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ABSTRACT

This thesis presents design of four-quadrant analog multiplier circuits using
either bipolar or CMOS operational amplifiers (opamp) as only active element. The
implementation technique is based on the use of the opamp supply current sensing,
which utilizes an inherently quadratic characteristic of the opamp class-AB output
stage. The opamp supply current sensing technique is employed to obtain the
square of 'sum and difference of two input signals, and the multiplication is
preformed by the quarter-square algebraic identity. Two confisurations of four-
quadrant = analog = multiplier are proposed in  this thesis. First and second
configurations employ five. opamps and three opamps, respectively, which are
attractive in terms of simple structure and low cost. In addition, applications of the
proposed circuits to-realize frequency doubler, divider, square rooting and power
monitoring  circuits are' also introduced. The PSPICE simulation and experimental
results confirming the correctness of the proposed circuits operation are agreed with

the theoretical values.
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i 1y 2SR TRd AN NISUNTE - 29asuansang syl (power
monitoring  circuit) Tuszuuildndsauainuunmes WA¥99InTIRTRUA U uusad e
amsumwzjamwmqq W m'ﬂhvﬂﬂm"’lﬂmmwmmﬂmm’}mLLauvaaﬂlusvuvmwlm
AGRPTE lmmmmnﬂumaﬂ‘ﬂasnmLiﬁ]iﬂwumwammwmsawamauauaemammawm
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2.1 uni

293Uy uLeusdaniuguninisgramilafigninunyszgndldaumisdn
Jennssuliihlagiemzetiedslussuuiedesdiotauazssuuniunu naonsussuudoaisuas
Insauunay Tnevdnmsimluvensasguseneuseduvesdyyiubunm 2 wesn wazdiu
vesdygronodinasiuiu 1 wesn Tnedyganowynilisidunanuuesdyanauiivedn
Bunmiadesiemainaunnines (scaling factor, K) Fauansluguil 2.1 [14]

Vx
Voul = VX*V\'
Vy K
K = Scale factor

UM 2.1 anmsviluvesasam

mﬂwéﬁ'ﬂmaﬁ"ﬂﬂmamq%@mﬁuﬂmﬂugﬂﬁ 2.1 A1NT0UUNANYAIEYDI199TAN
Fyyaueuzdenldilu 3 sUnvuAe WUUNTIAIBALATLY WUUABIADARATUY LATUUY
ArnaauATu %Qé’ﬂwmwa&é’ﬁy@wmﬁwaéwﬁuwmLLa::wa%f“nLmﬁwmama%@mﬁﬁgmmu,a
usfenusagiuvaansouandleFnte 2.1

A9 2.1 dnwnigveadynuiinasnBunaLaTNe SN 1ANRYD AN Y ML ADN

WARZLUY
WUy Vi, Vy Vout
NIAIDALATUN Unipolar Unipolar Unipolar
ADINIDAUATUN Bipolar Unipolar Bipolar
AnraAuATUN Bipolar Bipolar Bipolar

ar I oY e o =
2.2 asandygrausianilainisunausluatn

NnMsRIIRNdyy Leuriendausefnauiaegiu lainsduaueisnng

U
[

senuuULAzA N IRudyg IukeurdenTuludiumn Mansdinudeyaansaus
wumslunsiiaueaddeluedaldidu 2 wwiniefe mnluausesqudygaiiiled
dusaguuinisaing uay mahiavenasqudya aitiyatdonedmiuilvaiady

219955733 Ieens 2 wuanneldesunesvazidenuasiansdiagslumdetaly



2.2.1 mabiaussesqudyyinueurieniithledduiaguuinsata

dwiugduuunmsaiinsespudygaueusdonuuui Wumaiiunisihgunsalled
ddaguusesiu L“ij‘u paUwand NIUTawaTUUUIAY NS1uT amamuv‘tviwms WHusu
1WINISADIIUAY Lwaam:}amﬂmammmu,auvaaﬂ IﬂEJﬂﬂmwmaﬂuaqmswwunwamu
Iwmmuwmmmm1wam%u,avﬂﬁ'lﬂjaUﬂsmwmmwﬂﬂmwaammm Faraspudyg
LtauuaaﬂwlmumlﬂﬂiuaﬂGﬂ,%iuswuu%mmﬂ'1mama‘uaum'vmmmnluaqmrﬂumqmmm
lidiu 1 wnnedsa Iuawaﬂuwuﬁawulmamm'JaawwamaaiﬂmamﬁmmaauvaaﬂLmuuwu
mMalausluedn 4 Aot

L. 2wvsgaidyaoueuzdonuuuldinmaaunu (FET-controlled multiplier circuit )

o

2. raesguidyauewrdenuuuliisasienuasuouiaen (log-antilog)

