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ABSTRACT

This thesis presents a design of two square-rooting circuits using bipolar
operational amplifiers (opamps) as only active elements. The implementation
technique of both proposed circuits is based on the use of the opamp supply-
current sensing, which utilizes an inherently quadratic characteristic of the opamp
class-AB output stage. Configurations of the first and second designed circuits employ
two opamps and one opamp, respectively, which are attractive in terms of sirhple
structure and low cost. In addition, the voltage gains of both proposed circuits can
be adjusted by varying only single resistance. Applications of the second proposed
circuit using one opamp to realize the square-rooting voltage-to-frequency converter,
absolu-t_ebfuncﬁon, and vector summation circuit are also introduced. Experimental
results based upon commercial UA741 opmaps show that the proposed circuits not

only function correctly but also provide good performances.
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sinfiaosldndnnisvemsudiiled (ranstinea)  vaslulnaisndensansiudanasis
lONaANTEN9BeN [2-3, 5-6, 12-15] Iﬂaﬁﬁaaﬁﬁaulsue’hﬁsgﬁdmsm%at,ma%ﬁaeﬂma@uﬂ N5
fiflsaoalmnumileutunnusens Wolilsmudenludnduiisededdvsudamesiiads
E3EMsesTINwhiY uiiidedefinsadrnesnuiiisnnmnslinatestunioms
sonuuuiliidunmsndnidsnmsiesinndunulunswangs

FahAnefindatuiiiiausiimsesntuuiasaensniiaes iifllasaradsudie
Tneldoouneniduiulediteldtuesnaunivats esnlugunsaiffuseaviamlunis
yhauge :1m1gn uagmdemuiesnaininly Wugunsaindnluniseenuuulaeyunse
fafussmumeuanifeduaseiilsidunensiniiaes Tnsdailfidussmagensn
ynantislunsluiuSuusidyananeuidyaaliusznarafiawnseadratuedd



1.2 Anugavinneuasinguiraeivasnisine

irearmnadeninmamidlunisaiinsnensiniiaes dwmiuldlunisuiuuss
ﬁcymmuauuaanﬂauuﬂﬂﬂsumama Tnadulilaseadrewensesinmiussudeuazldony
Louditneutemansesiutusaiun dwsmnzauiunmsi U lunuifens
a¥nsesnensniiassiuedaglifeaiaduinsmy

1 o

1.3 wannrstuafivaus ludnesinug

esnensniiaesiithiausluineinusatiuil asonfequanticuduiuslugy
29IANNAEB (inherently quadratic) GTiQLﬂuﬂmauﬁ’ﬁLLmﬁLﬁm%ulunssuﬁlWLgawmaaﬂ
weuldfifinnavensiedmauuuraaied (class-AB) puiiinanliluenanssneded [10, 16-
17] desmfussumuifieadileiduneasniiaes Tnensesiiaueseiisheiy 2 wuu fio
wuilldeauuendastmuasuuuiidestiondifiemiaia uagldfimsuszyndaiianduaces
wasensnitassveausssulafiadunaind (squaresrooting  voltage-to-frequency
converter : VFC) asmarduysal (absolute  function) WazI9RIWINATINYEIINABS

(vector summation)
1.4 YaULlUnVBIN15IInadnus

13'1Lauwé'ﬂmiaam,l,ww%fauﬁv'dﬁqmﬁmiwﬁammusmiv‘hmumamqmﬁﬁmua
Tnefin1s8ufunliigndedueIn1sNIUAIENTNAABUAB I Tneldoauuondiil
mﬂmsnEJmewmwuﬂmaLawumluiwmimammﬂummumu wazldianenisussandld
mu‘[mam‘lﬂaswLUu'msLLUaamsfmwaawmmmulw%LUummﬂ ’N%mmaumm nag
ATINATINVBIINIADS

1.5 51982199AVBINY1LNUS

meluinednudatuilawailonoenidu 5 un wasniAruINDn 10 A lnsusay
unilseazidensanaludl
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uny 1 L"TJU‘U'VI‘U'] Lwaﬂm’smmmﬂmﬂumuaa’,mmmﬂm‘umﬂmm AINUINUNY
LLau’mﬂUiSﬁ\‘if’ﬂUﬂ’ﬁ‘V]’nﬂEJ'TLIW‘LJS 'Viaﬂﬂ’\’ﬂﬂm‘ﬂ‘lﬂu%ﬂu’ﬂlﬂﬂﬁEJI‘L!’J‘V]EJ’TL!WUﬁ LASUBULUR
28IN1SUINELWUS 'i’)lllﬂﬂ\‘]’i']&lauL’aEJﬂLuaﬂ’lIﬂEJﬁ'iU’U@\'iLW]auU‘V]

o y = "o o e [y Y
R 2 nansasaensnaesiiiaueliluede Feezuszneumensasiuneusden
v aa -ﬁ' A dl t =2 1
Lasduasnea Weduuumslunsesnuuuisasaensiniidesiaznanisluunssly
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widldseuuentlunsaisdnuasii uasuuuiideadunsangursasuvuiinilidneldeey
wentdifisenilaiy wiouauansanismadouausauzmMIhreneslaensiensTie
suiianeinuaniiniadyrenssitauedae

unil 4 uanensuszgnaldeurenesasnsinfiasawuuiildosyusndifumileian
Tadnaualuund 3 lnevuasanduisuasasniassvosussdulninduanud 2995
AUyl UAEIRTMIHATINTBINNABDS

UN 5 L‘t‘;Jumsa';;Uwamumsflu?wmﬁwuﬁ‘ wiounalniaustumielun1sinise
wazWafaly

ludruvineveadneninusazidunianuan Feazuaninisiinsievnnaniinay
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aun1snttnnelunsazunantd wazsipasdenvesunAINdT N laSUNISIHELNS 695
eazidennaluil

AAKLIN N, NISILATIZRNIAIANNAURUSSENINszRalWiBe9fuuINLaza U UNSL LA
i nednnvesesiuenduiinlulnans
AMARWIN 2. ANFIATITIMIAIANdUN LS senIanseual WA geduuInwazausunsLLa
Ifeinpvessenendviindyes
- ¢ ' s 24 4 a P ' \/__2
MANWIA A. NMTAATIBIIAINUBSITURAINRANETR £, LUBwInmsusyanua 1+a

21ANUIN 1. M3dtasizimAnssiuliieeion vy, wazAudanain s, ¥992993

sql
0OAIINTFBIUUUTIVITI 4
AARWIN 9. MFAATIIIAIANLRANAIALTEIINNATRIN WA UL AY Ml Ergogt

WAE Epppsn VBINATOBATINTIFRILU VTN
MANLIN 2. MytaTwhmAuswiuliiheeion vy, uasmnuionan e, 1991993

ORI INNADILUUIADY
AANUAN %, mﬁmswﬁmﬁwmmﬁwwmﬂLﬁmmnmammmimﬁﬂuwaaqmmﬁ Erroga

UWAY Eromum: Y9rMATNEATINTIdBILULTIHE

MANWIN . MTAATIsImAsIUlToevian vy, Wweanulanain &, 9992999
GRGHTE!

AARNWIN A m'ﬁLﬂiwﬁmthmﬁmwa1ﬂLﬁaamnmammnﬂsLﬂ?{auLLanqquﬁ Erkod
WAY Erop VOTNIVIANEUYTOI

MANUIN . unAIRERlATuMsAiuilusansuasnsUsEgivINs TERUUILYR
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2.1 na191

dioduuamdunsinyuaseenuuuissaensniidesiviauelusided sty
unifanamisiiedmsadinsasaeasiniiaedluein Ssazasounquitonafiunousien
LazduRInea dmdumeinuneusgeniulatinisiuaus 2 wameieiy Ae wuameiivis
Hunsadrslagldgunsaidfaguiiivemuiemainunsesaniu 1wy sevueud 219sga
Talon fsumundslulnaninswdames dwsuwuimaiiaeandunisadrelaeldsessu
shomaluladlulnanfvdeusansiudames fen1sesniuudrerfondnnisvemsuiiiles
drumnaduAdnean sAsIniassuasl 2 wuamnatuiieatu fie wuamneiviladuns
aulnvorfomdasunaiiuguaelumbeUssinana wasuumsiiasadunsaialagld
mheasiniupuitoairaiuesaniildlunsdiwnmniass

]
= o

2.2 199909ASINNd8IN A ILLUZAanTidndualuafn

fiwuanisasrntnauslusfiney 2 WuIN1eAIEN Ae wuansutadunisasa
Ineldgunsaldniaguinfionemnviesmainuisesauiy uazuwiniafidesazadianduices
sumrswmaluladlulnaisusoneanstudanas TISUEAIRIL1LABLWUINI ARl

2.2.1 2995n8nsndisediaeldounseldiagy

Ul 2.1 wansfegiaasneasiniiaeddasldoavusndiuiasgu [18] lngil
spduandAumdiuniu R waz R, sesiudutaiioutdulessversuuunduina
(inverting ampilifier) Lm'ﬁn'mﬁmws@,mLLUUaaoﬁuwmiﬂaﬁﬁuwmﬁaaawaaaww{a
sfudluidedudaussdiulni w2, Jeundusndeiiduniu R,

Vgul ><

Vin

O Vout

JU# 2.1 199snensInfigesnuuldesuusndivieasgn [18]



mnﬂmauﬁﬁwmaaﬁuauﬂﬁLLiaﬁ’u”LWW']ﬁmné'uLWaﬁmLmﬁuwﬂﬂné’ULWa fetuduna
Trusstuliiimagauaifivinduinaresesdueudiidviiunsndviequdlad vl
anunsavilddnnszudladin i waznszualnii g, LAy

j=tn | (2.1)
Rl
2
. Vo
i =2 (2.2)
> R

wazanneasazlatnszualdy i Svwiewiiunszualidy 4, wdiliianienisivad

[V % p= a [~ Qs 'y ) W A:ll’
asefudugadsuduauduiuslaluias

2

e (2.3)
Rl RZ

h=—1=

gnaun1Ia (2.3) asmanuduiudseninasssuliidune v, wazusaduluinediyn

v, Ly

'%’Vn =k v dle v <0 (2.4)

? sqA in in
1

Vour =

§

P 1 o/ R o 4 ! L2 L3 I
e k,, Wiy (—ﬁz— 9naunasi (2.4) wandlidiuinussiuluieding v, fandu
1

sinfigesvanssdulniidunn v, lasilidnsiverswindu &, wasussulniduws
) a1 P '] v ca % ac &« ) a VoA -

sefaailanluavianedazlanadwsfignaes 35n1siidunannisndreusiilesanled

NﬁﬁqmﬁﬂmuwaLLasmﬁauﬁﬁwmﬂ%ﬂﬁﬁmiﬁwLauaﬁ%'ﬁuﬁhjﬁaﬂ‘i’fla%awsﬂm

Frotenenniunisaduisasnensiniiaes aiulngldesuneudaosiuty
Tulwasnsudaines [19] ﬁmamamﬂuguﬁ 2.2 MINUTBINATTAFINdNATABN-
wouRden (log-antilog) Tnsfinguastuend A, lulwaninsndames Q, lalen D,
fumu R — R, waznguesuuent A, lulwainandawmes Q, lalea D, ddwmu
R, - R, vimtinfursasasni3fiu (logarithm circuit) daunguesvueud A; lulwais
nsudawes Q, (11 B wazen E gnludandu) wasddumu R, - R Fmthidusesuou
fiasn139u (anti-logarithm  circuit) MmasarunsavussnulinnaTauuuaiuend
fimodvemsmBawes Q, Q, uar Q, iy



kT v

V.., =—In—= (2.5)
P g Rl
Vpga = k_Tln Tou (2.6)
q R I,
I
Vpgs = k—Tln—i (2.7

q Igss

Toeft & #o Amsfiweduandsiutl (Boltzmann) Fefidnwiriu 1.38x10 J/K
g #o Yszqlvifh (electron charge) FaflAwiniu 1.6x107°C
T Ao goumalimiieinaiud
1., e nssudlvihilvariueeaianinesvomsudames

waz I... fe nszualifindusflunaiiuaidinmesvamsudanes Q,

IESI ‘[ESZ ES3

Q, waz Q, Ay dslumsesnuuunetimuabinsiudanesivleuiuyndsznis

gratiunszualiflvieanuavinnu

Ry

é

Qi
Vino ,\/V\l' - R, Q3
A, | =
+ &_AZ A3 ——0 Vour
D, 3
Q

L

R;
Rg

R4
AN~ — Rs

D,
Rs

U7 2.2 199saensniasawuuldesiuendiululwarinsudanes [19]



v'hmﬁmswsﬁaagﬂLmﬁ’ulﬂﬁwﬁshumwa-aﬁmmai“uaam’m%ama%ﬁ’qmmslﬁ

Vees = Vegr — Ve (2.8)
wnueusesulia-Snmesanaunisi (2.5) i 2.7) adluaumsi (2.8) ald
. kT
k—Tln Jes _ Hln Vin L Yo (2.9)

9 Iz q Rl g Rl
diamualinsudamesivilouduynusens uasmanuiuniu R, wihiu R, weld

mles o Yn (2.10)

ES3 Vout

fatluifievihnmsueuRaensfiuaaeasas Inedinszudlnih 1., luanudshuniu R, 9

nanewlu v, fetuaunsn (2.10) anusaideulaindvindu

Your =\/R7IES3\/Z=kqu\/Z (2.11)

dle ks WINAU R L g, mmmﬁawaamsaamwﬂﬁ'aaw’ha?%msﬁ 9z0g7nns
Fonldlulwarsnanudawmesiearuliindoudunndsznts deunfudaluinans
niudanesmldnuissmaiaiilussdauandiuandsduey eradadddlulwans
ns1udamesndarfiay nialduvuiiatrmaresilulofuny Weuddayniisdad
MATeiaueIsnsadeieniseenuuuluisesnunudeasidnaniiely

2.2.2 299s0aasnnaadlagldnisaFraduleassiy

Andunsaineesnensinfidesdenisadraduisasunielediu azede
wdnnsvessguniudidesvedulnanivioneansdanes dwiunisdunsneiiemg
Tnslunisesnuuuiuadesinrssmualivanudane slursquusudidesyniaiy
wiloufunnvsznistadululddenisaradursessumiiu vsuansiiegients

29ALUUAIRDLUT
dvfuguil 2.3 LanIfl0819995n0nIINNannadndurnssulaeldivnalulad

Tulwarsnudawmes (20 wesusznsumiglulwanivsndawesyiaduiidu Q, s Q,
FanasamAunssudluiludandd 1, dwuslimsudawesyndumiloudunnuszns Tuae

guannsaynauduiusvosussiului vy, ity



Veer + Vee2 = Vars T Vags (2.12)
dmsuusssiulni v, veslulwarivsudanesiawviiy

Ve =V lnj—c (2.13)
S

P - W 1% a1 o kT
ile 7, Ao uswiuluihenufou (thermal voltage) BAnviniu =—
q

Tnoil & Ao ArnsTivesluandiug
g e Useglnih
T fe gamgimhoinadud vieUssun 25.8mV figumgiivies
I. @9 nazudlvifinpeaianines (collector current)

J Ao nszualwihdoundudus (reverse saturation current)

unueussfulni v, 9naunisi (2.13) aduaunisi (2.12) a¢ls

VTlni+VTlnIC—2=VTlnI£+VTIn[ﬂ (2.14)
]S IS ]S S
wiadngulndledu
Ioley =1c3le, (2.15)
Vee
in ]Czi < - Lout
O—
Qs
T ———T
VBE2 _ . VBE3_
101¢ T ‘
J ) ¢IC4
7
Q - Qs -
1 ‘——<+ %—J

b
) Iy
\ ~ - e — -
L

= = s v a ¢
EU'VI 2.3 Qﬂﬂiﬂaﬂiqﬂmﬂ@\ﬁ'ﬂﬁiq\?Lﬂu’lQﬁ]ii')ﬂlLLUUI%LUIW@']%VIT]U‘U?{LW@‘S [20]



o =1 ] . o . v & =i
mmwﬂugﬂ‘w 23w Iy, =i, I, =1, was Iy =Ic, =i, MUUANNTOTYUY

aun13h (2.15) Ielvaiidu

i1, =i (2.16)

yhnsaensnfidasaunisn (2.16) w%auﬁa%’mgﬂ‘lmi%lﬁ

Low = \/‘—[;\/; = kqu\/;i: (217)

o ke wiriu T, spiiuldineesiinauetuivuiadnlivsudanesiiiies 4 i
LLG]'VT’I\?’WIUIMJJﬂﬂiuLLa‘LW"WWﬁxﬁﬁ’jué"]@\'aﬂﬂ’lﬂ‘?’fﬁ)lliﬂuﬂLL‘JQﬁUiWW’]é]jﬂﬂﬁﬂ’liﬁﬂLLUa\?’N’ﬂ’i
i uagdeldusneg1anilereasie msamaanivLLﬂlWﬂWlwaL‘mmwaﬁuaduiwmi
NIUTAR0S %aﬁ]vwﬂmmammmmmawamaaimEJ Fariuseundslginsinauents
aammiﬁ.ﬂﬂaﬁﬂamaamﬂwammLwaLLf'ﬂsumemmmuLmu

Iusﬂ‘w 2.4 LL?WNﬁl’mEJ’]\‘I’JG‘\]iﬂ’eJﬂS’]ﬂVlﬁa\ﬂ;fﬂEJI“UW]F]IHI&EJ&JE]&V]T]U‘U?{LWE)S [21]
mmwsmuwmwmLﬂuﬁaﬂwaammwaaa e weansuTawns M, fa M, feasmi

