is 1 times smaller than its gate-
driven counterpart.
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Fig 1(b) shows the source-degenerated OTA with bulk-
driven flipped voltage follower input differential pair.
Transistors M3 and M, realize the flipped voltage follower
structure which provides a negative feedback to lower the
impedance at the source terminals of M; and M,. Neglecting
the drain-to-source conductance (g4) of Ms and Mg, the
differential transconductance of the circuit in Fig. 1(b) is also
approximately given by (3). However, there is no restricted
condition for R as for the circuit in Fig. 1(a).
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O

Fig. 1 (a) Basic source-degenerated bulk-driven OTA, (b) Source-degenerated
OTA with bulk-driven flipped-voltage follower input stage, (c) the proposed
OTA.

out+

Fig. 1(c) shows the simplified circuit diagram of the
proposed OTA. The circuit is similar to that of Fig. 1(b)
except that, instead of providing a DC current source, the
transistors Ms and Mg are connected in the diode-connected
configuration to provide an active resistive load of 1/gpyse.
Therefore the DC quiescent current of the circuit is
determined by the aspect ratios of M; (M,) and M5 (Mg). In
this work, all transistors were biased in the subthreshold
region. The small-signal differential transconductance of the
circuit in Fig. 1(c) can be derived as shown in (4). Assuming
that (5) is applied, the transconductance can be simplified as
given by (6).
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n 1
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III. SIMULATION RESULTS

The circuits in Fig. 1(a)-(c) have been designed and
simulated using Cadence Spectre with process parameters
from a standard 0.35-um CMOS technology. The nominal
threshold voltages of NMOS and PMOS transistors are
approximately +0.6V and -0.7V, respectively. For a fair
comparison, all circuits have been designed to have identical
sizes of transistors and operate with a 0.8-V power supply
voltage. All transistors were biased to operate in the
subthreshold region with identical quiescent bias current of
200 nA, yielding the total power supply current of 1-pA. All
transistors have equal width and length of 940 um and 1 pum,
respectively. Unless stated otherwise, the circuits were
simulated with Rg = 200 KQ. The DC common-mode input
voltage of the circuits was set to the middle of the power
supply voltage. The bulk-source junctions of the input
transistors were weakly forward-biased with about 60 mV to
reduce the threshold voltages slightly.

Fig. 2 shows the simulated differential output currents of
the amplifiers in Fig. 1(a)-(c) when the differential input
voltage was varied from -0.8 V to +0.8 V. Linearity errors of
the output currents are plotted in Fig. 3. It can be seen that the
proposed OTA in Fig. 1(c) exhibits the best linearity with the
smallest maximum error of +/- 22.5 nA, while the circuits in
Fig. 1(a) and Fig. 1(b) have the maximum current errors of +/-
118 nA and +/- 368 nA, respectively. (The linearity error of
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the proposed OTA in Fig. 1(c) is less than +/- 0.24 nA (i.e.
about +/-1%) for the differential input voltage of +/-0.3 V.
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Fig. 2 Simulated differential Iout vs. Vid of the circuits in Fig. 1(a) (green
dotted line), Fig. 1(b) (red dashed line), and Fig. 1(c) (blue solid line).
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Fig. 3 Simulated linearity error of the differential output current of the circuits
in Fig. 1(a) (green dotted line), Fig. 1(b) (red dashed line), and Fig. 1(c) (blue
solid line).

Fig. 4 shows the simulated transconductance values of the
three OTAs against the differential input voltage. The
quiescent transconductance values of the circuits in Fig. 1(a)-
(c) are 0.578 pA/V, 1 pA/V, and 0.373 pA/V, respectively. It
can be seen that the proposed OTA in achieves the smallest
variation of transconductance value over a wide range of
differential input amplitude. However, this is achieved at the
cost of transconductance reduction. Fig. 5(a) and fig. 5(b),
respectively, show the differential output currents and the
transconductance values of the proposed OTA when Rs is
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varied linearly from 50 KQ to 500 KQ. It can be seen that the
transconductance could be tuned from 0.1 pA/V to 0.9 pA/V
without noticeable changes in the input linear range.
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Fig. 4 Simulated transconductance of the circuits in Fig. 1(a) (green dotted
line), Fig. 1(b) (red dashed line), and Fig. 1(c) (blue solid line).
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Fig. 5 Transconductance tuning of the proposed OTA.



Fig. 6 plots the simulated output total harmonic distortion
(THD) versus the amplitude of the differential input voltage at
different input frequencies. For input frequencies up to 10 kHz
the maximum differential input amplitude of 470 mV can be
applied while keeping the output THD below 1%. Fig. 7 show
a small-signal noise analysis with 10-kHz bandwidth showed

the total integrated input-referred noise voltage of 148 pV.

Therefore the calculated input signal dynamic range is about
70 dB.
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Fig. 6 Output total harmonic distortion vs. Differential input voltage at

different signal frequencies
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The circuit of Fig. 1(c) was applied for VGA circuit with

bandwidth less than 10-KHz frequency, when Rs was varied
linearly from 1 KQ to 5 MQ. It can be seen that the circuit

>

could be tuned from 1.5 dB to 27 dB in Fig. 8. Using
transistors were optimized sizes of M1 and M2 with 100/0.35
pum, while M3 and M4 with 1000/0.35 pum ratios for constant
current source. M5, M6, M7 and M8 were design for current
mirror with sizes 400/1um. M9 and M10 were added for the
single output signal with 400/1um. The proposed VGA
dissipates 0.951 uW from a single 0.8-V power supply voltage.

IV.CONCLUSIONS

A low-power low-voltage CMOS linear OTA was proposed.
The proposed OTA employs bulk-driven input stage with
source-degeneration and flipped-voltage follower techniques
to achieve wide linear range under low power supply voltage.
The proposed is suitable for implementation of low-frequency
integrated filters and variable gain amplifiers for biomedical
and neural network applications.
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