<

Qs

3, aaﬂiﬂma@mwmLLau::ﬁaﬂLeuulﬁﬁ’aéﬁﬂﬁua@am'mﬁmwuwﬁgmua@jLaw (pulse
width/pulse height multiplier)
L2 [ 2 s ¥ aa , [ [ A
4. wasgudnaueuzdsnuuuldiuladyanafiseailuweusien (digital-to-
analog converter) sunusuUasdyanauausdomiuiinea (analog-to-digital
converter)

dMIUEALIBUNTBISHEMUUANIY dnsanandldsa

s

2.2.1.1 awsguaygrnseusianuuuldivnaiugy [15-17]

a'miwanmsmmwmawiﬂmammmmuwaanLmuumﬁamsmurﬂummmumu
Muswiulnil (voltage-controlled - resistor)  Iagldmsudainatuuuimm (field effect
transistors : FET) ﬁmmaawﬁuam%ﬂmaaummuauwaaﬂLm‘u‘lmLWWm‘Uﬂummmuaml@msﬂ
'V] 2.2

I/X % I/uu!
=2

Ui 2.2 19snnsdyry Vauweuzdenuuuldinnenuey

ﬁnmwﬂusﬂm 22 Q, Fadumeiaduruiua (N-channel) uazealueud 4, e
iauﬂuaﬂ"tusﬂuwm‘ama;Liamuwmmmmammu (voltage controlled voltage amplifier)
Tnediusanuy V. LUuauwmaQmma‘vamiwma‘uamaﬂ3L1JuaﬂmunumLL‘Nmu V, Auseeiy

LB'IWWG] V Tﬂﬁ?ﬂ%iLﬂUNﬁﬂﬂﬂ}a\?LL'ﬁﬂﬂu V e V %G]@EJ'NISﬂGJ']JJ’NRIﬂUiﬂVI 2.2 Ay

aut
mﬂwamaamaamnwawmmm@LﬂumLau (nonlinear) YaIdMIVENIVBIIITRIL LTINS
Uiuﬂiquwu'twmmjw 23



Vi (-10 to +10V)

Rio
R M
O
A[ VOUF
Ry Rs -+
= R‘;
Ry
V- (1-10v) Re
R i_| ]—ﬁ>

=
'1|—J\/V\/-—""\/\/\/—T
|
S=0
el
o

"y (0to-10V)
o
(V,<0)

s

Ui 2.3 asvsguidagaeudonuulivineauauiiuisuds

NNNRTIUFUR- 2.3 Avrnufuniuseninganiasy (drain) fuTiged (source) U84
W O uae O, ansnmlaanaunsi (2.1)

AV
Ryg=—~t— (2.1)
LygslVe=2V,)

dla Ry Ao Apnufumusswinwmsuiureoa
Ve o Ausduiiudosw (pinch off voltage)
v, e Aussiulunmsmuruaiauduny

c

= =
Ijss RO NIzUAATY W V=0

NMeaslugui 2.3 aunsanaussiuiedinn v, veseaduend 4, ey

out

VXRZRIO

out — (22)
(R, + R,)R 55

diefasannszuaiivaniiy R, annsammuduiusvesnseua iy LRIST]



i =2 (23n)
DS
0-V.
Ty, 2 5 . (2.39)
9
V, — 0-v
Iy =lpy = 2R9 s = R . (2.3m)

A o a = | Y o 5 v
RN R, uaw R, Feroaglugunuunosuiasssiu (voltage divider) agld

= ﬁy& (2.4)
: R, +R,
dlovimaunsyi (2.3r) fuaunisi (2.4) 3gle
i ‘R4R9VZ (2 5)
Y ‘
7 |(R; + R,)

Wewnurn R, a1naunsi (2.5) asluaunisi (2.2) a¢ld

e Vy IV}’PRZ‘RIO(RB + R4) (2.6)
K V, R\ Ry (RI + Rz)

tiwualdl R, = R, R, = R, uay R, = R, awnsnanstaunisi (2:6) 1§y

I/r)m = VX |Vy’ (27)
VZ

Frwsvhaudiosgludeulsii ¥, fawduuin uas ¥, dedidtesnii o

2.2.1.2 qwspudyninueuzdsnuuuldrsesienuazuauison [15-17]

dmivesgadygauneusienuuuiivssnaulusheisudasdygrauuuien (og
converter circuit) uaz9asuwlasdyauueuiiaen (anti-log converter circuit) lunsadag
NIIAN YR Iﬂaé’ﬂwmx‘z}awﬁanlm@sLm'smamammmmuam‘t@fﬁagﬂﬁ 24



Vy O——— Log

5 O——— Log Amilog O Vou

Vi O—-» Log

UM 2.4 vdenlaesunsuvenisesudygaiousdonuuuldiasionuaziouiden
nudenlaerunsulugui 2.4 aunsaduurmydiusvenaslddunisi 2.8
log(¥,) = log(V,, ) + log(V;) — log(V,) (2.8)

naunsh (2.8) \Weugdanni sl

; |7
log(V,) = log{ X Y) (2.9)
VZ
yWnsieuRgenaunsa (2.9)
Vnm = M (210)
VZ

as

dmiuiedenasgudyaruueurdenuuvldansdonuazueuisenaiuisa
wanalddaguin 2.5 9Masluguil 25 MINNUVBNRTDIREMANMTLUasd iy auuUden
uasueuddon lnseeuend 4, 4, war 4 vhwiiluisesden wazesuuont 4,
wihduasueudfon Tennaudiniusuesaunsnsmdanossiandluaunss (2.11)
aunIAMUdURUSTEnINsELaRDaIENIADS 1. WauSIRUTLUALAYBTAAES