Wursgunsiades wagnssualiihlusansd 2, dermuslinsudamesynimiloutu

mﬂazmsLLaw‘hmuag‘lushuﬁuﬁ'fs dunsamanuduiusvesussiulnialursguldvinu

Vgs1 T Vos2 = Vass T Vosa (2.18)
wserulai v, TugududadAwviniy
Vos =V T (2.19)

e v, Ao uswiulwianaseuvinmiumed (gate-source voltage)
Vyy AB wseslnfr@ai3u (threshold voltage)
1, A8 nszualwiiasu (drain current)
u, Ae AanWALARDITTIRITeIUsEIWME (surface mobility of carrier)
C,, fo fhﬂ’nuqlwqﬂwiawﬁwmaﬁuﬁmaammaaﬂ%ﬁ (capacitance per unit area of

gate oxide)
W A9 2u1annUnINaUesteaniafy (width of channel)
L A9 uamNeMYesteaiu (length of channel)
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n2easlugud 2.4 aswind I, =i,

IDZ =1

A Ame (788 7

»

———————————— Npm———————— - Vpp
; :
| : l L | My My Mis .
| 1| Mo e 1 in Q7
| L LA Vs T M ‘
| ips l [ | :“ las ! l Lin
| oo i ;
I M; . ! My |:_—"_' l | ml| i S
in l l]n I I I— ————— e 4—._
0_]_‘1‘?7 . — I I I l M2 /,_._\¥M3 I lout
| |iped I | =
| .._H: R | | I F iy
| || VG2 VGs3T| |
| Mg = ! IR A g
| i lel I | by | l D4
I zD—,-l | | | ] 7 ]
| X DMy
] _—
| o= | L Pt | ,_h——.igl;: 4
I M; Mg || : | 1 2 ,4VGS1 / vast | |
: 11@ I K M | : \ 5 Ll
| S . R
[ :' — [-= :.
: druutasusesuldndunssualndn | : druspanssnalnii | : dAwunonsiniiass | VSS
____________ ol I A A ARE AKX 1N e A% __ O
gﬂﬁ 2.4 193sn8ns1nfiassiadadulsasrunuuldueansiudaines [21]
sl v, 9InaNRnTA (2.19) adluannsi (2.18) aglet
4 (2.20)

waz I,,=1,, wasiilefmunlian

BRI V% yowudames M, war M, Ay 4 vinewmaudanes M, uaz M,

Sitannsadeuaunsn (2.20) Watnadidu

Vo= T

vnsenindsdeaanntsd (2.21) wieusdagulmiagle

wazdiedinneinssualvihigaieninmagla

I

out =‘ID4 —lin _IS

Iy = 2L i, +i, + 1

(2.21)

(2.22)

(2.23)
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yhmsununnszualii 1, 91naunsil (2.22) aduaumsi (2.23) agld

b = 2L = Kop i (2.24)

dlo k,, virdu 21, dmsvdmusnveansndudunlfivdounssiului v, Wu
nssudlnih i, Alnesulusuumanuduniugadesasililanseudlnih i, venasi

Andu
j o=t (2.25)

dmiursaslududaunanduisesSeanssualvin fasewibinssudalni i, A8
< V¥ H a s 1 Q’; L 5 d‘ J d‘ d.
e lnarignsiudawes M, wihuu asulilewnuaunsi (2.25) asluaunisi (2.24)

aeld

%

iout: sqD ﬁ (226)

agelsfmrundnnisiaziinrndanainlutrennszuadunniia1des 9 189910
woanswddes M, ssihnuesdluannglndiuiihidudnihliteulilulsqunswiiies

wasuly

dmunsairafunsnuiunmfunuasiuegiusmiuings fe dmandy
lodsuaunninesrilisadunudesiazgn dufunisaiaduresmufannzauiy
msnaniuledfezihuansaavesnaiaiiiaiiudosnisligs uififesnisldlumud
Uinamandnlige Wy suddeimunifiunulige vieduauiiinnsudaluunalil
1n n1sasnesisgUnsadiiaguitinemuieinarnszdumadeninanzauniy

2.3 p1sadranendunansInNasmn19nIufIne 8

LLmmia%'wa'auﬂaﬁ“ﬁ’uﬂaGmﬂﬁaaamw’huﬁﬁmaaﬁy’u%ﬁaeui 2 wuamame iy
fio wuamaiiviiadumsaidasendoddsrmnuiugiunislumbeyssinans Jamne
dmsuldludfy (CPU) Aimnuilunsysznanadige uazuwmiisendunsaialagly
mheaodnfiugruieadranusfauasitldlunsduinmaniiaes Famunsfunsade
wh8UIENIaNARI8 FPGA (Field-Programmable  Gate Array) wisl#uaaiffiunin
Tngsnveensadeiiaidunensinflaeamediuisnen fafusuideivesndiede
ﬁugwmaamsa%’wﬁaﬁ
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2.3.1 p1sasranendunensinfigoelaseideadeniuan

TFIFUIUNUFIUNNANAAIAASAD UIN By

Tudsaserdeadimulrniugiuniasrady

FngnIenirvUssurananluasdl
2

3
=

An uazms darrlidimdsnensiniiaed
Handunoasinfassiuul laeiluulfAnfalisuanniuua i uduiusvesrsInyiaasdian
WINAU

JZ=0*+R (2.27)

Tngft Z o fse (radicand) Q fie A3 InTiaes uas R Ae wwinde (remainder) dwsu
sUfi 2.5 Lansfieg1insaenniiaesiugiuresiiavluuiudindiuiusy (nteger
binary) 1u1a 8 Un Feannsnesuiedinisvauldsadl fedrafunisasadisiniiass
194A1AAY 01110110 (118=10" +18) Fuanmsudsiatavesniiuiiazy ldvindy

01,11,01,10 wagfmuaasiniiaosianioiy 0,0,0,0, (dxilf1uruiniusiuaugi
widld) Fuusnlifansangusamnsdnetie (may 01) lngRersandafidauannivsewinfu
01 wiold fldnadnsaziduasin 1 wazdlilyeziduasin 0 dwsudaedrazlang
dwiividuasdn 1 fvanlily 0, =1 uasthea 01 luvnausugusndadneuiilaas
wiriuaedn 00 Fsazthlusauruginludsdunaddaluaziviiiuasin 0011 ndsandy
ynsinrsafiaanniaviewiaiiu 0,01 wie 101 wioll Jwadwidldde 0, =0
wazvmsidoudn dmsugdnuasiaiaiu 001101 Wufdadeinisiarsaninden
wnndwenifu 0,0,01 v3e 1001 BwgldradwsanmsSeuiisusindu 0 =1 uae
nadns1nMITRAUWITY 000100 dwiunatigaineazifasariiy 00010010 waziile
fsarnddunnniamiewindy 0,0,0,01 e 10101 Haglduadnsannieuiio

Wiy Q, =0 Feezsamdudimeuvasaisiniaeslavindu 1010 wagnadnwsannnsinau

MIBLAMUADINATAATINYINAY 10010

JZ =01]11]01]10 b audn | 0 =1
01
00 11 0110 > 0,017 %38 i -
wgouls | 9,=0
------ > >101?
00 11 0110 > 01? %38
Q3Q2 auﬁﬁ Q]:].
00 10 01 >1001?
00 01 0010 |=20Q,0,001? %30
- Q,=0
>101012
00 01 0010 e (R=18)

= o ’ ad - P 4‘{ < = o0 @ o
E‘IJ‘VI 2.5 Gl'J’e]EJ’N’Jﬁﬂ’ﬁﬂﬂﬂ'i']ﬂVI?lENWUﬁWU‘UENLE‘]‘UIUU']?‘U‘L!’W\ 8 un LLU'UI‘Uﬂ”Iﬂx‘iﬂ’]U’Jm
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ihsmsaearniiassisuluaaduilaituludfgsensdelusunsuagifuden
nosunsunsihauresiterity (221 figuil 2.6 Ssussnausne Taamesmsniiassoun 8
Un SAamesiavivdovuin 8 On daRwind uasviismulinuasnssns (Arithmetic and
Logic Unit : ALU) Sidhdiumsvieussl] Sunndmualissamesirumdowifusmsaduuas
sl iawesinnilaesyiniuaud haluitawmeiisasaninaufufemissno
wazasing lasfidnsinfiaesasiiniaifuraedn 01 Wiludeu fawnsaauiuld (s
mnnwhiusiaan) 91 sign axlviasin 1 tiemundlitaRmdnddianain 1 dluiiulilue
Minfiaes wasvnsReiuanfudygraliiianesimuvdefuradnianmsinau aseu
Fandlelvaedn 0 dafndndasdeasin 0 iluiAvlununazeglifinisidsunlasaily
Peawmosiauvdednde wivnduiagimadousdnluitamesmamnitaedly 2 dumis
udrSainszurunssndudnlnefndusmausevnisinuriiiu 4 seu faduingiia
AnuiSeInIsAAeETusEfumIauNsYhew (machine cycle) wosdfigitldie 3
g iFesmsivinisAnaisniaesimugniog: uoudsildussmanamn
) uagyiudunuuna1ads (real time) Fodli@Rgivszansnmlunisdangsdonand
fosgemuse uazuneniaussansamuedigeraasiiurudndudmiunuaiuauuuy
$1e 9 FdaTinninavenisadieieituseasiniugunisuenidieaniiaimsiuialag
woansThaugesilaidusenaindfigiseglsnanluidesdely

0 »
BRIV G l
! (S quare rOOt) L NGL)
fiafmang (Remainder)
(Multiplex: MUX) 01 i
sign ALU

‘=- o 4 d’i’ =4 =Y
Ul 2.6 vdenlaszunsunsihaureinsaensiniidesiiugiuvsaatluuidauin 8 On
wuuldAdsmuI

b4
=4

2.3.2 myadrdaidunansinfisesiagldnitsasiniugiu

Jaquulsdinisduen FPGA  wiadadumiredszinanauasaivgudinivau
AUAuAN q wntu iesanussleviftawisooanuuussduasinifieatrslugasis 1
Ly IugaLLﬂaaﬁ’zynumuLLauzﬁaﬂLﬁuﬁﬁmaaﬁﬁﬁi"}muﬁmLmﬁwmmummmmsauﬁmm
2993n509A A9 9 Fevinlilsidesldaunsaintsuen wiesavzidunisadaluga
HarFusing q Lilevhnisuszinananeudigdfigdeazvildaniainisuszinanaadluls
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pehaun  feduauisefivesndetisnisaieilaidunensinitassuuuiiugiuds
FPGA $717% 2 WuIRndl8RuAD WUIAALUY restoring WA non-restoring [23] @sdl
PasBEANITTUTaILR AT LA

msa%’wiuqanamwnﬁaaqﬁwumﬁmwu restoring  vusziiuszneusig 2
A5EUIUNNS B8 NSEUINMSEDUDR (shift bit) wasnszuIuATausedudn (subtract bit) lne
nsEUIuMIaUIEsUInaslfuienandnnsaunuuilideule (conditional subtraction : SC)
Fouanaudunauaziedinaieguil 2.7 Tasaednun r Hulnfais aodnen d udedau
ao3nn o WuasdInfuansinnsaunsunthinistuviely duduaedn 1 wanvinnmsauneu
windliinstuviteauiulanasdniuanin 0 wansauiilildFesiinisty asdnen co 1du
aodnfiuaniinisavgesiinistunioly dndluaedn 1 wanedaviulalddesdunazdniu
ap3n 0 uanshaviulildsesiinistu uazasina s Wunadnsainnisay dmsuasinu g
Huandnfudniiruiendduiigaluanunsaliiuld Tnefiaednuilaziioviaiiondy
S muntevlunsvinuresudent draednunidiu 0 Aaednea s aswinfuasinen r
viudt (ufiuvesdan restoring) wazditiuaedn 1 masdnu s szwifiunaauIeviivgaiin
9 1 v d Inefnaedned d sre fenssuaumsiamnannsadeududassngldfmna

#i 2.1
g
SC

= [ a v A P
sUl 2.7 udenasinmsavszaviauuuiiteuly

@4——
(g —

thudenasinmsavuuuiideuldluaiadulugatisdtunsnsniiaeslaglduuafa
F3n1snensniiaosiiugiuvesarlvuiivun 8 Fauuuldmdsimnuildosuiensvihny
reunhilléfgui 2.8 Fdldudenaeinmsavuuuiideuludiuau 17 vdenlasswiuudenii
Wiawduiudiussuudamaeudadoudugnsliviniu

SC unit count = %(bit outpuz‘)2 + %(bit output)—1 (2.28)

snaumMIsiiuidFemsmuasBeavessuulneimnnty Adeddudenasinns
aunuuideulumnadadudinaunn feaiilfdeswiuaedinfiugulunisaiiannde
wrildeRnusazudanldinaniviuiesinn uazmsvhauvedugalduiuuhauunuiumie
woufulimileutuuuuldsdsiugniludigideddmsuguon fadunanlnesamwedis

& g

fasgininslddmdludfguesnisaydeidanulunsdunatosnindnaie
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dmiuitmsiasivedeludeeiiaasinu q tu firasseliiudonsudreiiegaues
uiazumUsTananaaianey wiidideunduinussinanauiiudenanilegalvaiviliides
Fonarludumiadie Teldtinnsihiaueuuifnuuu nonrestoring  iteufdgmildeasls
namsely

msa%ﬂu@,aaaﬂsmﬁaaaﬁwumﬁmwu non-restoring  9¢AAEAULUIAALUY
restoring Laedl 2 nsyurunTs e nszwaumndeulauagnszuiunsuInvseauseiutn lay
nsTuIuMsUINRauTERuTnagldudenasdnnisuinvieau (add/subtract : AS) Faflun

it
L

=] ] a =4 v oa
U 2.9 Ua8NABANNITUINUIDAUIEAUUA

U

BuwmuaziDWNARIFUN 2.9

[a—|

Towaednun 1 iludniads asdnan d Wuldasuinvieau asdnun d Wuasdni
wanrimsnsgyhneunidinismavielsl Suduasin 1 wansinsnsyrideuntiiiinnme
fuRntunarenduasin 0 wansimsnssnounthinulifinisme sednw co 1uaedn
TanaAnTuanmMsuINYseau uazasinul s iunadnsanmsvinvieau Tneiiaeine q
Huaesnimmundeulafiisuinuioay thasdnilu -1 9 nlfunsidenldudenivhms
VINFae3na r Anaednen d uagAandne a dwmdudmeudildainaasuaniuiisiuiy 2
wén lnefiaedn s whiuaednudndiazasinn co widuasdnndngs tazfnasinuiil
a1 9sdumsidenliudenivhnsausassnud r (Uan 1) fumaednul d uwasinadwsd
Bl UINaadne o aerneuasieiuiy 2 ndnuiy 39883000 s uaz co v
whf“fuaa%ﬂvxé’nﬁ?wLLasqammﬁ'}ﬁUMuLﬁmﬁ’u INNTLUIUNITALIUINAR0IN s gl
deilaonssludiaadn r wileusuugon sC Fadufiunvesdiin nonrestoring dmsu
vieniaunsadounadndifudassngldmansned 2.2

ﬁm%’umsa%’wLﬂulu@aﬁqﬁ%’unam1ﬂﬁaEN%ﬁwﬁaﬂmnw‘%aaussﬁuﬁmlﬂsiaﬁ’u
ﬁ’agﬂﬁ 2.10 LLmﬁmaaiugaﬁ]zﬁmsv‘hmuﬂﬁﬂUﬁ'uﬁ‘ﬁ'fiauwﬁﬁﬁ Tneldudeanasinnisuinvise
aUsERUTRsIIIL 17 Whil Seimnuduwudsswinssuuudeniilddednmneumioudiu
aunns (2.28) usrAwndnezeglugian 2’s  complement Yovaslugaiifelides
Belanseanine g wdeufiuwuu restoring Sevililduianlunisuszinanalagmiutssni
Lwi%::ﬁ“ﬁaLﬁaagj'ﬁmmsﬁ’m’j’au‘lumsa%ﬁwﬁaﬂmnw%aausséﬁ’uﬁm Fadadduiandnlunis
a519unnn
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Taspealnsaiassnielulasiusivawed fohmiussananalngnisianumungaindyana
LLauuaaﬂauwmLwauﬂULLammmamUﬂm Dunaldmsadeieidunensiniiaesinedinig
yneudaneaszidumadeniiazainiian ImEJmiaswﬁaﬂ‘uumUnﬁ‘lﬂjmmwumumﬂu
HuiBnsiiaeiian uinziifedesludemoamlilunisussnanadietfuiuiu waanse
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Tuunihdumsnanaaunantunisdunssiasaenniidesitiave feazldesy
wendiflugunsaivdnlunisesnuuy IﬂUm?TEJﬂmauﬁﬁmmé’uﬁuﬂuiﬂmmﬂ'ﬁﬁﬂé’aaaaﬁ
Umngaama’l,unsvl,l,almaawaaaaﬂuamﬂwmmﬂmmamewmwﬂmmau GNP EAN
Nﬁ]smaluwuﬁﬁu"uaqaaﬂLLauUﬂjum”LUIwmiLLav%uaal"ﬂumﬂNmﬂ N Wag ¥ AuaIsu lay
mmmaiwﬂummumumauaﬂLwaﬁ]ﬂlmmmwmaglugﬂmsmmaaamwmaams dmsu
rvasiiausludneninudatuiiesldeevuendfiiinnversiendnauuuaaaedeie
lulnandlunsdanszisesoonmniiaed esinannsaudslfieauviomaindeinais
UaSEefy Wi UATA1 MC33172 uag LM1458 Wusu Tngnsesiihiaueiifedy 2 wuu fie
Luvimisesldesutenidnauassih 24) Tnefidaiiviisosathaussiulwineinniioglugy
esrsniidesvosuswiulnindumn uddwhulitussuienldfifianaieminusauliin
pavlwneanly éw%uumﬁW?’iﬁqﬁnﬁﬂLéaawf’iﬂumsaamwmwsﬂammﬁaaﬂu
Ingrinusatuil fe Lﬁuﬁ"mmmdﬁaiumaa%’wimai%aﬂnszﬁﬁaa%uﬁw Fathunsasuuu
aawmm'iamaﬂﬂimﬁlﬂiﬂma%uwwm ‘lwmamwmaaﬂuauﬂmmmmamuﬂummumu
[25] Laluuni sl anInITATeRans s MY nRITIhIaue e 1I99s 9y
gnﬂuaummgnmaﬂ,ﬂEJmsmaaammwsmaqﬂﬂsmﬁ]sa