Ve vomsndaweiuvululnas 0, 0, O, uar 0, uandléimail (17]



Q;
R, i
Vx o—"\N\ -
A
Q;
XTZ Ry
R AVAVAY
2
Ve o—AAN > o,
P =
f+ Vg 1-1 A*f b Vam
O3
/G f
Ve o—4\NN )
Aj

,ih

= o & ) o ad
EU‘W 2.5 ’J\‘l"{]‘if]m mufyﬂmLLBUSaBﬂLL‘UUI’H’Jﬁﬂiﬁ@ﬂLLagtLBuﬁlaﬂﬂ

v, =V, ln%— (2.11)
§
lag ¥, o AlLsssuRnAsauuaiudfinine Svemsdaies ety ffqz
Ve A8 ussduwailazndiinmes
I, 9 dnszuanealdnnoTvemsmddines (A)
I, #p Anssuadus (saturation current) (A)
V, Ao mussiuidisgamgil (thermal voltage) vesmiudanas(y)
k fe easiluasiuau (Boltzmann’s constant) Sfuviniu 1.38x10°% J/K
T fe Agaumgiuindeu (K)
g e fAwseglwihaianasou (electron charge) dAvinfu1.605x10"

sauneeslugui 2.5 Mlua ¥V, uesvsul@awes O, uas O, aeld

Vy =V + Vi (2.12)



10
warluhusufenduilun 7, wasniudawes O, way Q, =ld
Vy =Vops + Vs 2.13)
PNAUNTT (2.12) uaz (2.13) Idauduiusify
Vepr + Vagy =Viggs + Vi (2.14)

vimsunuan 7V, luaunisd (2.11) ashuaunisit (2.14) aglé

v, h{iJ -V 1n["c—2J =y Ln[hJ v, 1n(5’£iJ (2.15)
ISl ISZ ‘[5'3 1S4

MAMUA NI WTAR T U9 THA ALY U lé
Vi = Vrz &Y Vrs =V (2.16)

fadunaunsy (2.15) asnsadeulatmidu

ln[[(?l[(.‘l'lﬁ‘[b‘é!J:O (21?)
IC3]C4 1SI15'2

dwiudawas ¢ O Au O uay g O, fu O, Hmwaunsdiusaiuagld I, = I, uas

I, = I, satiuamrsaifouaunisn (2.17) talwsidu

In{ﬂc—z-J () (2.18)
I(f3[(4'4
PINAUNTR (2.18) 2vld
1.1
el = h{M) (2.19)
3
WnsueuRasnaunisi (2.19) agla
y.
I, =-cres (2.20)



NMeasiugun 2.5 azle

Foys V;T
I, :%
ey =2

Wuen 1o, Iy Ie Ao aslugunisd (2.20) aeld

= R4R3 VX VY
out RI R2 174

&

i R =R, =R, = R,azld

af < o e ' [ as
Z2\ .3 WISHUFVYIUUBUZ AUV UNRAIAYINDgIENITINAY
uauwagﬂuag}mm [17]

v
Sl Y

11

(2.21n)

(2.21%)

(2.21m)

(2.2149)

(2.22)

(2.23)

ﬁm%”umﬂﬁﬂm'ﬁa%ﬁmws@mﬁagmﬂmuausé‘aﬂLLuuuwaﬂﬂawlﬁmﬂ'amgnéz’aq
TBIHANIAF Y gInTuAeiiAA RN IB T yaIUTEINY 0.01% usagnslsd
mumnaiiniaglinanisnovanesarmdsnnfissgluraliisesdsd dmivdnvus

Tﬂiqa%’wL@axé’ﬂwmwaaﬁmfymwamwmmﬁ’mjg'}mﬁiﬂﬁ’mﬂﬁﬂﬁmm'iml,amlﬁé’qgﬂﬁ 26
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Clock Pulse width Pulse height Low-pass
frequency modulator modulator : filter Vou
Vx v Y
—_—— . Vl’
V\’Juf
Vi=0 / il e copealus s v I
Wy

Vnm

/ o
V>0

— W W +V},

Vom

Fy<0 /

-Vy

Ui 2.6 dnwniglassadauasdyy YIarenRsHURY Y MeurABnLUYTaTIMiLegIan

5?MﬂULL@MW§@@MB@LﬁVI

1measlugufl 2.6 Tnevdnmsvhaueslddyaasune v, Wumauaunsuae
ma‘wquﬁ’aﬁ%ﬂv‘mazﬁmmmﬁuwm V, Wuiimiuaunsueguaniuuuounagn naved
ammma'mwL-fmmumsuamammUwamﬂmmﬂumiuamLamLUULLauwam auﬂnaeﬂ,ﬂaa
Nﬁ)‘smmmmﬂmmu (low-pass filter) Imawmmnﬂwaaw (cut-off) YB9I4ATHBIING
ﬂ’numaqanﬁywmmwm (clock frequency) ﬁ”l'*umuammi

dmudnvasvesdyauiiyn P Nnguil 2.6 Tunsdiidyginduna ¥V, fidnsd

=

ﬁqﬁumwmi’wwmﬁaé (pulse-width) maqammmmm P 25Uy "UTUIAveIdy I

1
as

uwn 7, ammmmﬂ P maﬂaamm\‘mﬂsaammmmmusﬂwulﬂammmuwmuﬁ%“'1.1
ﬁummﬂuammunuwaﬂmwaaaqmmauwm Ve waz ¥, dwiulunisldanusineasqu
dryanaueus aE]ﬂLL'U‘U‘L!’{IvUS"’ﬂE]Uﬂ’DEJN‘{I'SHQUCﬂN"]GNS'U‘VI Py
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Triangle Vi
wave
generator
S Low-pass
filter Vou
e O
-Fy +Vy
Inverter
And buffer
G i
Py Fy

o

JUN 2.7 29a5ausieg YaIRIsRAd Yy IeurionuUuiad Inviegansuiy

WONWAYALBALEN
Triangle
generator oV
Vi
Comparator ;

output )
¥y

Vour

X, EH— »

oV

V;

+Vy

SUN 2.8 dnwaizvesdyguaiunieg Y9N IUBLUEAONLUURAdInTiNegIAN
UNULBUNFANBA AN

mngﬂ‘ff’i 2.7 uax 2.8 Shgudygnourdenildivadeiivzdsznaudie 9vsAnadygu
ARUANIMA B (triangle  wave. . generator circuit)  2935USBUWIBULTIAY (voltage
comparator circuit) 29958UIosMeTuarUNWes(inverter and buffer circuit) WagI9a5
NT89ANARIEIL AIM5UN1IHIIUT9993TE 3NN ATUT U BULS B uR TS
LU%‘HULﬁaué’i’ﬁuvayﬁmswiwé{'mumgmﬂ?iugﬂammé"amazé’mmwmﬁuwm V, lnsanuniues
Waduesdyaraneiing v, ﬁlé}"'ﬁuagjﬁ'wum%ﬁmumgmﬁuwm vV, ﬂﬂﬂﬁ’uﬁmmmeaﬂﬁwm
V, sggndslumununisieiuveueusdonaing (analog switch) Wevhnsdandendn

U
L3

ayananeann +7, uar -V, 9innastuneinesuaziives Tsvuavesdynna +7,

L v

2

way —7, Juegivdyanadunn ¥, nndudygraiinueuzdenaindgnddludnnses

mmﬁﬁwﬂw%’umﬁmaﬂﬁwmﬁlﬁmsﬁé’ﬂwmmﬂuazyguymm%ﬁLﬁuamaauﬁuwaqm‘u@aﬁm@m
aunm v, waz I,
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2.2.1.4 asgadygrauouzionuuuldiulasdugnadneady
< ' s  af ar < & aa
wauzden sunumuUasdyanuouzdenduidnea [17]

s

?ﬁ"l‘lﬁ%J‘UL‘V]ﬂﬁﬂﬂ'1‘3?3%"N'Nﬂ‘ﬁﬂmﬁiUﬂU’]ﬂ.éLL’auﬁﬁBﬂLLUUﬁﬁ]SﬂﬁﬁﬂaUlﬂéf’]EJ(;{'J RIEK

o

< Y

dygrufineailukeusdendesiufumulasduyiauousdoniuiines lnsdnuuy

<

lessaisvansesannsauanddfigui 2.9°

Vier

REF
Vyo——— ] I ADC ——0 Clock

Code

Multiplying

[—————0O
DAC Vum

5UN 2.9 Imaa%’wwamdmﬂmﬁmﬂmﬁmmuzﬁammust%’ﬁ’mﬁaq fyanuainoauleusden
SwnuimwUasdgygnueuzdonduiinea

Qs o

MNgUR 29 nsdwurenwsBivinteudyanduwn 1, T VBUNATB9DTUYAY

Y

>

o as

dynuvauzdendufdnea :,mmwmwlmﬁmmué’ yridneagnasludgesulasdyao

v 7]

aa

Aameatunouzdan Imameumaawamwwuasgf‘“fU mumwmﬁuwm Vi mn’mﬂugﬂ 29
LL‘NG]UL@"IF!WG] V. qprasiaiiu

out

K g 2 (2.24)

REF

MNAUNST (2.28) mmwmmmwwm’mwuLﬂuammunuwaﬂm‘uaq yadunn
uag ¥,

2.22. maaueasgadyuiitiynganedwivilvaaduiassoy [18]

dwmiuguuuunsaiinesgadygoususdenuuudfisngonneiieuadaiy

= =

NI Iﬂ&]ﬂ']‘iﬂaﬂLL‘U‘U?{]ﬁ}iaﬂ'@mum‘v’iﬂEL!E'{QJ‘UGl‘?J'E]\‘]’N?]TWﬂJU‘iSa‘Vlﬁﬂ’IWﬁQLU@G’\]’} NHA3IU

Y

ﬁ&JWQEﬂU‘UE’NaUﬂimM@EﬂUSULiUU‘U’a]\‘i'Nﬂ‘ii’}?;J Lmam&lﬁnmmuwuiumsmlﬂasmwa
m“LUUiWEJﬂm“l‘tmu‘lfzﬁamaaummmmLaaﬂﬂ‘quamm druiudiedanisaineeesan
aﬂfmmuauvaaﬂwuﬁmmlﬂa'mL‘tJu'm'ﬁfmmmﬁﬂmawaﬂaanmwmamuwawmmm‘l‘u