3.2 n15As23aNIsIW AU asnseablae wasealuanl

<

melunssualiiFesvesestioudiinirverserdnmulvupaiaodiu asinal

o

fdeanauringdne fudnseualifosinuuan I, wazdiuay I, vesesvueudvie

Tulwarseuaunisealull (naxwan n)

2 -
I, =I,+1 (;}"j +1 +£”§”‘— (3.10)
S
. 2 2,
1l 1)
I,=1 +I.||-2-1 41| —--2£ (3.1
N B S (2]SJ 2 )

Tneft I, fe nszudlwilasuvesestusnd (quiescent current) waz I fe nssuelyiih
ludareesniavesralaed anaunseassaziuiinanszudlifinendns i, snide
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ca o w

aaaLLchagjmsJ’Luaumsﬁu'aam Fanavtsdunaiiidfglunisilvadeileidumeansnd
a0 Tnpfinavidruiivdessiiedunadeeriondasgnindneantluifieliliflaidunui
aens dmdunsiinisiwasuivasenseudlmdsetiluldouiy asldreesnseians
L‘ngEJULL‘LJaQﬂiSLL?I‘].WLgﬂﬁﬁﬁuammzﬁﬁuu’mﬁﬁgﬂﬁ 3.1 way 3.2 MUY Seanunsaaiuie

nsvinulasatl

Vee

JUT 3.1 2sasasanianisdsunlanszudliibesiniay

JUN 3.1 LERINTRTIa TN SIUAD LU AN Eua LA IR LAU TN AL UAINIIN39TS
wlasdyamussiulnindudyanunssualii (V-to converter) Inevioatuuwand A, 2

vnthiwasdyaanssdiulnit v, Widunssualwit 4 Jedidwiny

v
=2 (3.2)
R, :

=y |,<

1

o v W ¥ A0 w & 3/ & o v o @ (Y] =
dmsuidumu R, firefulyidesiuautiu azvihmihidudansadunmsivisuwdasues
nszualwinveslidesiuay 7, veswsdueud A, Tiduussiulnih v, ladsaunis

v, =R, ~V,. (3.3)

Tno? V. Ao usswiulnivedvidssiuay 9annarwIn n lidsuauduiussewring

nssualniweslWidesiuay 1, waznszualwih 4 ladsl

. 2 2.
I, =1Ip+15 [2§ J +1 “% (3.4)
s1
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Tne¥l I, waz I Ao nszualwiasureseslusnduaznszualuiludavesninreionand
ledvesealusnd A, muddu g wuali =21, <i, <21, wadvessnfidadluaunsi
(3.9) ansanszanelegldounsuidweandiaes (Taylor series) lovindu

2 4
1( i 1 i i
Iy =Ly +Ig31+=| ——| ——| —=—| +...; -2+ (3.5)
v 2(21&) 8(2181] 2

nFeulafinszualvin 4 fdadssndnssualudy 27, vbiwadluradulnnifen

fdeunninassiiatasauatuisasanabula asuaiusauszunuaunisy (3.5) lalval

bE
She

In=Tprdl |+ 2+$ (3.6)
S1

dieunuanseudlndn i, anannsn (3.2) asluannsi (3.6) aslanszualwih 7, wihiu

2

D08, d AV (37)
=1 + s 4 )
1/ xR 8ISJR12
LazAINANMIT (3.3) azldusedulnih v, Wiy
Ry, szi

(]BI+ISI)R2 2R 8] Rz _Vcc (3-8)
S141

< ' o =4 Y T )
MM (3.8) axiudnseiulnih v, Faduuswuliihideununssudlwidssiiuay
vasoavusndeziinaanudufusivvenidaosiuAussiulwidune v, waliliesss

cd o 124 Qs o v 6} o o ¥ o 1
Wunaiiddnlunisadeileddusinfiaesuuldesdusudassinaslmilavensly

4 o d' a’l’ )74 d" ¥
U 3.2 LERAIINASHTIIRANTIUABULUaINSERalWiRBR1UUIN FeadALUaINIaNn
Nﬁu,ﬂaqél’ araussiulWindudygraunseualdiagudaanu Tnefioaunaut A, a3

wihuasdanamssiulnin v Widunseuali i Sefidwindu

h=—=— (3.9)
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Vee

V3

leiil

5U% 3.2 199505793 ANsWasuLUaINsEhal W@ efuuIn

INNNARYIN A AsTguAuduTussEnIenszualifiveslidesnuuin 1, uas

nsvuala 4 lawiiu

. \2 2
7, bR [ﬁ—j +1]#1 (3.10)
S1

ffwunld 21, <i, <21, watwsssnAaaddudunisn (3.10) awisanszanslaely

synsufdaweundiass Inaideunseudlui 1, Tndldviiy

2 4

1( i 1( i i

Iy =T + 1 1| = f e =T g +1 3.11)
’ " . 2[2131] 8( \] 2 (

° v . v & v ' ° v “ P a
gnmstvualinssualudin i danddesndinssualii 27 vilinedluaadulnnd

o w ) oY Y o
fIEJﬂﬂ']aﬂll']ﬂﬂ')']ﬁ’aﬁ&lﬂquaUﬁ]uﬂ']ll'ﬁﬂﬁﬂNa‘l‘lﬂ,ﬂ AIUUEINITUSZTUIUENNTIT (3.11)
Talusigsil

(3.12)
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o v v Y < & w
neeslugud 3.2 fdunu R, Idlumsesndumsiddeuwlanssualiibesihuwn 7,
yoteeUnend A, Faansalounseiulwi v, lafaunis

iR, iR
172 1772

V2 =Vcc"(131+151) T (3.13)
51 _

diouseulwidh V. Aeuseiulvidessiuuanvesesdusnd vimsunuanssualvi i 290
o o 3
aun1sh (3.9) adluaunisi (3.13) azla
2
R, VR

T o7 (3.14)
2R8I, R}

v, =Vee "(131 +]SI)R2

= 1Y . o = Y o 4 5
MU (3.14) wandliidiuiussiuln v, Faduussiulwiriasusunssualibes
shuuinvaseelueudazinadauduiusuuvenmasaesivaussiulifBuns v Fanad

cal o w

& [ 1 ¢ o = 9 5 o o oo ° 1
ULﬂQﬁlgLUUWQUVIﬂWﬂiUIUﬂ']3?15W\1W\3ﬂ‘ﬁus']ﬂ1’]a@\3LL'U'UI‘U@'E]‘ULL@NUWUQG\?WQSU'}WU@W@IU

o

3.3 199508a5NTdales ldeaUnauddasnnuingdua [24]

o = o :’{’ 14 ) o
nuswulihasueunszualidesnuavvesesduent v, auaunisi (3.8)
:j L3 LY ) o 3 s o ] <4 =] v e & [ o J
tuwaunanildlunsdaasisiindusiniigss A waundeuduiusuuveniaeassiua
uwseiulniBune v, dunatfivdesstedunalesvinndasgnirdneanluiiiolild

HIAFURIUNADINIT A871925V8UNAR1NES 19880 URaNUBN TR Inaaluisoasuis
NANNN5VNISUEUBLARIT

3.3.1 N15M19UVR9NRsRnsInfidaslnldeadusudaesnitinaus

NFUN 3.1 Jusaulatulisasoensinfiaaslaaldaauisudansiiivaus lasa
U7 3.3 Tnefsasasinislounssduluiniedinn v, lufwdunauuulinduia (non-

inverting) wevpaluend A, Fugvhliuseiulid v, Sewhivussiulwiievine v,

fatiuannaunsi (3.8) anansadisuaunisussiulnin v, Talnidad

Ryv,, R vju
&) =(131 +Is1)R2 - 22th SI;RIZ —Vee (3.15)

Answinszuanlnue v, 9zl

i, =i, +1i, (3.16)
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Vi ié Rg

lll %)
i2 i4

o~ —e—+ Vout

%
ié
-

.||I
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vV
=
N
>
IS
>
N

UM 3.3 29950903 InTidedlnslvealuenlansiminaus [24]

o . R Y .V, =Y . V.—v o
vnsunuennsenalnin §, =2 e =2 3 gy 4, =-S—3 adluaunisi (3.16)
R4 3 6
wiounsingUlniagla
A V. v 1 1 1
—L"=—C+—2—(—+—+—]v3 (3.17)
R4 ‘R6 R3 R6 ‘R3 R4
vussReafuiisilaszinssualwiinlmun v, azla
iy =i, (3.18)
o U . Vin _V4 . V4 d‘ }74 5 .Y 1
nsunuenszualii i = —— ey =t asluaun1sn (3.18) niauviadnguing
5 7
agla
Ry,
y, =—Ln_ (3.19)
R, + R,

d. Ve 0 s A L dl = :-l/ = ] s = o v
iesanpuautidrAgrosesiusndiiuseiuliivduneisasslidiviodu Fevild
usasulwd v, SAwifuussiulndh v, fae deduaunisd (3.19) aansadeulmildiiy
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y, = (3.20)
R, +R,

wnuAusssulndn v, adduaunsh (3.17) asla

_vom:_RlVC +&V2—- L.Jf._l__*_i R,R, v, (3.21)
R, R, R, R, R,JR;+R,

iearugadeclunisiinureasiesdmuald B, >> R, wielénszualil i, &
' v Y v o & oA ) o
nansgnusiensivavenssudlwih 7, desaudanansenuls detuiiiounuansiului

v, naunsi (3.15) asluaunisit (3.21) wiewnsdngulnsaglsl

R R
R2R4 - vsm 4 R2R4 -1 Vou = L+_l__+_l_ 774 vin+v0/fsq] (3.22ﬂ)
81 R, R’ 2R R, R, R R, JR+R,
4 o R, R,
Tnefussiuliheaion v, = ‘RT{VCC —R, (I +1)} TR (3.22%)
3 6

dlefmualdl R, = R, sedunarissiulvdieerion v, aunsaidnsenlulalagimun

1 =i 7] L4 RR . o L% -] b 74
Vo =Vee =Ry (Ip + 1) WWuneafunwad | 221y a71150019a LA lAB UG LI
C cC 2 Bl St 2RR out
143

(%

o \ R R . o Y o
Sasndiu =24 =1 fatiuaunish (3.220) anwrsadeula vt
1°%3

R
AR 2v§,,,=(i+ij_—R7 Ly (5.23)
81, R,R’ R, R, )R, +R,

PInauMsN (3.23) anunsomusssuliiieiing v, liviiiu

vout = ksql \/‘; (324ﬂ)

(3.24%)

T - \/815113,21{7 (2R, +R,)

R,R, (R +R,)

] L4 J =i o 3 o = 5 2/ .
NN (3.24n) wansliifiuineasaensiniaesiuiauslinaguin 3.3 W Tiusesiulain

Ane v, egluzlvesdisinfigesvetusedulnindunn v,  lasansaddunlasu

out

dnI1venamBfiIfIuIL R, tWesLAen
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3.3.2 dUS50ULVRII9TnaRTINTdasneldaadnauldesnanuiiaus

n. PSRz URY
] v e LY a v a <
dmdudygruusefulnirBunngegn v, .. mldnmsRasueulns

in_max

1 o = < . < v -] J U
UszannuArluaunsi (3.10) &ffe i =21 w3 1‘;"’ =21, msunuasaR Ul
1

Wnm v, NauN1si (3.24) uasdaguasla

_ALR IGRR (R +R,)

vin__max - 2 (325)
K, 2R (2R, +R,)
nReuluieaiy aledyanas Ui ANAaEn V,, n. WINU
vaul_max =i 2ISIRI (326)

9naunnsh (3.25) Efmuals [, =0261mA R =10kQ R, =2kQ R, =200kQ
R,=R, =20kQ R,=1kQ uss R, =875kQ 215kQ uaz 96kQ (k

sql
1.5) 2ela v, _108.87V 268V war 12.6V mudwu lnasidauisausuiiialalag

in_max

~ 0.5 luag

mMsanuUIRAIAINIUIY. R, a1 9anaumsh (3.26) el v, .. ea@mdnsvenewiiv

522V Tagarianunsavsuiiuldlaenisususuemausnmu R unnauy

2. A1TIATIERAURANENATE999RT Ysenauie 3 diu sl
druiviadunailosanmalszina Vi+d® vessunsuidweandiasiiunis
Uszanmeaunisi (3.5) Tnsluiddewls e, 1Wuandesiduianuinnaindang1nddian

WNAU (NARWIN A.)

P _ n+l 1
Ep = 1 ) (fn)' a*? x100% (3.27)
273 (1-2n)(nl) 22

| - e w_ A i o [V &
o P Aowauifisiaialy wag a=—— ddwualy i, =21, was P=4 zannsoazie

S1
HaTRINIT 2 B9 4 wazldavesifudanuiianataindu g, =1.623% uddiimunali

i =1, agldanvesifudmnuianarnvdelfivs g, =0.685% diunisldrmdnsidu

i 14 o t 4 s (4 a ﬂy t %4 8/
= 'LIE]EJQS'V]’]IVIL‘Ui)iL‘EUWF]’J’]NNWWGW]UU@EJ&WYJEJ
S1
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drufideudumnufianaiminainmsransznuvednisivavesnssualnin 1, (ies
Pnnszualiih 4, @nReuly R, >> R,) lngluniilddeslidiiawainiifiniu fe &,

Tauduiussell (Menun 9.)

Vou = (1 + 8sq1 )ksql \/Z + vOﬁfset:ql (328ﬂ)
e g R, | 2R, (R2 +R3)(2R4 +R3)—(R5 +R7)(R2 +2R3) (3.28%)
“ 2R, 2R, (R, +Ry) (2R, + R,)
. 2 _
LAy Vogsesn = 21 R, (R2R4 +R,R, 2R1R3) (3.280)
; R, R, (R2 + R3)

UM (3.287) Weunusaausiunuse 4 nmatmunsiountiiazlia Eoq
POWEANLSRTIVE B 0.0511 M58 5% lasamsaandiasianisidaiusimmu
R, TASAmnnanInAanuaumIg R, 110 9 WazanaNnsT (3.287) dounusising q agld
mauAanamviliAnusuliearion V.., =2.37mV wudeiuaunsoann
awhensidmarmiumy R, ianan 9 LLasmmmﬁmwmmﬁ%gﬂﬁﬂ%’ﬂiﬂamw%’um
V. o

dufrudunaiiesanmsivdsuulaseumpinaden Mlnanssvuraamiusiu

MuvssiIgun usazansendlnitludaresesduand vinbiAnusesulnieeigniilo
MNQUNDT Vygran A9ANNITT (3.290) Tausznausay 2 dau (n1Amwan 2.) Ae dau

ST1VNBRANAIN £y, WazdLUSWLLWTREYIIARANAR £1opr

Vrogsesgt = Your % Erxsqt T Erogetsy (3.29n)
< o, -
ne# Ergoat = (_lz_R) AT (3.29%)
RR 21 R?
waw gTOﬁZs'elsql = (R 2_*_; ){(]Bl +1S )_ ;12 1 }(a}a +a1)AT (329ﬂ)
2 3 4

sl @, =50ppm =50x10" [26] @, =1x107 [27] uag I, =0.8mA azlde
Ergo =—2-5x107 AT uaglAR &0, =9.63x107 AT Fatudgumgiuindeuasy
Mngamgiivesvegungiifi 25°C Tilugamglii 75°C  wSe AT =50°C a¢ld

-3 . _ @ o t 4 I o
Epgeq = —1.25%107° WA Eppp =4.82mV uagimualy v, whiu 0.5V 1.0V wag
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15V Wl vy, WAU 4.16mV 3.5mV wag 2.84mV aud iy laganunsoans

pnuRananisensidmanudunu R, Tllannnndtaanudumuy R, 1n

A, MIIATIZRNAREUALEWNIANLE BerUsnauiidesiildalidheiu 2 diu fie

druiniiafunansvausmanudvesdyginuuiadn lumsiesgiaserfoms
auilineasiinsvinumeeuimiloutuasesnsesninulisneu (low pass filter) [28]
TnefigninvenefimutiBasle q 4, (o) v

AVO

4, (0)= (3.30)

)
1+
W34

o o

dle 4, Ao das1veredygulinss uaz o, Ao Anudidamdnesw (cutoff angular
v o 1 o o d a :

frequency) iUl @ >> @, UsBINAERTIVEIENA UGl luaNnTs (3.30)

Tmilawindu

@ Ay Dsap _ Dp

4, (o) (3.31)

jo jao
P A o o o = 2 . - o
il o, Ap wuuAIninsns1veneIunila (unity-gain bandwidth) a1naum# (3.31) 9gw

YUINVIORS1EIELALINAY

Y $o4) 3
4, (0)|~ Sz (3.32)

INEUNTN (3.32) @ansamaudanes £ lawiniu

F= T% (3.33)
14

° @ o A o oo & a oo
AM5U199908ATINNADIUUUNNUINUNEUDUUFIUITOLENWIITUINTRIAIUOAR
[ ] v [ < ] < &) =t 3 [ Aot o 1w
vy 2 daumenu Ao diuisniluvesesdusud A, FIRBLUUNITNLDIATIVEIWININY
wilsaiuauddneendadaifunuusianisasivenadunis druigeaiuvessey
& d‘ 1 1 ad! el o ]
woul A, Gmmaag“lugﬂmmawwmam'mLmﬂmwamsmmmﬂﬂmaammwm‘flu 2 @