<

mL‘UumﬂuﬂwuEJm‘hraeﬁ,ulasaa'n,iarsﬂwmwmlﬂmwaamamLﬂuu AD534, AD532, AD531

=

Judu Tnswaiafiezeiuiereldiliivainresisasvesmnii 19INTUATeT uaz
nadsiwa lagswamdunrensasiidmailaiannsouansless
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ﬁww%’uummmﬁmamwsqmﬁ’zymmuausﬁanﬁmﬁmqaw&naﬁwmmﬁwzmﬁa
wsesdudunmvaseslumsmuaudnswetevesgUnsaludauoniiv wu niudawmes delu
19VBUAAT YR IATUTIRUAIUANIINBUNAURAzH Tngdsesandanuouzdeni
o1fiEndnn1sve99TveteAtAINazldnsudanesilugunsaineniiv lesand
paautRaandudadugedeiinuduiusssninnssuanoaidnimesuazaninmineg
uaﬂmﬂﬁgué’qﬁmmasmﬂ“lum'iﬁﬂﬂa%'wﬂu’msimuula%'ﬁqL%ﬁrg‘d

dmduresaudyyinneurdenilindnnisveiasvenesiauiiasssnauly
MeyavanasTenszuaiinuatRaumssiy gavenasuasiuiunseua ievhuihd
Tumswdasussfudunedinesn X wesn ¥ uwaznesn Z lunseiled AD534 Whlunsvuadi
Fuiusiuduussdudunnresisasgulunsdaznein niudawmesiafinaisieniioa
(Transistor multiplier cells) Usznausansiudanesvnsmamiunisasanssuaansadiuda
dviuludadiuiunaguuesuseiuduws uazludiuresimsvenoaruuansisazyiuing
lunsudasiauunnsieresnssuaildansaguvasissiudunndls T duuseiuondum
wuuUmeiunilsreifisunsdvieduiaeu ingle-ended) ol duiusiog1awe999s
feudyannLRUEAeNLUY 4 Maaunswiagiannsauansléfisui 2.10

l Li+ls
QUTPUT

Transistor multiplier cell

“

V. V.

BGhT K P
1] R J,E? “ I
SUN 2.10 21995ANFUQMLANLANILUY 4 AIDALASUTIDEN99E
U u by

1nesluguil 2.10 ﬁmum’lﬁwmaﬁanssuamﬁﬁﬁwwﬁﬁ’uLLasLL'mTuﬁuwmﬁwa%w
X wez - X \Duuswiuduwaiisreldtunuavemsiawmes Q, uay 0, nuddu
ussfuBunmaesiliAnnsualvaning R, shee V, /R, ludwsussfudunaiinesn
Y Awfeaiu fo ussduiinesn +7 uaswedn — ¥ (Huussiudunadisndliiunianes
vswdanes O, uay 0, Wiy JsusesuduwnivinliAanssualnai R, f78A1
V, [R, lnsda@iwasioasioa (Multiplier cel) azUsznauluselalonainlassadneves

nudanes O 0, O O war O, launszuaioinnverNesiiAinAunaTINves 1, uax
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I, aUAIENATILYBINTLUA I, waz I, "Lmeri'uaawaama«aaumﬂumiﬂm"’fgzgﬁmmmm

wanaldsiil
L=1+(,/R,)
I,=1-(V,/R,)
Ii+1,=1+(V,/R,)

I;+1I,=1-(V,/R,)

(2.25)

(2.26)

(2.27)

(2.28)

mauum’mmwmjamawﬂmmmauumauwwmmmJiwm'a lagiiA1 B gewn uas

13.]11&1(?1‘UI’NF‘HF”I'Nifﬁ]’]'quu‘ﬂﬁ]?]‘lJU'iuWi@BUﬂ‘illﬂUﬂi’]uﬁ?JﬁLW’E}'i ‘i]’]ﬂ’Ni]ii‘LJ'Vl 2.10 ¥ihns

Wnsevigl A-B-CA laek 0,,0,,0, war O, lirady

VQI + Vbe(_)4 = I/;mg3 R V(_)z
ceo

gV, Ao ussiuvivakasudiimnesvemmuiawes O

1., Ao Nsguadusafaunay (saturation current)

(2.29)

(2.30)

kAo eesiiveduariuung (Boltzmann’s constant) iA1Uszuad 1.38x10° J/K

T #eguugilumiisesrinaiy
- ' =y a ' W -19
Ao AUsEyliiivesBidnaseulimwiniv 1.602x10

W

NAUNTN (2.29) aunsadeulmilésad

Inly +Inly, =Inl,, +Inl,,

lwhweadsriudwiumsiiaszigu AB-C-A Tassin 0,,0,,0, war 0, wwld

I|[s = [612

AnuARNIIMIAINTELALIANAYRsasTH Ty

(2.31)

(2.32)

(2.33)



" P ; 3
Woamyanaiz Imans sumaad wszeeumndaansziy

Iy=L+I -(I,+1,)

WM TUNUATANUEUN LSRN ERalUaNn1si (2.32) uay (2.33) asluaunisa (2.34)

Iy=L+(1,0,/1)-(1,1,/1,)-1,
=L, =)/ 1, - 1,1, ~1,)/1,
=y~ 1 )L =1, ],
uwnue I, waz I, anaumsi (2.25) uag (2.26) adduaumsii (2.36) a¢ld
Ly =1y =1,)2V A R,

INAUNTA (2.32) uae (2.27) ald

3

v 3 8 as =
anluanunsan 7, lagd

LI+ LV, TR, LI+LV, IR,
0 [p21)F sy 2/

TuvhuasRenfuainaunisii (2.28) uag (2.33) agld

]62

1%

Y=
J Ry

wazaunsam I, il

LI-1¥,/R, ILI-1V,IR,
5T N, Y3 21

YNNISUNUAN I; uag [, mﬂa:.umfm (2.39) waz (2.41) a\ﬂ,uaumw (2.37) azla

P LGSR R AN A2
¢ # N 7 IR R,
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(2.34)

gla

(2.35)

(2.36)

(2.37)

(2.38)

(2.39)

(2.40)

(2.41)

(2.42)

NAUNITN (2.42) slﬁniULLaLmﬁwmﬁuaﬂq%I ﬁ%uaejﬁuﬁwaﬂmﬁamLtiqﬁuﬁuwmﬁ

wosn X i AZNOY Y ﬁ'm‘i'uaﬂwmyiﬂ'Naswma‘iwmamaf\]‘iﬂmammmLmu“aamwu 4
ﬂ']’e)ﬁlLLC’]‘iuVWIE)E]ﬂLLUU‘UuLWEJﬁ‘J'NL‘U‘U'N‘G‘ﬁ']ﬂmﬁﬁla’é]ﬂ’i]’]‘lﬁu’lEJVl'Nﬂ’TiﬂﬂULU’ﬂi AD534 w94

ustuaurdeniilad (Analog Device) amnsauandldmagud 2.11

55288
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RLIYUGEANENARLNNER HESAY tenInErgiLpReERUNLUTIUGLY v nATUGEanEnmLiprabeeren)BLUbLE b Y] TT°T WNE

19
HSNIS
a0aq
NOLLDIS dWV 40 MALATTdINY Z HHIATTdINY A HHIATIdNY X HAZITIEVLS FONTYAATY
Asi-
i oz 2 5
o . S o SINIHL o s
(9] o sz ERLA
Lol
Wy ay 5y W %wx 75
97 !
5 ‘& L —
ST
mU

Ld :._Qx._

nr.u-

11
1

hnx

[1¥

AST+
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13U 211 uandlassadaneluseslefiues ADS34 Tnsanlassadianaglu
dadlwesiwalszneviie O, O, O, O O, uar O, lnevnlassadnsludiodeuiu
2995lugui 2.10 9sléin (R, + R, + R,,) Wevldiu R, uas (Rys + Ry + R,,) iinulel
U R, wagluhusudeaiu (Ry + Ry, + R,,) Weulddu R, lasAanuuansievenssua
(difference current : 2, /R,) fiawirfudinszuaeidnavesisns dafulunsditen
“Sense” Tiloundumnann E, gnviouindunesn Z, (‘+Z°) uavv1deda (reference) Z,

(‘-Z ) gneieasns1s (ground) aglel

e =2 15 (2.43)

R, IR,R,

- Ty (2.40)
IR.R,

nngaslugudl 211 ffumuuuuiuailferllunsuiuuvasdenseuansd
dieldmsvihnuvensegluanizaung ﬁf’uﬁaﬁnmwmmn&hwaaﬂ'ixl,l,aﬁ,msivgmsﬁauﬂu
audiilousssiudunaynintugug uazAanauvinmoSvaIn1IgRazgnUULIT 1/10v Tagld
e slumsdFuusdsdrausiunuuusHunmes (Wafer) 2099995 dusunisuaire
gamgilasgnunelagli@iuasinlen (zener diode) fivimtifiasnausesiugedaliituass
UNTLUE ﬁaﬁ'mwﬁaﬁ;aﬁmmw&iamsm?iaumlawaaqmwgﬁ

nawmalialunsanasaudygInLeusienuUUA1eY inauniuaanise

ayUieiuavtodrousazmeialidnsed 2.2

31 2.2 feduastaideveunauinaiialumsaiiasesan frunyauauzionuuunieg

2995 HARUEYAIae | dsgudyyame | 2wseudymiuue WIIHUFYYI | TN
usdonuuuldin | usfenuuufien- | usfenuwuuldad | woushenuuuld | weusdenuuuld
ATUAN uauffen Aoviueguansiy | 1995 D/A uat AD | 299svsnem
usunAIANBAIaN AL
mAda Tty | Waeesdantums Tussuduneenu | Miuvasdyana | Thesveien
fasumuirnue wasdyynduwe | vildlumsauau Aimoailuweuzd | A
foussulwiuie | mmbnimasiures nsuaEnLUURad | andasiuiudh
YimthiEeu dyanndlivien | Gaiuasusaiy wasdyniuue
BRIV TD HITUBURTEN duwmdnsnunildly | wfenduiinea
10959810 F YR8 N1SAIU ALNTSUD
QAVUUULBUWAA
A1Au ?Tuagiﬁm‘hmuﬁﬂ
AANAIRUDY >0.1% ~0.1-1% ~0.01% UD92995 D/A Uas ~0.1%
2995 A/D
HARBUFUDA FuagiuAwaily
M19A93 ~ IMHz ~100KHz ~100Hz maudasdnyana ~100MHz
U89 D/A (D/A
conversion time)
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2.3 f29819n15UsEYnA LTI

rspudygrnneusiangminnyssgnaldauluiiuaicsg uinuie Wy duns
fioans uagszuuiaTeslioTauazatuau Wusiu luinerinusaduiildundiagraunsnis
Uszandldnuiesgudygianeusden 3 fegrediail