Ao HapavaussmudNusuliih v, way v, Teel@ouluaumsladl
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foin= Jr ' (3.34n)
R S 7.
R, R, R,)R,+R

—fL (3.349)

v o v fa  ea @ : P & Y Ve °
fimualiuuusiavindnsveadunis £, vssesyusndvisaesduviiu 1MHz uagvi

AMTUNUAIAIUAIUNIUAISY 91AnTsAsuansuntiiagld £ | =103MHz uag

v & o v < o o w ' o
f. ,, =100kHz fatiuanudAneenue19930ens INasuunniNasgnanaegh f ,,
drufigeadunmsfinsantuFesesrnugndeslumslidyyrausiuliiedye
@ = o Y a @ [y ¢
Fupunslasuulasesdygimussiuliihdunnvesesduend laenilaglddniagd

(slew rate : SR) [28] {WuAIUUBNDIANNEILNTAUY %ﬁé’ﬂiwagiﬁmmﬂﬁ’u

SR=—2 (3.35)

dle ¢ fe Pranainisdsuveassfuliiierdne didvuald SR=0.5V/us  TAny
) U v L% (3 oda a

mingireeuuendasliussuliinedwaidnisiudeuntasnin 0-0.5V agluna lus

Isfednagnies dmudgannuseiulviiinewinnfiegluguraumainiiuenddganiiu 7,

y =V sinot awnsamaniagismenisvioyiusals

sR= Loy peosor (3.36)

dt

o] n o Y ¢ - < M =] P ) v
naunsi (3.36) niliussduliiiednnidgaiign Aogen of =0 Weunudazls

SR=V o=V, 2xf (3.37)
%50 f.= SR (3.38)
27V,

1}
[ a

ld < i L2 L5 LY el ¢ i L2 L
dlo £ Ao mnudduiusiudnsiagd Jaduanuiigegavesdyyraussiuliiedynii

é’aﬂﬂﬁdﬁﬁgnﬁaa Faduilesmualiueutdyavesdygrafivun 7, =025V agld
£ =31847kHz flum ¥, =0.5V 1§ £, =159.24kHz wasfivun ¥, =075V oy

1

18 f,=106.16kHz Fevzfiotmudvisanudumdrinmiugnsesvesdyguusaiuliih

¢ v bAoA ) o o o vy W Vo ddo w
LEJWG]W,G\W'JEJ LLG]L&JEJL‘V]EJ‘Uﬂ‘Um’mﬂﬂﬂaaW%ﬂ’m’Jﬁlﬂm‘UNﬂu QSLﬁU?qﬂqﬂqqﬂJﬂWﬂ']ﬂﬂﬂqi
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J L= o L% (3
VI']\?’]U‘UEJ\TN"\]?ENﬂ\?LUUﬂ'J']QJﬂﬂﬁE]@W@EILW?"I‘”&JF"I'\UE]EJH'J’I 334} ﬂﬂWLLiQﬂU‘lWWWLQWWWG\QQQW

o Hes 13

Jvun v =522V azld £, =30.5kHz Fafunuaisadusisitanisiuees

out _max

’NQ‘JLLVIUWJ']&JQF’]M@E]W

]
& o

3.3.3 NANISNASOUNISNIUTBINsansInfigaslneldeadusudassnanin
LEUD

ynmsseaseddaeldaunsaliifinenuismainacuuuesaeunyseasd augui
3.3 Toeldoouuoutl UA741 uasdadumuiiiiaafionain 1% dmdudmnsiimesve
aﬂﬂimmaGﬂ,mwsw’liﬂumsaﬁmaasuuuamm‘lﬂums'\w 3.1 fmusliuvaselnides
un 212V dwsusenuniu R f\l“L‘Uumm‘LM’]'L!LL‘U‘UUi‘Uﬂ’ﬂﬂLW’eﬂ‘UUiUﬂ’l@ﬂﬁ‘U&J’]ﬂ

mmumsw (3.24)

A15997 3.1 A3 Ewedang o vesesneanidedingltesyuaudani

WISAOT Al
nszualwihasu 7, 0.8mA
nssualwihludavevisesaanaed I, 0.261mA
unasRneusaiutvin 7, ~9.88V
fagumuniinnsdt R, 10kQ
fadumurtinesd R, : 2kQ
fadumuviinas? R, uay R, 20kQ
fagunusiiaadd R, 200kQ
fdumusiiaUsunld R, 1MQ
fagunuriinasf R, 1kQ

‘J ﬂ' ] ! L% L2 -y
JUN 3.4 wannan1snaaauiioiinsulsAdygIawssdulnindunn v, wuu
fuadlwaseiaus 0V 83 1V edmuadnsueny k,, wiriu 0.5 1.0 uaz 1.5 lngvin
AsuSuARaEumY R, THvidu 875kQ 215kQ uaz 96kQ mwa1iu 91nnsIwka
v @ ' [ (3 a o o ' o
nsnegeusanslmiuussuliiedine v, ve9easidnaussiiumInngeIves
9 a 9 a o vy YR v
wsaulnidune v, levanansauiudsudasveny i, TamensusuaAIAINsIUNIY

R, o
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I S OOy P eeenan e X
: DA AA®
144---eeenitt 5q1 T O U U AAA ...... .. |
. . Y o : ;
e t =1.0 AN : : :
1 sql AAAA. : : :
: = : : A : : : :
124l A ksq1 1.5 i KA‘ .......... b b ARSREY "
. ) AKX : : : :
E : : AA. ) : K .
. . ' alk . H . .
T S SN [ haeann A ...... heeamraneeeees feennanan eenen .....-
: : AL ; : 000®" :
: DaAT : | 2900? :
] : A : : o9 : :
~~ . AA . . ..... .
D> 08 :...“..:, ........ PR :,........ ........ Beesenns e e
N’ , . [ ) ' \
- A '\ a0®® : :
3 1 s 0®® : :
N : o®° : : :
06 -4-------t.. x‘--:--'-----.‘..““: ........ U A S
A i _g® : : : :
i A e : 5 . ..lnll“!"-“
04 AL _@® L. U — L e e
A .. a .... :
... g
4 A ., ..-...... .
o | . :
02_A.....-i..l.., ........ T S S S O L
. ... N
4 ..
00 L I T I T I L ' ¥ I T I T I L l T I T I
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
v. (V)

JUT 3.4 namlgauantinindugrulinsivenasneannisedasldesuiendassis

MnranIaaesansatlunefidudaufianaindenslugud 3.5 ainnsm
azuandliiiuinvefifudmnuiiananngegavensasitiauesgi 5.53% TnefiAae
RAananadinazUseneusneA1AILRawaIn &, way £, WUy dmiummuianang
¢, annsaruanlagldaunisi (3.27) lneAndinssfulinednwmuniian @ 1.5V ) vied

nszualnd i = 0.15mA 93ld g, = 0.247% dmmuiianain ¢,

L Ansamuilag

Maumsi (3.28v) a¢ld &, =5.0% Fofuazivinaidnldannsmasiialndifsstunis
gl (s, + £,,) wasnandbidiuimionaadiiuultufieyhitufusnsives
Yon9asTiaue

dm3uguit 3.6 uansussiulwihtedmiianarnluiilesaingamgiivadenues
2asivisull Taevhmsidivgamafivindonvessasangamgiiesiie 25°C Tuiigamgll
75°C \dlefasannsimanaassazldussiuluinedneiiianaialufoumgd 75°C 1
81319878 k,, = 0.5 lawiniu 4.7mv fidnswens k,, =1.0 iy 3.98mV uagi

b

faswens k, =1.5 1Avidu 3.44mV snudwiv fedvisanuiuezlndlfssiueiiduom

Y o

eRnnaunisi (3.29)
° o = o d o A o
dmsugun 3.7(n) o9 3.7(A)  wARNNANISNAaaUIsNYIEUeLileinisUou

Y a o o o ot a 1w o o
wsanulwiBunaguaduauvisunivuaueutdgamnnu 1V “ennun 100Hz  1kHz
o w ° v o o oo
wag 10kHz suaeu Ineimuslniasimiiauelionsvens k,, =1.0



Error (%)
|
°
.
u

Error (mV)

Temperature (°C)

JUN 3.6 ussiulwihieviyniiiananaluiiesnngumgiiveasasnensiniides
Insldeauuoudanis
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Tek Stop ; f - iy ]

ChZ} SOOmV MD 00ms Af Ch1 J' 490mV

LI A A A I M I M A IR SR R AR i e AN LA 8 T e G et

......................

B SOOmv schz( 00mv N M}ZOO}JS& A Ch1 5 490mv§

< o
() eudvesdyaausesulniBunavindy 1kHz

sﬂw 3.7 NamiwmaawamwmamﬁﬂwaaﬂmﬂmaaﬂLLau"daaqmmmmmulﬂﬁwauwmﬂu
ammﬁmiUﬂauammaw
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Tek StOD 4 E - ]

ch1li§ 500mv Chz{ 500mv [ M§20 Ops| A cm ya 490mv}

(M) Audvedy s Ul dunawiiy 10kHz

g'ﬂ N 3.7 Namiwmaawamwmamwnwaaaima‘(maaﬂLLauﬂaaamLuaLLiaﬂulWﬁ’laumeu
aiyzymg‘lmaumumaau (91@)

Tl tel At o TR o3 VY U6 YL n e el

.............................................

Chi 500mv ) 500mv M2, OOms Ai cm v 500mv§;

(n) ArmdvesdygausulWindunnwiniu 100Hz

{ i v ) o oo s =
Uil 3.8 namsvnassvevesneasniiaednsldoaiuonlansiuiiouseiulnidunmiy -
dyaauguniugiey



TekStoD | f

M 200ps A*

ChirSoomy. So0mv M 20 Chi 7 500mvg
() A mDvesdy TR ulWiBunAviniy 1kHz
TekStop = o |

Eﬁﬁ S5omv

;chz( 500mv

M{ZO oS! A} Ch1 ¥ SOOmV

(n) Anudvesdy sl unawiiu 10kHz

35

P> a £’ U o o (% a
Ul 3.8 Hansvnasewanvsnenniidedinelieaunondaasiaiionssiulwihunadu
deyayauguadumed (ve)
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a =) d o A o w
gﬂw 3.8(N) 89 2.8(A) WAMKANIINAAIUINATNUNEUBLLBYINNISTDULSIAUlWHA
a a‘ KAd =Y 1 a d' d'
auwwgﬂﬂaumwwmmmamﬂagmmﬂu 1V, nAun 100Hz 1kHz uway 10kHz

auddiu Ineivualinaesimitauelidnivens &, =1.0 Ssnuanmsvaassdedynu

Iaduiians wandliifiuinneesfidiaveduauisariinisnensiniigeswesdygyio
LLsaﬁuIWﬂﬁuvgmﬁLﬂuﬁgyingﬂﬂﬁuammﬁsJaJLLassmﬁJu"l,ﬁastnﬁaq

ﬁm%’ugﬂﬁ 3.9 LAMNTMINARBUALBINNAIATEINATTII AN N0 WauIse
mmwdneanisaswens k,, =0.5 Iy £, =96.55kHz fidnsveny k,, =1.0 18

wiiiu £, =85.68kHz uas7dnsnvene k, =1.5 lawhiu f, =88.75kHz mud1du T
suunawamiulndidesiu wasdalndlfesiuaidwnlanimguimenisussunu
AMINEANNITA (3.34)

Vou (V)

»,

0.00 —
100 1k 10k " 100k M
Frequency (Hz)

JUN 3.9 nampuauBmRANMUIvEINITREATINTIdedlagldeayUnendaai

definnsandumnugniesvasdyaaussiuliinednmdosnadnags ne
NNISELIT k., =1.0 gl £, =159.24kHz uay k,, =15 2sld £, =106.16kHz
Falmunnnitpnuddneenfiinldainaimaaed ﬁ'ﬂﬁu'uﬁngfymLLsaé’u”LWﬂﬂLmﬁmeii’mlﬁﬁ
middnsaassazfeslinmmgnies Seaunsoduduldeguit 3.10



TeksStop | f———e S
. . . . N .. @

........................

chil 500mv - SOOmV : M}Z 00p.s A cm ra 500mvz

..........

e M et s Ao e s i - B S e S i Sl S S 200 A S QU M S S S T S S R S S N A 2 R

m ...... ..... f ..... :

........................

chii 500mv z[ 500mv M2, 00].15} Ai cm 5 500mv

(%) fimudidneen £, =88.75kHz wosdwnsvene k,, =1.5

3.10 sUdyanaussiuliiieinarenesneasniidedlneliosuuendansha
NAudAnoaw

=3b.

U
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LazIINRaNIIRaTImInaNInsaE udulddneesitauetiu aunsanensnitaes
léfaehqgné’aamwé’ﬂmsﬁlﬁﬂﬁﬁw TnefianusausudnsvegldsunisuSuaininu
Fruviu R, uazA1aussousang q veeeasimlfienisussunadimanguiasiian
IndiRsefiuaitinlaese Z’ﬂ‘wi‘U’J\‘ﬁﬁﬂ@ﬂS’]ﬂ‘l’laa\‘iLLUUVI?!ENVI‘\]"U’]L&U@I‘lJﬁWGIUVIQIUR]“LU‘U
mMsameasiiviessuusutifiesiiendesnanimdnmevnesiol

3.4 1393509a5nTanslae deadwaudniisnanivingus [25]

ausulnimUasumunszualiidosinuavtesesdusud v, amaunisn (3.14)
Huaziinatnanildlunisdauasizrifandusiniiass Ao naunlamuduusSwuvenfidsdns
v 1 ") a ) P & ¢ P o w o v
fuAusenulnindune v drunsifiviesstedunatesniandezgnidnesnluiielild
Haddunnunfesnis srenrsaemeunuiiatteusstulihiauiusfueawwnuRnAS

! a; ' 5] LY A 174 s A 2/ b 74 I :i'
panlu feazhinilauntursasnonsiniiasslaeldsatusudassiiNfoaldrsasveenasien
asneeslusnddnuilesi a1u15na3U1en1IannNIsTasIsniLauslasail

[ d' d o) i [
3.4.1 N15I9IUTBINATnIRI N ne TdoaunenTnilanaNtaus
9n3U7 3.2 dndrudaniuiesaeasnfiedagldoouwendunilsiminaue o
JUN 3.11 Feansaaduiemsiaulaneil seduend A, wasdiuniu R, s R, 91

v

v o & ) c ° a &
i ilunasveenasia (summing amplifier) $1uau 4 8unn Ao v, v, v, Uaz v

waznAnaNURdAyresealwondnu sl nvBunaisaesvasliayiniy Aauusesiy
Q; L2 IS 1 L & Q 5 = f Gl L2 ¥ 1 U
Iihnanndumaiidninunsnnme daluannsaleseinsesalaihnunduwaldivindu

ig =Tpchiy i (3.39)
9 ' . v, . V. . V KY . Yy =
msunuanseualin =-2 =2 i =57 gy i =--2% aeluaunisi (3.39)
R, R, ° R R,
wiounsingulniasle
R R
V., ==V, + =2y, + (3.40)

a3 6
out in Csq
R, R’ R

\eAugnieslunisinauusssasdesiinuald R, >> R, wielinszualnia i,
nansznunsnsivavesnssualnin 1, devsudananssnuls viussferfusiesiinuali
R, >> R \ielinszudlidh i, fnanssnusenisivavesnssualih i, desaudszana
i =i safudeunuAuseulih v, anaunsi (3.14) adluaunsd (3.40) wouadn

oul

sulmiaglel
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R2R6 2v3ul+ R2R6 —1 vout =R6 vin+vof].'s‘q2 (341ﬂ)

8I_RR. ™ \2RR, R "
Tneiusailwiheen BECK PN X0 AR | P (3.41%)
aofiusaulnineanion v""’ﬁ"’z_f{ o= Ry (I + Sl)}+R Vesg 419

4 5
] [ v ' U o as 1Y J o a =
dwiulalen D, lagnsesiuliitedesiunsanan (latch-up) (28] Wousetulnindunn

y, fanfufinay wazenaunish (3.419) useiulwihearin v, aunsandnlalag

dmualiusssiulnin v, = —%{VCC —R,(I, + 1)} WiuReaiuwal (%Ri—ljvm

4 1744

o @ o 1 R2R6 A a d’ =1 1 o v o =)
ﬁﬂu?iﬂﬂ']ﬁ)ﬂlﬁﬂﬁlﬂ']ﬂﬂﬂl% 2276 1 pasiiansuUIN TSN INNUNLEN DU
1744

Husesaenenuundumasedusulnfiennzdedrmegusiinausiie daduaunsa
Beuussiulwiedne v, Aty

=k oV (3.42)

815, R, R . AR ‘

SN ganaunnsit (3.62) waadliiudnsesnulnieinnue s
R2R3

pensniaadaslfestueninisiil egluguvesarsniaesvoussiuluidunnlasll

Sarwene k,, wallvanssiudaiuiseulitdugn dmsusasiveeaInnTnUsuAIBeN

AUy R, Liessialhe

Ul 3.11 2wsaeaniiaediaglfepunendnilei [25)
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3.4.2 #3550ULVRI9TInINTINTIdadlaeldaauandnilsnfitiiaus

n. M3AATIERTIU IR
WuReafumM ATz esLuUinis dvsudygaussiuliindunegegn v

in_max

[ ]
a’ <

fhsasiuldasiuegfudoulumsussunaluaunsd (3.11)  Fadfe i, =21, wie

V [ 1 o (3 dl U 14
1”{"’ =21, mmﬂmumusmulw%La'm'vgﬁ v, 9NENA1TN (3.42) LLas’«JﬂgU%lﬂ
1

- 4I.§1R12 - IR R

vin_max - 2 (34‘3)
k., 2R,
ndeulufstuaglidyanauseulnie FNegeEn v, ne WNU
voul_max < _2]SIR1 ' (344)

naunsi (3.43) rivuald 1, =0261mA R =5kQ R, =2kQ R, =R =30kQ
R, =150kQ uaz R,=3.15MQ 780kQ uaz 347kQ (k,, ~0.5 1 uag 1.5) azle
Vi max =274V 6.7V uaz 3.0V pwdau Tnamiannsayuililnonisansuind
AuEuniu - R, nioifilvuiadianudiuniu R, wazaInaunsi (3.44)  agld
Vou_max = 261V Tngeniannsouuinldlnensusunneseudmay R, Tiunndu

2. MSIATIZNANRANAINUDI99T UseNaunie 3 dau fiadl

1 a‘ 1.1" [~ o [l 2 o L3

drufindudunaifioinnisussanad V1+a® ssseynsuitdeesndiassiunis
Ussanamaun1si (3.11) sfiagufeduainnuionain g, Aun1sIATIzRieasnen
s1AfidsILUURTELaraInaun st (3.27) AnuasidusainuAanainiaiuisaasiienisida
o L} i Ay
anINaIu —— UDYY

St
1 a [~1 a = a'
dufiasadumiuianaiaiinainnisnansenureinisiuavsesnseualnid 1, es
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R, =100kQ R, =20kQ R, =200kQ wagdmumaiueunu R, uag R, awgn
Suamudnsvens k, SaiAnaun1sned 4.2 Wevhnsunuaasldvng v, o, . saw

v

in_max_A2

o v & y d o w o ) [y a ]
| ANRN51971 4.2 FatumnduifmusninssauliinBunegean v, . 12993

HldAavurnidauninusamiiny v, FagnusalfinAtlalagnN1SIRNTUINAIAIL

in_max_Al

fuvu R uaz R, lunau

o ) o a o b i 1 o L3
a5197 4.2 AussiulniSunsgegafidnnilimmgufreassmanduy sl

Sas1veny | A1ANUAIUNIY | A1AIasunIY LU WU
ke R, Ry Vin_max_A1 Vin_max_A2 \
0.5 10.2kQ 100kQ 10.44V 10.68V
1.0 500kQ 50kQ 5.12V 524V
1.5 500kQ 9.2kQ 347V 3.55V

2. MeinsziauRananavasaees Usenaude 3 dau il

dudintadunnufsnaindominmsussnm V1+a® veseunsuidseand
medddndniilunianuan a. dwiuresiiauetuinisussunurisassestusud
siiudefienudnnauianaiaidesnnnisussuumiiodesiueeduend A, Wiy
Ep a1 LagAmRawanissnInmMsUssnamiieadesiuesduend A, viiu &, L,
Feiimsdeseiimiousuiingrliluuni 3

drudiaeninannmsivunideulevesaddumu R >>R, R >>R R, >>R,
wae R, >> R, iieldAanansznuvasmsinavasnszualiuslumafidseaiunfame

Felavinsinsisviananuiananaililunianuin . Asauns

Vour = (1 + Eab ) kab Vin + vijivelab (4-24ﬂ)'
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. —2R,R
1o 8ab=7 BB ~2R; Ry (4.24%)
Ry (R +2R;)
2(R,R, +2R,R, —R,R, )R :
way Vogseas = (RR, R3R8 ) 2 I, (4.24m)
4°M0

d ﬁ. 1 4 J o U 3 b2 d’l 2 )
ANANNTR (4.249) WsunuAiauiunIuang aannsimuadineuntiiaglae
£, =0.0682 v38 6.82% dmiunsawdnnveielasannsaandiasiisnsidfdinunu

R, fu R, daming LagInaunIsT (4.24m) ieviiniunuaiaieg azldidiainy
AananadivinliiAausefulnfineerhend viuieaiudasivesls Vo, =267mV
Wuienfuansaandasmensldmanuiumiu R, Wldwne wazAAURnTEaRE
segnidnlaensuiua ve, uag ve, M9
dnftaiudunaiiesnnmaisunlasgunginedey fiflnansznuseAiny
FrunuvesadunuLazAnszualiinlusavesesduend inliiAaussiulvioevian
\199919M0T Vi Faaun1si (6.250) SeUsznaudae 2 d1u (Maxuan a.) Ae @y
SATIVERANGNN £,y WAZAIULTWUIHANBOMIARANAIR £y WARINMITILATIEN

Erkas =0 AU Voo = Eroges BINAWNUANNTIN (4.25%)

vTOjf:etab & vout X gTKab + ETOjfxetab (425ﬂ)

K,R,RR

R
Eropsetab =(0‘R+a1){%(132+]sz)+ KRR ! (131 +1.91)
3 ! IRACRICT)

> (4.25%)
2R
.+——R3 % ISZ}AT

2
10

a1naunI1sf (4.25) leiinisunuaieng q eand1eiu wasimuald o, =50x107
o, =1x107 I, =0.81mA uay I, =0.823mA vl &y, 7 K, =0.5 Wity
6.76x10° AT # k., =1.0 Wiy 5.44x107AT uasil k, =1.5 wiriu 1.59x107 AT
Fotufigavgiinfu 75°C 981KAY e =33.79mV,27.19mV,7.96mV d1miy
k,=0.5,1.0,1.5 audau Tasanusaanaauianaaiigionislimeaudumy R,
uwaz R, fiAnnng

. MFAATIzRansUduamNAINND BaRUsenevTidesmildadinieiu 2 di Ao
drudiniadunanovausmnianudresdyyruauinidn 1aun1s3insenas
a [y a « o o o a o v o e -
wilsufumsiAsIzisasnansIniiaadiuund 3 derssimitausuulennmsmaNARoaw
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Wy 2 daudneiu fe druusniduvesseduent A, Fwadurasifisnsvenswhiunis

v Y o o o VW@ fa o o ) P o
fatiuaudfneenIdiawhiuwuumiavindnsenelunis drufigeaiuresesiuond
A, Fereogluzurensasyesmiuuanindinimianuddneeavazuenidu 3 du fe

nanvaussmmdnusulidi v, v, uaz v, Inelisuluaunisldeed

Jow= /3 (4.260)
- (K2R6R7 )
K\ RyR,

e

K1R8R9

(4.26%)

(4.26p)

¥ o 14 g e o [ P2 roa [ 1 8/
MnvualluusIaNneasueeluniy £ wihdu IMHz Lagiiin1suwnuaIn s unIY

an nmsmvueneuiilagla £ £, weg £ Auensei 4.3

A13199 4.3 ArruddneeniirwInlamgureaIImAFuysel

shswene k, 2\ boire Y 4
0.5 409.35kHz 1.02MHz 100kHz
1.0 98.67kHz 246.67kHz 100kHz
1.5 45.21kHz 113.01kHz 100kHz

[

cl' 1 L% e ° o e cl' © Id.
NATRANUDARNDBNVBIWITMAFRY TN uaUREMIUN £, =0.5 asgnitnnesh

Y

o o/ ]

£, dwiwmdeasgnitdnegn £, ,, Buudsuuasmudavensilie

) o &, a S ¥ 2 as o ¢
dufigeadunsfiasanludesesnnugnieddunsivdyaaussiulifieising
Toglddnnag? Faazlinmsinneinileuasoeanafiaeduuni 3 dnfudlermualvivun
a LY (3 1w 14 = 4
wenvagaveusulwdnednaiiy ¥, =1V agle £, =79.62kHz 0 V,, =2V azld

[

f.=39.81kHz uaszil ¥, =3V azld 7, =26.54kHz Feazfiodnanuivieanuilumdiin
augnsiesresdanussiulniedyamey
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4.3.3 NANITNARDUANTINUNITININYBTIRIImARYsallasTdoaduoudiild
Unaue

Lﬁm“ﬂumiﬁué’ummgﬂﬁawaamiﬁﬂmwﬂammsmﬂ"]ﬁuy,iiﬁﬁiﬁﬁ%auaﬁu 89N
NMIVATBUMIBNITNARBIRDITITINNUFUN 4.13 Taeldoauuand uA741 wagsdTUNIUNI]
mALRanan 1% wastmualiunaesglmiaetuun 12V dmsuamisiineseng q

fldlunsadnsasseylilunsi 4.4

A5 4.4 Ansifiweseng o Aldlunnsadnaesmarduysallagldosuuend

W3 1ames Al
nazualuinaay Iy, 0.81mA
nszualninasy I, 0.823mA
nazualnihludavesaanaied I 0.261mA
nssudalwihludaveseaiaied I, 0.267 mA
fsumuriiausuale R, 10kQ
fafumuiianddl R, 2kQ
sadumuviianed R, 10kQ
fafrunviianed R, 2kQ
fafunuiinas R, 5kQ
Fagunuianai R, 100kQ
faumurlinusumle R, uae R, 1MQ
faunmuaiinas R, 20kQ
fafuvuvdaned Ry, 200kQ

[

nAsIeestuasen 4.4 vilildrduussdndanneu y lawmindu 0.25 wih

4 o

Ul 4.14 wanwantsvageuilievhmsudsadyanaussuliibune v, wudyg
Trlpsasaus —2V i 2V dedwuadaswens k, wihiu 0.5 1.0 waz 1.5 muadu lag
¥msuSuAm Uy R, uag R, amansei 4.2 9annswinanisvaaosuanslilii

wssulwiiednn v, vensesiinausanBumduysoivesussiuliihdunm v,
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0.04--------mmtee g SRR " Bg--oee peemeneeee R R AR
: : . Hg . 9N . . : .
- : .l..l:l..l. : :
oddi b gmh @A Ae Ry L
T . L o A Ae A T 5
0.8 e g It g @ o At Mgl
| i : : : ; : e | :
. : ® A A ® [ J
y : o , : U ) : .,
1P IS PN AN e N O
: e : A : : : A . e : :
. . @ : : : e :
—~ iy :A : : : A: o :
> 16 ¢ Y e R SR SRR @
— o A : : : ‘A ‘e :
3 7] ® : : @
2% oo d @ A L =05 i A 8
[ ab . ®
) A ° =1.0 A o
A ab : A; 5
D4 A  CRTETETRPE AP A =15 iy A
| A ab A :
DY T U SRR ror S - e IR IRRRURRRE A
| A : A
A : A:
'3'2"L .................................................................... L, LTI ST A
T T T ] T T T T T | T T T T T T
2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

Error (%)

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 L5 2.0

vin (V)

U 4.15 nsesifudanuiianainainrantsnaasslugui 4.14
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wazarnrantsnaaesansathlunvesiduiauianamladensiwlugui 4.15
v o2 ¢ & ¢ a ~ o 1 o o
Pnnsmazuanslifiuiefidudauianaingegavesisasiiiauesyn 8.67% e
AAINUARNAIATIARALUTEABUMBAANURANAIN &, ,, &p A AT &, TIUNUBY d WY
mpnuianan &, o, ansofwnlagldaunisi (3.21) lnsAniussduliidunauin
a o a o . v A Y
flgn (i 2V) wiafinszualiiy i, =02mA agld g, ,, =0.43% WulherTuAIAIY
Aanann &, ,,  @wnseswalasdniussiuliinetdyauiniiga (1 3V) wisd

szl i, =0.3mA ¥¥lR &, ,, =0.83% dwmnnuianaIn &, @saAINlag

s

IFaunsh (4. 159) ) asld g, =6.82% Fauaziuinaialaennsesdalndireeiu
wa‘nm;aqmwmwmﬂwmmmquwgmamm LazAAawaniiuualduasliduiy
SnsUE8T09995 T LAUD

amsusﬂw 4.16 u,amLL:Nmulvxlﬁ']mewGmwﬂwam“l,ﬂLuaamﬂammmmaamm
29esideuly IﬂEJmmiLw:JammmLnmaamanwsmﬂamuﬂwaqma 25°C lﬂwamwnu

d

75°C Luawmmﬂninﬂﬁmaaw3191Lmﬂulw%hmewmwwmwmmlﬂwqmmu 75°C %

Snswens k, = 0.5 1Hwiiu 35.49mV #idnsiaeny k, =1.0 laviviu 28.47mV uash
Snsvene k, =1.5 TivirAu 9.39mV  sudwiu Fadmnsanutusslndlfesiuafidum

Idnaunsi (4.25%)

35 ]

30

25

20

Error (mV)

Temperature (°C)

€l o

S‘U‘VI 4.16 LL?WIUIWW']L@WIWGWINﬂ‘Wﬁ’Wﬂ.‘UL‘uaﬂiﬂﬂE'Jm%ﬂﬂJ‘UEN’Nﬂi‘Wlﬂ']ﬁiJUimVIU’]LE"I‘U’EJ

mm‘usﬂ‘w 417(n) 89 4.17(R) LLamwamiwﬂaamwiwmmuaLmammi{lau
LLiqmulw%aumeﬂauammaamwmmﬂLLauUaﬁmaam 2V, wm'ma 100Hz 1kHz uay

10kHz pgndu Inermualisasieenuuuiidnsueny ,, =1.0
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chil T2 Ch 2 BB ATL [200}.15 Al Chi 7 400mv,

() AudvesdygauswiulniBunsvindu 1kHz

U 4.17 mamswmaawamwsmmauummaLLimulw%auwmﬂu foynyed
gﬂﬂauammaam
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chil 2. oo_vw

A

100v @ l\n{zo ous Al cm 5 400mv§

(A) Aanutvesdyanuswuliidunawiniy 10kHz

Ul 4.17 mansvisaesvenesmAdLystidoLswiulwinSunmludyae

Tek StOD

supduanmaey (o)

Ch1 2 00 V

TV M§2 Some As_Ch1 I -100mV

(n) Anudvesdyyraussiulnihdunaviniu 100Hz

o

31] 7 4.18 wamimﬂaawaqamimmauummaLLiaﬂuIWWwauwmﬂu ey

gﬂﬂaumau

(3]

76



Tek StOD | &

cm{ 500 v "

() PNUDNVDIE

1ﬂ_oov Q

*l\rlizoopsj Al Ch1 I 400mV*

&
B
£
a
Lo
hO)
=
=
=
-
o)
7
=
3
e
i}
2
=
E

ek Stop g e
e e e

Chl{ 200V ICh2) 1 00V

M§20 O}JS} Al Chl J' 400mVj§'

o 9
(M) MDD grauussnulnvBunsvindu 10kHz

JUi 4.18 namsveaewwenssmAndiysaidioussiuliinduymidy

Qs

o €
suPAUTIEY (MD)

QTR
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wasgUfl 4.18(n) T 4.18() uamman1TvadeulITIiNaueLieyinsleu
@ a o PRy a o o
Lmﬂulw%auvgmgﬂﬂausmaﬁwmu'mLL@uUagﬂaaﬂ 2V, vaun 100Hz 1kHz uway

10kHz sudisu lnefmualiisasfieenwuulidnsiveny k, =1.0 dinnani1svnass

v o2 1 A o v DR '3 [ 'Y} a o o
wanaliiiuinieasiduauetdu annsoliarduysalvesdygrnusedulnidunniduy
dyaalnaduliegrgneias

.....................................................

—
(=]

e
n

3.5
]
3.0 e
2,5_: .........................
N 2.0 ot
> ]
el I
—‘§ ]
> 15 S 7 AR e ¢k ¥ Y PRI TANA " C R C e T G W
i

g
o

— T T —— T — T
100 1k 10k 100k M
Frequency (Hz)

(4

JUT 4.19 HARDUALBIVINANINDYBINITINANTNY 58]

z%’m%’ugﬂﬁ 4.19 WANINTINAARDUAUBINIIAINUAVDII9ATTINAUD 2INNTIN
AunsaniALadneeNensIsignsvee &, =0.5 tfivindu 98.52kHz Mdnsvene
k., =1.0 lHuiiu 94.23kHz uasiidnswens k, =1.5 Iivindu 43.847kHz Faaziiiu
el lndidseiuafimuaaldmamgueiienisussinaumauannsi (4.26)
wiiiofiansanaugndesvesdygrauseiuliiiiendyadienislidnsagd dwmsy
Snswene k, =0.5 innuddneen 98.52kHz Lmé’u‘lw%%aﬂﬁwmﬁgﬂ'ﬁfmLiﬁ&lulmﬁm

\Entiesiilesann f, =79.62kHz ﬁ'agﬂ'ﬁ 4.20(n) uwAASns1veY k, =1.0 finanud
94.23KHz useduiliiniodweiiguiaiiouludeutrannilesnn £, =39.81kHz deguil
4.20(%) uarBafismavens k, =1.5 Ainud 43.847kHz wsesulwiodnaiizuda e
Wumilessn 7 =26.54kHz faguit 4.20(m) Fauauansfan1siaureaansi

iavedlousssulwiowneivuelngmsldanudnndasagifavmingeaund



Tekstop{ ‘ {. , -yt ; ]

Ch1§ 200V SOOmV M2, 00}15 A» Ch1 Ea 400m\/§§

(n) Aienuddneen £, =98.52kHz vesnsweny k,, = 0.5

Tpicstopl [T o Yt e
P R oo cne e

(2) Aeuddnoow £, =94.23kHz veidnsweny k, =1.0

.

o o ¢ I e Y
JUT 4.20 sUdaussiuliihiedyavenesmenduysuinnudanesy
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Tek Stop | i b - 1

cmi 2 oov B Ch2RE oov — M4, 00psf TR qeomy

-

(n) NinudAneen £, =43.847kHz ve10nswee k, =1.5
U7 4.20 Uy aussulnditednmrvensasmAduysaiinnudAnoew (so)
INNANSVARBVNVINAEINNS0E Ul sMATdIYSEII LTI 3TavIAN
duysalvesdyanamsssuliidunaldedgniomimannsilananli lnehianunsauv
Snsvenelimenisusumaudumiy R, AU R, 4aza1nsanisnaasdlasnisneisasas
wansliiduinAtaussougangg vessesimlamenisuseaiuamagessielnaifeeiy
AIalaasa