2.3.1 2asasaudynaitlsews [19-21]

2935993y auiilisaa (phase sensitive detector) Wunssnsadudyyiu
wuunilafifiomiluyszgndlilurasdidnnsedindeneg wu 2995 3adduiiunudnisini
(impedance measurement circuit) kara99svedyaIuLuUaondu (locked-in amplifier
circuit) 1Uusiu T,maaaﬁﬂ‘izﬂauﬁugmmamw'ia'lmsml,amlﬁﬁégﬂﬁ 2.12

Mixer
(P.S.D)
Output
Signal l\ % A Vpsp = A*B %
Input O I/ % ;- %
Input Bandpass Lowpass Output
Amplifier Filter Filter Amplifier

Reference
Q5

Input

Phase Shifter

s

5UT 2.12 a9dUsEnauiug T NRIATINTUAY i lnewwd [19]

mmwﬂugﬂﬁ 212 ﬁug’mmiﬁwmummawSmﬁmaﬂi@m fyanauweuraanyinnig
Audnaudesdyyadivieiupe dygIndunnueeas (input - signal) wasdgygyin
91984 (reference signal) Imawaqmmaaﬁ@@wmﬁ’qaaqﬂagégﬂLmuﬁﬁ'}ﬁzgﬁa nsdifwave
fryudunaaziiavesdgainenBmsaiy nsdlwavasdyaudunauaziiavesdygyin
$redadldnsineiu 90 e nsdifavesdynuduwatazwadya usaBailsiaiy 180
84711 LLasﬂszﬁﬁLWama\‘iﬁmuq;'lm%uvgmLLazLWa’uaqﬁ'auJzpﬂmé’wﬁaﬁmﬁmﬁuﬁmmlﬂ'-]

as &

(arbitary phase) lnsdnwuzvosdynynBunn dyny1asede uazdygaueinm Ve Tuus

e

azﬂigﬁmmimmmb’ﬂugﬂﬁ 2153 -216
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<
>

Vi
o
s 1+ [+] [+
£0 >
& t
o — —_— —_—
o
VA average value
0 S - — ' — [, s SRR
2 —
= t

v

JUT 2.13 dyanainsalinavesdyansunauazinavesdyanuddmsaiy

SN
Vg

Vi

Input
=

va
g | ] =
)
E> 0 a9
(=4

Vi

average value

a /
£0 .

s

JUN 2.14 dygraunsdiviavas TrusuBunRLasaY o d

fIME9BTARaTY 90 BeeN

o



€afl

c.
=D

VA

D
D

v
[+ [+] [F
& 0 -—-t
&J s e ——
Vi
a
= g Tt

average value
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2.15 dyanaunstimavesdygrudunnuasinayesdyniuetadaiiamaiy 180 aem

=).

W
Navaes

[nput
=

vi

Reference
=3

| _| i
_q mm (_\ _:V:/rage value
TR

vi

Vesp

2.16 dygranstivavesdyanudunauasiavesdygyudnadneiuiiemlag
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1NFUN 2.13 n3diiaves “’zy,zgmﬁuvgmagLWama&ﬁmmﬂmﬁwﬁqmqﬁu HARMUBY

oo

s

Hyey ﬂmwiﬂuaﬂwmuLﬂuammqml%ﬂ ifanuddugesvinvesdygindneds Tnedadeves

L)

s

aansieruasnsasinuaTdi (low pass filter : LPF) aglédyanamdndanduun

o

=

mﬂiﬂw 2.14 dwiulunsdiiidyaadunauasdyarusnds

v

=

IaEaenu 90 a9

Qs

wa@mmaaammﬂmwaaamaﬂwmuLﬂuaﬁymmlsaummmnLﬁuaaag‘vmaaﬁ’zgﬁgmé’wﬁa Tae

Auadsvesdyaaniioinunnsnsesiumnudmiddyanadiisssudygandueud
mﬂg‘dﬁ 2.15 nidifiavesdygnabunauazivavosdygindaiiaiu 180 oeen

ma@mmaaﬁmmﬂmﬁlﬁﬁé’ﬂwmzLﬂuﬁzytynmhﬁﬁﬁmmﬁﬁluamwiwaaéi’ggﬂgnmé'wﬁq Tag

Amapvesdyanaiieiunsnsesrumuisilid g natataiduay

s

9n3UT 2.16 Tunsdifidyguduwawazdygudrdadmadieiuiuesmlag wa
ﬂm*’uaaﬁ’fgmuﬂmﬁgaamLﬂué’@ﬁg'}ﬂﬂ%ﬂﬁﬂmmﬁﬂuamwiwaaé’zgmumé’waa TneAedsee
Funnaniieriuinsneuarin ldyufnsisedudy g uwd sdufuaiaiueig
wlasewidyaaBunatasdy o198 mﬂﬂmamﬁ’amamwﬂusﬂﬁ 2.12 fafinaaun
‘mm‘nLﬂ31v‘w’iumu"uaqNaiﬂmammmmuuaaﬂmﬁﬂm 217 Tosimunlvidyyndune