4.4 1935 Nasnvatannesiasldaaduaud [30]

ﬂ’]’iVl’mai’JlJ‘UENL’JﬂLG]E]%Eﬂiﬂ'iﬂL‘?JEJUL‘TJUﬁQJﬂ'ﬁVINﬂZ‘?mﬂ']’e’{ﬁl‘ﬂ(;]lWhﬁJU

v Vi AV VR Y (4.27)

ou inl in2 in3

naunsT (4.27) wiuiimsmnasinresnnpesiuiaainnsindygaussiulu
?iu‘vgm"l,ﬂaﬂﬁwé’aaaqLLé"Jﬁflmmﬂﬁuwé’qmnﬁuﬂw‘hmmamﬂnﬁam FongldiduuurAnly
msasnnaTuvesnnwesiagldestuend Tnaasdunmsaauvansmaduysallv
ansadudgyraduwaiinnimiduyaldiielhidadyy asunnendiddes wd
ﬁﬂmé’iyzy']mﬁlé’x’mswﬁ’wé’amﬂfuv‘hmsaamﬂﬂﬁaaaﬁaﬂN%ﬂ@ﬂsﬂnﬁaaqﬁﬁmwamﬁa
feglanasmveainmes
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4.4.1 N1SNN9IUVR99SIHAaTINTBRINNDS Ine ldeaduandiinEaus

lunnsad1esesmeasiurasanaesiagldoateuduuuvanaussiuluiduns vin
A o 1 [ o 1 el U L h’ci‘ ¥ o
Ialneiendnesenidsaesnazdiunasnennidesvessmarduysainladnaue
snfeuhil Fauannsasisaedldfieguil 4.21 wweTmfudusunwlugui 4.22

Vee

Vee

R,
Rs
Vx AV oVl

Vino——+

R, §<—’\I/e\;\/—— R;

1 7vin

] v ve2
(n) 29958NMAIADY () 799500ASINNEDY

sUR 4.21 29storaynaswisduyselnliinaueniountiril

kw2

o o vV
Vil Jaseniages | AL
mn o P
(U 4.21n)
29TUNATI
k v o
MATUNNIRIFDY p27in2 WINBATINVIEDS v
Vin2 0— 4 5 - oVout
(3U# 4.21n) (U 4.219)
i
|
|
|
|
o o |
VinN NATYNNAIEDY |
inN 0—— ; —— -
. < 2
(5Un 4.21n) kpNva

SUT 4.22 LHUNNUDINITAINATINVDAINWDIN AL LEUD

v

31n9asenidsandlusudl 4.21n drdmualeulalidduniuy - Ry >> R,
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[J v R
S = ¥R, uasfmunli v, Z_R%{VCC — (I, +I4)R,} @wnsn
1 5

Weuuseulaidh v, Ty

__RRER o e (4.28)

Y,
1 2 in p’in
81, R’K,

dle K, =RR,+RR, + RR, warduuseAvisnisaavieu y sglurdn (0<y <1) vsiiud
uswiulnih v eglusgumdsaesvasussiuliin v,
waza1nvasaansinfiaesluguil 4.21 drimuateululvididumu - Ry >> R,
€ R R o 4
R, >> R, wagwau %:1 wazAMuaAl v,, :—%{VCC—(132+ISZ)R4} #7130
3448

Weouusseulnid v, tovindu

81, R’K,
4R9R10

\/7 ‘q\/; iile v, <0 (4.29)

dlo K, = RR, + R.R, + R,R, Mnaumsvziiuimswiuliiesing v, ssdussnd

doavodnsaiulilii v,
Wnsasisaesnesuiuduieesmranuvedmaesnunauomuwnun wlugun

4,22 SANUALERIITE18T0999TENNNEIRIYIINUNNNATUALTATIVYIUVBIITTNN
nasmiiunils azldussrulnieding v, Wiy

\/—\/ vm1 FVo g Fee. +v§,N) (4.30)

P F ' o o 39 v o
INEuMSH 4.30 uandliifiuinasminausilimuasiuvesdnmesuuunaisussiuli
Bune lnedidasvenswiniu .k,

4.4.2 §U550USVINAIMINATINVWINARS e ldoaduandnuiaus

0. MsiesziYafiRenu
drngasenmidaaes usesulnidunngeda v, .. ﬁ’m%%’u“lﬁ%%uag; fuAu
gnéfesasdeulunsusznamussiulid v, auaunsi (4.8) IngldRouladl i, =21
Fufumnsadeunssiulidh v, L. iy
v, =21, R (4.31)

in_max
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ouvAuseulwih Vi max asluaunsit (4.28) avusesiulnih v, viniu
I R,R.R
vl max == 28t (432)
- 2K,

1A (4.31) wae (4.32) fdamunld I, =0.26lmA R =10kQ R, =5kQ
R =30kQ R, =50kQ uaz R, =25kQ aglduseiuldi v, _ =522V Fsamwnsn

in_max

Wnauaiuntusmenisldmsuniuy R, A8Ag@Wy wasussiulii v o =-0.233V
WA fumansaiuunalinnTumen APy Ry wae R, Tvnntiu

dnnesnansniiaes usssulnievinngegn v wTuagiuaugniedves

out _max

Reulumsussanmausaiulnia v, aauaunisi (4.14) Wngldloulun iy, =21, detu

Aunsoeuusasulada v 1Ay

out _max

v = -2I,R, (4.33)

out _max

dwsuussnulnindunagegn v, . wildlesunueusaiulii v adluannIn

out _max

(4.29) wieunsingulnsasla

V1 " :_1S2R4R9R10 (434)
: 2K,

naunnsi (4.33) uae (4.30) Erfmuald I, =0262mA R, =5kQ R, =2kQ
R, =30kQ R, =15kQ waz R,=150kQ  aslauseiuladn v =-2.62V 3

oul _max

arursativvuialiuanluarenisldfifiuniu Ry niiA1getu uazusanulvi
=—0.082V 1wuldg1fuaIdaiunsatAusuIn U nT U8 n1ISAREAIAIINATUN 1Y

vl_max

R, uaz R, WunnTu

9. MyinTsiauianainuesases Yseneudae 3 da fil

drndinadumufianatailesninmsussinud Vi+a® veseynsuiidweund
wwesddldnanliluund 3 Tagegmanudionana ¢, ,, auaunsil (3.27) dmduieasen
Mdsaeinseiulnih v, wihiu 1.0V videfinssualwih 4 =0.1mA sgldrmuiianaia
1NASUTTUIUAIVDNITENAIREADY &, ,, =0.113% Wufeafureasnensiniassdl

wsedulalsih v Wiy —0.92V wlefinszudlniin 4, =0.183mA azldAnuianain

out

PNMIUTENIUAIVBINTUNTIEDY &, ,, =0.358%
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daufigoainannisinuaieuluvesmsiiiiuniy Ry >>R, uas R, >>R
o /s o hd ° g d E" 1a
dmiursaseniideaes B, >> R, uay R, >> R, dmiuriasaensiniiass ielddn

nansenureamsivavesnssualiuslunaujiidesiuifnnig Falauenvinisinsei

mANUAaNaIATIaB9as Inesedeaunislunisinseivensesmaanysaluniasuan
QI ) o L o 1 o A

. Buandwasasenmdsaedasiewmanuianaindu £,  uazganauns (g.7)

anunsallsuaumsvesussnulnin v, fsamaRenainldlvsivindu

V] - ——(1+8P )k Vin T VOjﬁelpp (435ﬂ)

pin

(R, +R)R:-R(yR +R)

il = (4.35%)
2 (R, +R;)R;
R.R.(vR +R
WaY &, R (7R, + Re) (4.35@)

V = —_— —_ V.
o = \ TS T\ QR (R R) )

NAMIT (6.35%) Wounumanudiumuseg Iinnstmunmteuntiieylde
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Sy = Je (4.39)
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Abstract: A method for implementing square-rooting and absolute function circuits using operational amplifiers
(opamps) as only active elements is introduced. The realisation technique is provided through the use of the
opamp supply-current sensing, which utilises an inherently quadratic characteristic of the opamp class-AB
output stage. The proposed circuits are attractive in terms of simple configuration and low cost. The
performances of the circuits are discussed in detail. Experimental results demonstrating the characteristics of
the circuits using commercially available opamps are also included.

1 Introduction

Squarc-rooting and absolute function circuits are basic
circuit building blocks for analogue signal processing in
communication,  instrumentation = and  measurement
systems. Many applications can be found in literature
[1-8]. The traditional realisations of the square-rooting
and absolute function circuits are implemented in the
discrete forms through the use of opamps connected with
an analoguc multiplicr and a diode [9] and opamps
connected with diodes or transistors [9, 10], respectively.
In addition, the square-rooting circuit can be conveniently
realised using a commercial analogue multiplicr with on-
chip opamp connected with an external diode [11], which
is the same principle as the traditional realisation. The
square-rooting circnits mentioned above exhibit inaccuracy
of the output signal at small magnitude of the input
signal. This is duc to the non-ideal characteristic of the
diode in the signal path used to avoid the output opamp
latch-up. The absolute function circuit, sometimes called
precision full-wave rectification, using opamps connected
with diodes or transistors exhibits the distortion in the
output signal during zero crossing of the input signal.
This distortion is caused by the transition between linear
and nonlinear behaviour of devices used in the circuit. To
avoid this restriction, the absolute function circuit formed
by the square and square-rooting functions is an attractive
result. One obvious advantage of the circuits designed in
discrete form is that the devices are commercially available

and inexpensive for individual circuit design. Recendy, the
approaches for realising square-rooting and absolute
function circuits are based on the translinear behaviour of
bipolar or MOS transistors [1, 3, 6-8, 12-15]. The
translinear-based  circuits  require  closely  matched
transistors and are only suitable for implementation in
integrated circuit form. The orders of small quantity of
the specific integrated circuits are uneconomical for
fabrication. To offer alternative support, there has been
much effort to design the circuits using commercial
available devices such as opamps. This is due to the fact
that the opamp is a high-performance, low-cost and
versatile device, Therefore the opamp is of great interest
in the electronic circuit design. It is known that the
output stage of any designed opamp using bipolar
transistors is in class-AB configuration, which provides a
quadratic bchaviour existing within the opamp supply
current [10, 16, 17]. The quadratic behaviour can be
cxposed using the opamp supply current sensing (10, 17].
The square-rooting and absolute function circuits are
proposed using opamps as only active elements. The
realisation technique utilises the quadratic behaviour of
the class-AB output stage of the opamp using bipolar
transistors. The proposed circuits are very desirable to
minimise the number of active elements by using one
opamp for the square-rooting circuit and two opamps for
the absolute function circuit. Experimental results
verifying the theoretical analysis of the proposed circuits
are given.
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2  Circuit description
2.1 Principle

The proposed squarc-rooting and absolute. funetion «circuits
are based on the use of opamp supply current sensing as
shown in Fig. 1. Opamp A, forms a voltage follower that
will mansfer the signal voltage oy into the voltage v3. The
voltage v3 = vy across the resistance R; is then converted
into the signal cwrent é = —/R,, drawn from the
output of the opamp A;. The output stage of the opamp is
the class-AB configuration that exhibits the chamcteristic
in the quadratic form odisted within its-supply current.
Thercfore the supply current I, can be stated as (10, 16, 17].

P A

P 2 2 W

+"IB for il =< 2]5

where Is and Jp are the class-AB bias current and the-opamp

quiescent ‘current, respectively. The square-rooting term in:

(1) can be expanded by the power series for the condition
of —1<4/2l5 <1 us

3¢

Ny
2

AN

1t
™~

iy

Figure 2 Proposed. square-rooting circuit

2.2 Square-rooting circuit

The- proposed square-rooting circuit is shown in Fig. 2. The
opamip A; and the resistors R3—R, function as three input
summing amplifier. Assuming that the resistances R; 3 R,
and R¢>> Ry are assigned. According to (4), a ‘routine
circuit analysis- of Fig. 2 yiclds

14V 174\ i
I=L{1+2 —1) ——(—1) SRS SRR A ) R / R
B 2(215 8\ 2t @ 5@721—;}:67;”&‘* 2;5;4—1 Voue = .,ffsq+%v,.. (52)

If the current 1) is chosen such that 73 < 2J5 then (2) can be
approximately given by

2 %
IP=IS<1+1’—1) 01,4 @)

8%Z) 2

From Fig. 1, the resistor R; is vsed to sense the positive
supply current I, of the opamp A; and the voltage v, can
be stated as

"’%Rz _nk
8LRE " 2R,

w =Vee — (Ig +Is)R, — )]

where Vcg is the opamp supply volrage. It should be noted
that the voltage v, results in the quadratic form.

Flgure 1 Principle of opamp supply current sensing

atizq = R& {Vec = Ro(Tgy +151) } + % Ueq (5D

4

where Ip; and Ig; are, respectively, the quiescent current and
the bias current of the class-AB output stage of the opamp A,
and vy and vg,q are the input signal voltage and the constant
voltage, respectively. It should be noted that the term of vygq
is the dc offset voltage. From Fig. 2, the diode Dy is
connected to prevent the output latch-up of the opamp A,
for the input voltage v, going negative. If the terms in
parentheses and e, of 5a and 5b, respectively, are set to
satisfy the conditions as

RyR, Ry .
21221124':1 and ‘"c;q=—R—4{Vcc+Rz(1m+151)}

then the. output voltage w,,,; can be-expressed as

SI R . -
Ve = /—_jilzR_slﬁ‘" =k, /o,

From (6); the transfer characteristic of the proposed circuit in
Fig. 2 cxhibits the square-rooting function with the voltage
gain 4. It should be noted that the output voltage vy, is
negative due to the flowing direction of the current 4.

©

2.3 Absolute function circuit

The. circuit for realizing the absolute function is-shown in
Fig. 3. The opamp A; and the resistors Rs—Ryg act as the
summing amplifier. The voltages ve; and ey are used to
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output voltage o and the input voltage v, can bc
given by

RiRyp 2 (&Rm )
-1
8l RiRy ™ - 2R3 Ry Yow
KRaRBy 2, (RoRs KR,
== = Y,
SIlelR%RQRq bt |- 2R ‘yRS K1R3R90m+ offab
(12a)
. KRR, R KRR R
y =(z_1__1_q)y _KRaReBy )
Figure 3 Proposed absolute function circuit ofb KRgRy Rg e K\RyRy ( B 51)
R\R R
+ Rxw (IBZ +ISZ) - EI;O"DCZ (12b)

reduce the de offset voltage of the voltage v, and the output
voltage oy, respectively, to be zero. The supply current of
the opamps A; and A, are, respectively, sensed by the
resistors Ry and Ry to the quadratic signal voltages o and
;. To simplify the discussion, the conditions of Rs 3> Ry,
R > Ry, Rg> Ry and Ryp 3> R; are fulfilled in practical

where K5 = RgRo+ RgRyo + RoRyp, 2and wey is the de
voltage used to eliminate the offset voltage Vogu. To
prefer the absolute function, the following conditions
should be satisfied

realisation. Therefore the voltages o, and ¢, can be RyRyy =1 RyRy — R
expressed as 2RyRy 7T 2R, ¥

R, R d

Uy = {VCC (IBl + 151)R2} 4 8] RZ 'uizn ﬁzl Yin (7) b
R, Ve = =5 (KzRﬂR7 —1&> Vee
= {Vec — (2 + Ba)Ra} — T e — 2R,, Vo (8) Ry [\K RR, Ry
KRyR.R
i ) ‘#Rﬂ (31 +Js1) 188 m (qu +152)]

where Iy; and Iy; are, respectively, the quiescent current and 1ReRy

the bias current of the dlass-AB output stage of the opamp
A,;. It should be noted that the terms in the braces of (7)
and (8) are the dc offsct voltage. The resistors Rs—Ry

Thus the output voltage v, can be stated as

perform the sum of the voltage v, ¥t4n, and ¥c;. Hence Do =gy /,vfn . k.;bl‘"in[ (13a)
the voltage w1 can be written as
IR RRER R,
R RoR,Ryth k=[2G {13b)
R6 N {VLC ~ (I +ISI)R7} —& 27 0 b ISlKlRizR:zR‘)Rw
8lsoRy K,
R7 ( R;&) BB It can b that th 1 f th d
+=L S Bahe vt 0N )] ‘can be seen that the output voltage v, of the propose
K, s~ 2R K circuit in Fig. 3 obtains the absolute function with the

where Ky = RsRy + RsRy+ ReRy, and 0 < v < 1 denotes
the attenuation factor. The first term in the right of (9) is
the dc offset voltage, which can be eliminated by the
appropriated value of the voltage ve; as

R
Uey = "E? {V e — (B + I51)R,) (10)

From routine circuit analysis, the output voltage gy, can be
written as

(1

U,

_ K
out Rﬂ‘R9
Sul;stituﬁng (7)-(10) into (11}, the relation between the

voltage gain &yy.

3  Circuit performance

In practical realisation, the deviations from ideal
performances of the proposed square-rooting and absolute
function circuits are disturbed by the crror from the
truncation of the-power series in (2) to quadratic form in
(3), the error from the nominal value of the resistors used
in the. circvits, and the temperature dependence of the
supply currents of the opamps used in the dircuits. These
considered factors are discussed as follows. The first error
is due to the climinatdon of higher order of the power
series mentioned above, which is contributed to the
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truncation error £, to the .output signal. From (2), it can
be secn that thé truncation -error is increased for the
rising of the magnitude of the current 4 to closc to the
class-AB bias current I. If the magnitude of the current
jy of the proposed squarc-rooting circuit is assigned to
equal afsy, where 0 <4 <1 denotes the scaling fictor,
then the percentage of the truncafion crfor &, can be
given by

1) (2! ,
C)” @l e 100%  (14)

1¢
PT 2441 - 2n)(mlYP2 R

where p is the number of the remiaining truncated terms.
The second crror is due to the tolerance of the resistors
being used. This error will contribute to the voltage gain
error and the offset voltage emor. of the output signal.
The transfer characteristics of the proposed circuits in
Tigs. 2 and 3, respectively, including the terms of the
voltage gain error and the offset voltage error can be
given by

Ve = (1 + &g g/
_ {2(&126 ~RyR; — 2R1R4)151R1&,] 45
By(R; +R)
(RoRy — 2R\ Ry)

&9 T R 2R (15b)
T Ry(2R, + Ry)
and
Ty = (1 + E /2,
25, RIR Ky QyRyRs — RoRe)
YRR Ry R Ky
1 2(RyRyg — RyR, — 2Ry RyIn R,
kg RyRjp
. (16a)
_ YRRy — 2R3 R ./

g, =Xt T A%
N ® (Rig +285)

where Tousq and Vgumps and &,y and &g, denote the
output voltages and the voltage gain crvors of square-
rooting and zbsolute function dircuits, respectively. The
terms in the braces of (15a) and (16a) are the dc offset
voltages and can be further reduced by the appropriate
values of the voltages veyq and wep of the circuits in
Figs. 2 and 3, respectively. The third error is due to the
temperature  influence on the characteristic of devices
used in the circuits. The temperature variation from
room temperature causes the changes of resistances and
‘the. supply currents of the opamps, which can be
expressed in terms of the temperarure coefficients ag
and oy, respectively. These coefficients, -ag and .og; can

be direcly extracted from the specification of the devices
used in ‘the circuits. For the square-roofing circuit, the
voltage gain error &, and -the drift in the outpur offsct
voltage €,90m are dependent on the temperature variation
that can be approximately given by

AT
e = (2r + aI)T (172)

e . = |lert allm +I)RRs  20iRiRsls | o
s5ofl (R, +R,) (Ry+ R |
(17b)

where AT is the change .of temperature from room
temperature. It should be noted that the output volrage
drift £,0m can be minimised by using the smallest
value of the resistance Rs. For the absolute function
circuit, the change in temperature cffects only to the
output -offsct voltage. This is due to the temperature
dependent terms in the voltage gain Ay, arc properly
compensated. The output offset voltage drift gpom can
be stated as

R
Expogie = (@1 g} {LR:!2 (g2 +1s2)

KR RRy (I + 1))
KyRyRy

204 R Ry Iy AT
Rig(ay + eg)
(18)

It can be scen that the output voltage drift £.,0m can be
reduced by the appropriated value of the resistors Rg, Ry
and R10~

The output signal voltage of the proposed square-rooting
circuit is accurately obtained with the condition that the
output current drawn from the opamp is much smaller
than the class-AB bias current Ig. From the circuit in
Tig: 2, the input signal voltage v, is converted into the
opamp output current #/; by the resistor R;. Therefore
the large valne of the input voltage vy, will produce the
inaccuracy. The maximum variation of the input voltage
can be determined as the input operating range. The input
operating range of the square-rooting circuit Awjyq can be
considered from the accepted value of the truncation error
&, for the magnitude of the current §) =.al5; and can be
stated as

&R R;
Ay < —;R: 5 (19)
For the proposed absolute function circuit, the large input
voltage will drive the output stage of the opamp A, to
transit from class-AB to class B. At the class B operation,
the maximum current §; = v, /Ry drawn from the output
stage of the opamp- A, is limited by its output short-circuit
current Jos. Therefore the input operating range of the

60
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proposed absolute function circuit Av;pq, can be estimated as
+losR.

4 Experimental results

To demonstrate the performances of the proposed circuits,
the square-rooting and absolute function circuits were
constructed using commercially available opamps UA741
and the resistors with 19 tolerance. The supply voliages
used were 112 V. For the square-rooting circuit in Fig. 2,
the. resistors were chosen to be Ry =5k, Ry=2kQ,
R;=1MQ, Ry=Rs;=30kQ and Ry=150k{l. The
quicscent current and the class-AB bias current of the
opamp A; were measured as Jpi=0.81mA and
Isy ='0.261 mA, respectively, using the rechnique proposed
in [10]. Hence the voltage gain 4, of the transfer
characteristic and the input operating range Avy, for the
scaling factor a = 0.68, which can be calculated form the
condition of the square-rooting circuit and (), are about
0.88 and 1.01 V, respectively. Consequently, the tuncation
error &, of about 1.34% is calculated from (14}, From (19),
it should be noted that the input operating range Aving
can be varied by changing the resistance Rj to achieve the
appropriate value. The de voltage weqq is set to obtain the
zero output voltage v,,, when the input voltage v;, is equal
to zero. The plots of the de transfer charactetistic and its
percentage exror’ from the theoretical value are shown in
Fig. 4. Tt can be scen that the percentage error is
dependent on the magnitude of the input signal and agreed
with the truncation ermor of (14). Fig. ‘5 shows the
measured. result for 1 kHz triangular input signal of .1V
peak amplitude. The proposed square-rooting  circuit
employs. only onc commercially available opamp as active
element, which exhibits a merit than the previous work in
[3] in terms of ‘the temperature performance and low-cost.
The square-~rooting circuit proposed in-[3] is realised using
three current-controlled current conveyors (CCCIIs), which
the gain of its transfer characteristic is directly proportional
to the temperature. Unfortunately, the CCCII is an
uncommercial device that requires only the special design.
For the absolute function circuit in Fig, 3, the resistors
were chosen to be Ry=R;=5k(), R;=Ry=2k0,
R5=R(,=R7=.R8=R9= 301(.0, and R'10= 150kQ.
The quiescent cunrents and the class-AB bias currents of
the opamps A, and Aj, respectively, were ‘measured as
Ty =081 mA, Iz =0823mA, Jgy=0261mA and
Is=0.267mA. Thus the gin of the transfer
characteristic 4., and the attenuation factor 1y are calculated
as 0.87 and 0.2, respectively, using the condition of the
absolute function circuit and the (13b). The dc voltages
ve; and vy are set to eliminate the offset voltage vy, of
the ‘output voltage won. The dc transfer chamacteristic and
its percentage error from the theoretical value are shown in
Figs. 6a and 65, respectively. It can be scen that the
transfer characteristic is lincar and symmetrical with the
maximum percentage crror of about 0.35% over the input
voltage range +4.6 V. The measured output voltage voy

purcentige e 90

A4 2 . r : N . s
6T G2 43 63 43 oo ou6?
Vi V1

»

—
ny 0y ¥

Figure 4 Characteristics of proposed square-rooting circuit

o DC transfer characteristic
b Percentage error

Figure 5 Meosured results for proposed square-rooting
circuit {vertical scale: 500 mV/div, horizontal scale:
0.2 ms/div)
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Figure 6 Choracteristics of proposed absolute fiunction
circuit

a DC transfer characteristic

b Percentage error

for 1 kHz sinusoidal input signal of 5 V peak amplitude is
shown in Fig. 7a. Fig. 74 shows the measured result-of
1 kHz sinusoidal input signal with 50 mV peak amplitude
for the resistors Ry = 1008}, Rs3=1k, Re=3kQ,
Rio=30k, and y=1, then the gain of the transfer

Figure 7 Measured results for proposed absolute function
circuit

a 1 kHz sinusoidal input signal of 5V peak amplitude (vertical
scale, upper trace: 5 V/div; lower trace: 2 V/dlv, horizontal
scale: 0.2 ms/div)

b 1 kHz sinusoidal input signal of 50 mV peak amplitude (vertical
scale, upper trace: 50 mV/div; lower trace: 200 mV/div, horizontal
scale: 0.2 ms/div)

characteristic &y, is equal to 5.06. It is interesting to note
that the absolute function circuit ochibits a good result for
low amplitude of the input signal. For comparison with the

Table 1 Number of active devices used in the proposed circuit and the previous works

Active devices Proposed circuit | Reference {14] Reference [15]
Circuit 1 § Circuit 2
opamp 2 - - 1
current feedback amplifier - - 1 -
cci - 1 - 1
bipolar transistor - 18 12 12
current source - 3 4 4
62 IET Circuits Devices Syst., 2009, Vol. 3, Iss. 2, pp. 57-63
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previous works, the absolute function circuits ‘proposed. in
[14, 15] are referenced, The cixcuits in [14, 15] consist of
many active devices in a complicated form and essentially
requite the cosely matched transistors to avoid the
distortion in the output signal at the zero crossing of the
input signal. Table 1 shows the number of active devices
used in this paper and those of previous works. It should
be noted that the closcly matched transistors can only be
realised in the integrated circuit form. Therefore, using the
discrete transistors to implement the circuits in {14, 15]
will produce the distortion as mentioned above. In contrast,
the proposed absolute function circuit coropriscs two
general-purpose  opamps as the active devices, which

provides the good circuit performance confirmed by

experimental demonstration. It s clearly seen that the
proposed circuit has the atmactive feature of simple circuit
configuration and low cost.

5 Conclusion

The square-rooting and absolute function -circuits using
opamp supply current sensing have been presented. The
proposed circuits require the general-purpose opamps as
only the active clement. The attractive purposes of this
paper arc exhibited in terms of simple circuit configuration
and low-cost. The performances of the proposed cireuits
were discussed in detail. Experimental results confirming
the good agrecments with theoretical values have been
demonstrated.
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Simple Square-Root Extractor Using Op Amps
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" Abstract: This paper prescnts the simple and inexpensive methiod to implement a square-root extractor for voltage input
signal. The proposed extractor is based on the use of two operational amplifiers (op amps) as only active ¢lements. The
proposed technique employs the op amp supply-cunrent sensing to achieve an inherently quadratic characteristic. The
low-output distortion in output signal can be achieved. Experimental results verifying thé characteristic of the proposed

circuit are also included.

Keywords: square-root extractor, op amp supply-current sensing, op amp-based circuit

1. INTRODUCTION

A square-root extractor is one of the most important
building blocks used in analog measurement systems
and communication systems. Its applications can be
found in calculating the RMS value of an arbitrary
waveform and linearizing a measured signal from a
differential pressure flow meter [1}. One fundamental
method uses the multiplier in the feedback loop of the
inverting opamp stage [2]. However, this technique is
uneconomical for implementation in discrete form.
Alternatively, the square-root circuits based on the
concept of bipolar or MOS translinear configuration
have been introduced in literature [3-6]. Nevertheless,
the specific circuit design is required in the translinear
principle. This paper aims to present the simple method

for. realizing the square-root extractor. The realization’

method based on the use of commercial available
devices is utilized. The proposed circuit employs two
opamps as active elements. This is due to the fact that
the opamp integrated circuit is versatile and inexpensive
device. Typically, the output stage of the general-
purpose op amp is the class AB configuration, which
can provide the quadratic characteristic existed within
the supply current of the op amp [7-9]. The op amp
supply-current sensing is employed to obtain the square-
root function of the proposed extractor. Experimental
results are used to verify the operational characteristic
of the proposed circuit.

2. CIRCUIT DESCRIPTION

Fig. 1 shows the typical circuit diagram of the class-
AB push-pull output stage of the general-purposc
op amp [7]. The dc current 5. flowing through the diode
connected transistors Q, and Qq biases the transistors Q,
and Q to operate in the forward active region. From
routine circuit analysis, the currents {,; and i,; can be
stated as

[ %3

i =—-’§-+-’;—(if +412) m

i =1£-+%(if.+41§)" @

where I denotes the class-AB bias current provided
from a constant current source.

978-89-93215-01-4-98560/08/$15 @ICROS

Fig. 1 Typical class-AB push-pull output stage of
the general-purpose op amp [7].

Fig. 2 Op amp supply-cumrent sensing based
V/1 converter.

The inherently quadratic characteristic for realizing
the proposed circuit can be obtained by using the
voltage-to-current. (V/I) converter as shown in Fig: 2,
which is based on the op amp supply-current sensing.
The voltage v, is converted into the curvent #, by

i Y
T e T 3

F R ®
The resistor R, is connected to sense the negative power
supply current i, of the op amp A,, the voltage v, can be
written as

il =_i.r
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v, = Ryi, = Ve @
where. -Vec is the negative power supply vollage.
Considering both Figs 1~2, the relation between the
negative power supply current J, and the current i,; can
be given by [8]

L=l,+i, )
where I is the quiescent bias current drawn by the
op amp Ay, which includes the class-AB bias current Js.
By substituting Eq. (2) irito. Eq. (5), it thus results in

N ¥ 2
1
fo=l+ 2+ 1 1+ 2 6
el s( 41;}. ©

Using the Taloy’s serics, the negative power supply
current i, can be.approximately obtained as

. 2
i

Pzl +l+E2+= 7

LR I T @)

From Egs. (3)~(4) and (7), the voltage v, can be

cxpressed as

R Ry,

2y g )',2 @ Vcc

2R, 8LR

Tt should be noted that the quiescent bias current Jp and

the class-AB bias current I of the op amp A, can be

measured by using the technique reported in [7].

v2=(lH+IS)Rz—

®

Fig. 3 Proposed square-root extractor.

Using op amp supply-current scnsing based the V/I
canverter in Fig. 2, the proposed square-root extractor
can be illustrated Fig. 3. The output voltage v,y is
applied to the non-inverting input of the op amp A,
thus the voltage v, is equal to the outpul vollage Ve,
From Egq. (8), the voltage v, can be rewritten as

Ry, RV
v, =(lg+1s)R,~ 2RT+8;,!;:;_VCC )
Considering at node v; and node v, we get

_V£=ZQ+IZ__(_I__+_1_+L)V3 (]0)

R, R, R, \R, R, R,

138

- R’Ivin (]])
R +R,

Since the voltage across two inputs of the op -amp is
zero, thus the voltage v; is equal to the voltage v4. From
Egs. (10)~(11), the voltage v,,; can be stated as

v, = RV + LA _(—L+i+ij RR Y (12)

R, R, \R_ R R )RR,

If we substitute Eq. (9) into Eq. (12) and design the
circuit such that R2R4/2R R; = 1, we obtain

RV _(l 1 I) Ry, +V'cc_Vc

Va

B8RRI - -R—s+is- R—: R, +R, _Ea— 72:
_.RZ(IB"'IS) 13
. (13)

From Eq (]3), if we let VC = ycc-Rz([ﬂ’*‘Is), and R; = R(,,
the output voltage v,,, can be given by
Vou = K[V (14)

where

&- ’8151?,’)?, (2R, +R) (15)
RR (R +R)

It can be scen that the transfer characteristic of the
proposed circuit in Fig. 3 has the square-root function of
input vollage signal.

3. EXPERIMENTAL RESULTS

To verify the circuit characteristic of the proposed
square-root extractor, the circuit in Fig. 3 was
implemented by using commercially available op amp
inlegrated circuit UA741 and the 1% tolerance resistors.
The circuit parameters used for realizing the proposed
square-root extractor are listed in Table 1. Based on
Eq. (15), the resistor Rs is varied to archive the gain
variation.

Table 1 Circuit parameters used for realizing Fig. 3.

Parameter Value
-Quiescent bias current [ 0.8mA
Class AB bias current Is 0.261mA
Supply Voltage -V -5V
Supply Voltage V¢ 2.878V
Fixed resistor R, 1kQ
Fixed resistor R, 2k
Fixed resistor Ry 2kQ
Fixed resistor R, 2k0
Variable resistor Rs 25k0
Fixed resistor R 2kQ
Fixed resistor Ry 2kQ

Figs. 4(a)~4(c) show the measured results of the
proposed circuit with the gain X = 0.5 for 100Hz, 1kHz,
and 10kHz triangular wave input voltage of 1V peak
amplitude, respectively.
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(a) for 100Hz triangular wave input voltage
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(b) for 1kHz triangular wave input voltage

139

kStop_ | £

Mooy I Seony MEolmd Al GhT 7 250mY
(a) for 100Hz triangular wave input vollage

Tekstop |

S00mv__JeiH_500WY__FA[2000s] AL AT 7 Z5omy

(b) for 1kHz triangular wave input voltage

Tokstop { — HEREE -

¥
g

4=
v

2,9

¥ MiZ0.0us] AL Chi 7 320mY)

(c) for 10kHz triangular wave input voltage
Fig. 4 Measured results of the proposed-gircuit
with the gain XK'= 0.5.

The measured results of the proposed circuit with the
gain X = 1 for 100Hz, 1kHz, and 10kHz triangular wave
input voltage of 1V peak amplitude are shown in Figs.

5(a)y~5(c), respectively.

Tek Stop__} e !
== . — T ——— T

u

=

(c) for 10kHz triangular wave input voltage
Fig. 5 Measured results.of the proposed circuit
with the gain K= 1.

Fips. 6(a)~6(c) illusirate the measured results of the
proposed circuit with the gain X = 1.5 for 100Hz, 1kHz,
and 10kHz triangular wave input voltage of 1V peak
-amplitude, respectively.
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(a) for 100Hz triangular wave input voltage:

Tekstop | £

CRl_S00mY —F 100V M 2008s] A Chy 7 Z60n,
(b) for 1kHz triangular wave input voltage

Tekstop i

Chi So0nV TR 100V M[Z0.008 A ChT 7 410mv
(c) for 10kHz triangular wave input voliage

Fig. 6 Measured results of the proposed ciretit
with the gain K= 1.5,

Fig. 7 shows the measured result of the DC transfer
characteristic for the inpul voliage v;, varied from 0V to
1V. It is apparent that the proposed functions correctly.
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Fig. 7 DC transfer characteristic for input. voltage.

4, CONCLUSION

The simple square-rooting extractor using op amp
supply-current sensing has been described in this paper.
The proposed circuit supporting voltage input signal
requires only two general-purposed opamps as active
elements. From experimental results, it is evident that
the proposed circuit exhibits the high accuracy and
provides good operational characteristic.
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Abstract: This paper presents a simple method based .on commercmlly available operation” amplifiers (Opamps) for
realizing the square-rooting voltage-to-frequency converter (VFC). The realization of squarc-root function is provided
through the usc of the opamp supply-current sensing, which utilizes an inherent quadratic characteristic of the opamp
class-AB output state. Experimental results verifying the performances of the proposed square-rooting VFC are

included.

Keywords: Square-rooting circuit, Squate-root extractor, voltage-to-frequency converter

1. INTRODUCTION

A squarc-rooting circuit is one of the most important
basic building blocks for analog signal processing in
measurement, instrumentation and communication
systems. It can be used in wide range such as in
calculating the RMS value of an arbitrary waveform and
linearizing a measured signal from a differential
pressure flow meter [1]. The traditional realizations of
the squarc-rooting circuits are -implemented in the
discrete forms by using opamps connected with an
analogue multiplier and 2 diode [2] and opamps
connected with diodes or wansistors [2,3], -respectively.
In addition, the square-rooting circuil can be
conveniently realized using a commercial analog
multiplier with on-chip opamp connected with an
external diode: {4]. The circuits mentioned above exhibit
ipaccuracy of the output signal at small magnitude of
the input signal. Recently, the approaches for realizing
square-rooting function circuits are based on the
translinear behavior of bipolar or MOS transistors [5,6].
The translinear-based -circuits require closcly matched
fransistors and are only suitable for implementation in
integrated circuit forrm. The orders of small quantity of
the specific integrated circuits are uneconomical for
fabrication. To offer alternative support, there has been
much effort to design the circuits using commercially
available devices such as opamps. One successful
method for realizing simple square-rooting using single
opamp connected with the resistors has been proposed in
literature [7]. In some applications, periodic waveforms
whose frequency is dircotly proportional to the squarc
root of the input signal are required. Therefore, the
squarc-rooting VFC and current-to-frequency converter

(CFC) have been introduced in literature [8,9]. However,

both implementation methods have the complex
structurc. Alternatively, a simple square-rooting VFC
based on -the operational transconductance amplifiers
(OTAs) has been proposed in literature [10].
Unfortunately, this circuit requires well maiched OTAs

978-89-93215.02-1 98560/10/315 ©ICROS
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and capacitors in the design conditions.

This paper aims to present the simple method to
realize the square-rooting VFC. The implementation
method is based on the square-rooting scheme proposed
in literature [7]. The performances of the proposed
circuit are experimentally verified.

2. CIRCUIT DESCRIPTION

The proposed simple square-rooting VFC is shown in
Fig. 1. The opamp A, and the resistors Ry — R¢ function
as three-input summing amplifier. Assuming that the
resistances Ry >> R; and Ry >> R, arc assigned. The
output stage of the opamp A, is the class-AB
configuration that exhibjts the characteristic in the
quadratic form existed within its supply. current. The
voltage v, can be stated as

V|2R2 M
8IR?

Ry

‘T )

vy =Vee—{Ip+1,)R, -

where Ip is the opamp quiescent current, [y is the
class-AB bias current,, P is the opamp supply voltage,

-and Jy << 2/5. According to Eq. (1) and routine circuit

analysis at the node ¥, yields

RZRG le+ R2R6
8IgRRE - \2RiR,

R
—l)vl = Vg -—6—v,,, (2a)
Ry

R
Voifsg =Fj‘ ec R, Im+1 51 )}+%:—v(kq (2b)

We can eliminate term in parentheses of Eq. (2a) and
Vogsg by setting the following conditions as

RZ -Rﬁ
2R\R,

R
=T,and vg, = "R—S{Vcc + Ryl + I5 )}
4
so the voltage v; can be given by

875 R,R?
S

3
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It can be seen that the voltage v, is the square-rooting
function of input voltage signal with the voltage gain &,
and the diode D, is connecled to prevent the -output
latch-up of the opamp A; for the input voltage v;, going
to negative.

The opamp A; and the resistors R; — Ry function as
the -+/- unity-gain amplificr controlled by the analog
switch Sw,. The integrator formed by the opamp A;, the
resistor Ry, and the capacitor C, is connected to.provide
the triangular-wave voltage vy by integrating the voliage
v;. The Schmitt trigger formed by the opamp A, and the
resistors Ri; and Ry is employed to generate the control
signal of Sw, and Sw; by comparison the voltage v, with
the voltage Fp,.

V3

Az

Swy

»”

F, out 4
Fig. 2 Periodic voltage signals of the proposed circuit.

991

143

Ve
Fig. 1 Proposed squarc-root voltage-to-frequency converter.

Fig.. 2 shows the various periodic voltage signals of
the proposed square-rooting VFC converter. From the
sequential operation, the output amplitude of the control
signal of SW, is set by establishing the upper trigger
point voltage (¥rp) and the lower trigger point voltage
(Vi) according to the following formulas

Ry, + R, R,
Vure = [M‘)VBZ -y, 4
Rz Ry T
Ry +R Ry
Vigp = (—]‘l“—n'jyaz ——Ilyg é)
Ry, Rz ™

where Vi, and is V5., are cqual to Vo and
~Vpg , rtespectively. From Egs. (4)-(5), ‘the center
voltage V¢r of the control signal can be stated as

Ry +R
Ver = [—” . ]Vnz
Ry

©
The voltage V¢ can be adjusted by varying the voltage
Vs to eliminate the offset voltage of the proposed
circuit. According to Eq. (4) and (5), the time of the
contro} signal, which is varied from Vypto Viyp, can be
computed by the following equation.

Virp = V3t + Vyrp 7
Lne
2R RyC
t= Sy, S0 ®
V3
Where Vspmax =|Vcc| = [— Varl and the time t is equal to

the half of the contro! signal’s period time.



To gencrate the tunable square wave v, the
triangular-wave v, is compared with the voltage V5 by
the comparator Cp. From Eq. (8) the output frequency of
the tunable square wave F,,, can be stated as

F 1 Ry kg Vi ©)

l=
ARG Ry Vs

It is evident that the proposed square-rooting VFC as
shown in Fig, 1 provides thé output frequency directly
proportional to the square-rooting of the-input voltage.
In addition, the duty cycle of the v, adjusted by
varying the voltage Vp, can be given by

Duty cycle =% (VCT——V’”)H x100% (10)
11
—
(Rlz 5max

3. EXPERIMENTAL RESULTS

To demonstrate the performances of the proposed
circuits, the simple square-rooting VFC was constructed
using commercially available opamps UA741, the
analog switch CD4066, and the comparator LM393.
The supply voltages Voo and Vgg were set to£12¥ . The
5% tolerance capacitor and 1% tolerance resistors were
employed. The circuit parameters used for realizing the
proposed square-rooting VFC are listed in Table 1.

Table | Circuit parameters used for realizing Fig. 1.

Parameter Value
Quiecscent bias-current Iz 0.81 mA
Class-AB bias current [y 0.261 mA
Fixed resistor R, 5kQ
Fixed resistor Ry 2kQ
Fixed resistor Ry 1MQ
Fixed resistor Ry and Rs 30 kQ
Fixed resistor Rg 150kQ
Fixed resistor R,, Rz and Ry 50 k2
Fixed resistor Ry 20 kQ
Fixed capacitor C 10.nF
Fixed resistor Ry, 10 kQ2
Fixed resistor Ry, 15 kQ
Fixed resistor B3 5kQ

Hence the voltage gain k, of the square-rooting
function, calculated from Eq. (3), is about 0.885. The dc
voltage vc,, is set.to obtain the zero voltage v, when the
input voltage v, is equal to zero.

The plots of the DC transfer characteristi¢ for the
square-rooting function v, are shown in Fig 3. From the
measured results, the fruncation error &p is about
1.58%.

Fig. 4 shows the plots of the measured .output
frequency F., against the input voltage v;,.
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Fig. 3 DC transfer characteristic of the proposed circuit.
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Fig. 4 Plots of the output F,,, against the input v;,.

From above the measured results, the proposed
circuit provides the output frequency directly
proportional to the square-rooting of the input voltage.

Fig. 5 shows the measured results of the output duty
cycle by, varying the voltage V5, when the voltape Vi,
is set to.zero.

10 o =@ el
S

Duty cycle (%)

Var (V)

Fig. 5 Plots of the Duty cycle against the voltage Vp;.

It can be seen that the output duty cycle can be
adjusted by changing the voltage Vp,.



Fig. 6 shows the measured perjodic voltages of the
proposed circuit as shown in Fig 1 when the input
voltage v;, is the triangular waveform.

Fig. 6 Measured results of the proposed circuit for the
triangular-wave input voltage,

Fig. 7 shows the measured periodic voltages of the
proposed circuit for the input voltage v, = 1V.

Fig. 7 Measured results of the proposed circuit for the
input voltage v, = 1V.

4. CONCLUSION

The simple circuit technique to implement the
square-rooting VFC has been described in this paper.
The realization method is based on .the square root
extractor formed by single opamp and simple frequency
contro] circuit formed by four opamps, two analog
switches, and a comparator. Experimental results show
that the proposed square-rooting VFC can operate with
good results.
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Abstract:. This paper presents a vector summation circuit using operational amplifiers (opamps) for raultiple voltage
inputs. The implementation method based on the opamp supply-current scnsing utilizes an inhcrently quadratic
characteristic of the opamp class-AB output stage. The distinguishing features of the proposed implementation are
simplc configuration and low cost. Experimental results verifying the performances of the. proposed vector summation

‘circuit are included.

Keywords: vector summation, vector-sum, squarer, square-rooting, opamp.

1.INTRODUCTION

Vector summation circuit has been widely used in
instrumentation, communication, contro} system and
neural computation. Interesting vector summation
circuits based on characteristics of MOS transistors
have. been introduced [1-3), which support multiple
input voltage signals. The integrable -approach in [1]
employs the second-gencration current conveyors
(CClIs) as active building blocks in conjunction with
MOS transistors biased in the triode region. The
approach in [2] designed in CMOS technology uses the
'squarc-law characteristics of MOS transistors in the
saturation. region. In order to be self-biased without
requiring additional bias circuits, the BiCMOS vector
summation circuit has been reported in [3]. ‘However
this approach require the perfectly matched .input pairs
'such as vy, ~vy, Va5 =¥y, ..o, ¥y, -V, Alternative CMOS
realization methods supporting multiple input current
signals. and multiple input current/voltage signals have
been described in [4] and [5], respectively. However,
these approaches arc suitable for implementation ‘in
integrated circuit form. The orders of the specified
integrated circuits (ICs) with small quantity are
unecenomical for IC fabrication.

This paper aims to present the simple method to
realize the voltage-mode vector summation based on the
use of commercially available opamps. The proposed
realizalion employs the quadraiic behavior of the
class-AB output stage of the opamp, which is the

successful  technique suggested by [6]. The
performances of the proposed circuit were
experimentally verified.

2. CIRCUIT DESCRIPTIONS

2.1 Squarer function circuit

Fig. 1 shows the squarer function circuit, which
consists of the upamp ‘A, variable resistor R; and the
fixed resistors R;-Rs. Assuming that the resistances

-2374-

R; >> R, and Ry >> R, are assigned. The output stage of
the oparp A, is the class-AB configuration that cxhibits
the characteristic in the quadratic form existed within its
supply current [6]. Thercfore the voltages vy can be
expressed as

Ry » R

vy, -V, 1)
BIGRE ™ 2R " M

v =V =(Ig) + I )Ry}~

when Jg and g are the quiescent current and the bias
current of the class-AB output stage of the opamp A,
respectively. Hence the voltage v, can be stated as

R,R RyR,R
v, = 2y (I +ISI)R2}"‘2+425":'2"
K, 8Igh'K,
' @
R_[MM_} AL
X, 2R, K,
where K; = RRy+RiRs+RRs and « denotes the

attenuation factor (0 < @<1). The dc offsct voltage, the

first term in the right of eq. {2), can be eliminated by the
appropriated value of the voltage v¢ as

R.
ve = __}'é'{yac ~(Ig+15))Ry} 3)

From eq. (2), if the term in parentheses is set to satisfy
the condition as
_RByRy
T aR,
Then the output voltage v, can be cxpressed as
RoR4Rs 2
=—==23 yo=k v 4
*osigmik, "t T ®

Tt can be seen that the voltage v, is the squarer function
of input voltage signal with the voltage gain k.

PRO001/11/0000-2374 ¥400 © 2011 SICE
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Fig. 1 Squarer function circuit.

2.2 Square-rooting function cireuit

Fig. 2 shows the square-rooting function circuit,
which comprises of the opamp A, and the fixed resistors
R; ~ Ryp. The supply current of the opamp A, is sensed
by the resistor Rgto the quadratic signal voltage v,. The
voltage vp can be stated as -

R
~(Ipa+ 152 )R - :

2 Vour ~

-y —v, 5
T u  (5)

Re

vp =V,
2Ry
when Iy, and Is; are the quiescent current and the bias
current of the class-AB ontput stage of the opamp A,
tespectively. Assuming that the resistances R; >> Rg and
Rg >> Ry are assigned. From routine circuit:analysis of
Fig. 2, the output voltage v,., can be written as
K, R, R,

B 3 8 (6)

Vot ==V, ———vp ——V,
Yout R—, R9 x R7 D R9 csg

where Kp = RyRg+R;Ry+RgRy. Substituting the voltage
vp from eq. (5) into eq. (6), the relation between the
output voltage v, and the input voltage v, can given by

‘RGRS 2 Vrz:'ul +( Fofy _IJ"om > Ky Ve HVome
8153 Ry Rig 2Ry Ry R,
(72)
R . R
Vogsg = R_:{Vac =g+ ’sz)Ré}‘*"kaBq o)

To prefer the square-rooting function, the following.

conditions should be satisfied

RsRg

68
2RyRy

and = "—{ —(Fa2 + I52)Rs}

Thus the output voltage v, can be expressed as

o = KK ®

ReRyRs
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It is obvious that the voltage v.,, is the square-rooting
function of the signal voltage v, with the voltage gain
kg ’

Fig. 2 Square-rooting function circuit.

2.3 Proposed Vector Summation Circuit

Based on the squarer and square-rooting function
circuits as shown in Fig. 1 and Fig. 2, respectively, the
block schematic of the proposed circuit for multiple
inpuls Vinls Vin2s -+ > VieN lsdlsplayed in Flg 3.

2
Squarer | o
(Fig. 1)

Vit O——rf

X
Squarer | Ao¥m2

(Fig 13 >

r
1
]
1
)
i
i

Square-reoling
{Fig. 2

Y2 O——

Squarer

(Fig. N

Vi

k£ Fours

Fig. 3 Block schematic of the proposed circuit.

Assuming that all squarer function circuits are
matched. From Eqg. (4) and (8), the output voltage of the
proposed circuit can be given by
SIS R R—— ©
It.is shown that the proposed circuit provides the vector
summation function for multiple inputs with the voltage

gain k:”[lg .

3. EXPERIMENTAL RESULTS

To demonstrate the performances of the proposed
cirouit, the block schematic as shown in Fig. 3
constructed using commercially available opamps
UA741 and the resistors with 1% tolerance. The supply
voltages were set to £12V. The circuit parameters nsed
for realizing the squarer function circuit are listed in
Table 1.

-2375-
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Table 1 Circuit parameters used for realizing Fig. 1.

Parameter Value
Quiescent bias current /p 0.81 mA
Class-AB bias current /s, 0.261 mA
Variable resistor R, 10 kQ
Fixed resistor R, 5kQ
Fixed resistor R; 30 kQ
Fixed resistor Ry 50 kQ
Fixed resistor Ry 25kQ

Based on Eq. (4) and the parameters listed in Table 1
the voltage gain k, is about 0.00855. The voltage v,
used to eliminate the dc offset voltage, is set to obtain
the zero voltage v, when the input voliage v, is equal to
zero. The circuit parameters used for realizing the
square-rooting function eircuit are summarized in Table
2

Table 2 Circuit parameters used for realizing Fig. 2.

Parameter Value
Quiescent bias current /7 0.81 mA
Class-AB bias current /g, 0.262 mA
Fixed resistor Ry 2kQ
Fixed resistor R, 30 kQ
Fixed resistor Ry 150 kQ
Fixed resistor Ry 15kQ
Fixed resistor R

149

Calculating in eq. (8) with parameters shown in Table 2,
the voltage gain k,, is approximately equal to 9.1564.
The dc voltage vy, is set to eliminate the offset voltage
VW .

Fig. 4 shows the characteristics of proposed squarer
and square-rooting function circuit.

Fig. 4 The characteristics of proposed squarer and
square-rooting function circuit.

In order to test the summation function of the
proposed circuit, the circuit as shown in Fig. 5 was
constructed. It consists of two proposed squarer function
circuits and one square-rooting function circuit.

Fig. 5 Two-input vector summation circuit.

-2376-
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Fig. 6 The experimental results of the proposed circuit
when the sinusoidal signal input v;, with 100Hz and
Vin2 with 300Hz.

Fig. 6 shows the experimental results for applying
sinusoidal signal v;,, with frequency 100Hz and vy, with
frequency 300Hz. It is obvious that the summation
output of two sinusoidal inputs with different amplitude
and frequency can be obtained.
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Fig. 7 The experimental results of the proposed circuit
when the sinusoidal signal input v;,; and v;,, with phase
difference 90°.

Fig. 7 shows the experimental results for- applying
sinusoida! signal v;,; and v;,» with phase difference 90°,
It is seen that the circuit in Fig. 5 functions carrectly,
and it could detect the peak value of two sinusoidal
input signals with identical amplitude an different phase
of 90°,
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4. CONCLUSION -

The simple cireuit technigue to implement the vector

ssummation for ‘multiple voltage inputs has been

described in this paper. The realization method is based
on the squarer and the square-rooting. funiction circuits
which utilize the inherently quadratic- characteristic of
the opamp class-AB output stage. Expetimental results
show that the proposed vector summation circuit can
operate with good results.
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