V LLa“ﬁﬁJﬂJ’lm&']’N@\‘i V llﬁlfﬂ']‘iﬂ\‘lu

psd

an‘
V., = Acos(wr) Low-pass filter )y output

V., = Beos(wi+8)
sUi 2.17 2vesasadudugnaiitdemeaniidyaatunmuasdyaasdadudyyaled
V., =Acos(wt) (2.45)
V= Bcos(ot +0) (2.46)

@

We @ AeAAnusnuwavesdney QInBunmuaE SATTRRILERGR

#

& =

@ ﬂam’mamemmﬁ'mwuﬁﬁ’umwm f ol o=2nf
PNANNTST (2.45) uay (2.46) NaguuasdyyIuiaaea I TaLanalsnail
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psd

= Acos(ot) * Beos(wt + 0) (2.4n)

Vo = ABcoswi(cos ot cosd —sinwisin 0) (2.4%)

Vs = AB(cos20f cosB — coswi cosOsin wisin0) (2.4m)
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Vs = AB((1/2 +1/2cos2wt) cos 0 — 1/2sin 20t sin 6) (2.49)
Vo =1/2AB((1+ cos2wr)cos O — sin 2wt sin 6) (2.49)

V e =1/2 AB(cos0 + cos 201 cos O —sin 207 sin H) (2.4%)
Vot =1/2 ABcos® +1/2 AB(cos 2wt cosO — sin 20 sin 6) (2.4%)
Vi =1/2ABcos® +1/2 ABcos(2wt + 6) (2.900)

2r
e Qs

ANAUNTA 2.4 drA1vunn (magnitude) o4 Ty udnaBaiienaarinaiuns ey
Lawﬁwmamww3ﬁé’ﬂwmmﬁué’mapmﬁ%ﬁﬁamauﬁ'ﬁﬁaﬁ
- LLiqﬁ’uLmﬁvgmﬂuaaaws%ﬁmmmﬁLﬂué’mmuiﬂsjmaﬁ'uﬁwmmmﬁﬁgig’im%uwm
- wswiueineenvsiivueiiudadutudilaluticosine) vosrmuAI
UANANTENINFYMBUNALA SIS
g LméfuLmé‘xwmﬁlﬁ%ﬁ@qﬁﬂixnaumaaﬁmvzgﬂml%ﬁﬁﬁmmﬁﬁuaaqmwm
doygyIng19BITINgAe

NnnanautRctna 1 Arseiusueinnranwsinsisdlsznevtesnuimiy
ADUVINUBITYAYIUENIDITINEEA Y ﬁﬂﬁ?ﬂlu%?%ﬂﬁﬁﬁLi’]’i]3‘L°??’Nﬁliﬂ§a€mi’1uﬂ’}‘mﬁﬁ?’wj’m Tu
msfdnesAusyasusanaesnluellidyn e inavesasiidnuusdudya s
Wity

2.3.2 199570 ADUNWAUTNIINHAY

=

ravinAduuaudniniiluasBidanseindiddglunisiiuussendldly

as

NUBENMIBTINANIINIUNNGR199 [22-25] WU N5 Tndyyanumiasianiesneg nsina
Sufiwaudvaanszimizamaiiedunlilunsidedelsadneg Wudu Tneunfudalunu
Sidnvselindmansunmdagldaulutaseaiud 10-100 Alatdsn uaznszualviinlugis 10-
100 Tulasuoud ﬁ'ﬂﬁﬁammﬂaaﬂﬁ’ammﬁﬂm [26-28] @ msudnunzlasadi19ve919357m

Adufuaudmalwiansauanslifagui 2.18

Function o Object k Anal‘og}le .  LPF , DC
Generator Multiplier Qutput
= A
Phase
Shifter

5UM 2.18 lasaasnwerasinAmduiunudnialnii
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2.3.3 1995V YNLUUABABY [29-31]

dwmiusesveedygiauuudendu (lock in amplifier) u?uﬁwﬁ’llﬂﬂ‘sxqﬂm‘wmu
Tumsindyanilvadu (AQ) vumdnnelddyanusuniugey wWu dygunniaiedietn
Amauiinil@ndsneg dygraumnisunnd Gudu Taerseseslvdygrmedyais
é’nwmmi‘Juﬁzy,tywmﬁ%'ﬁLﬂuﬁﬁﬁiauﬁué’ﬁgq;ﬁmﬁuwﬂlwaﬁuﬁﬁwﬂ'ﬁi’ﬂ lnednyuze9
'Nﬁ]‘i‘?]ﬂ’]Eiﬁfvvfuu’lmLLUUﬁﬁlﬂauﬁ'm’ﬁﬂLLaﬂdlﬁﬁGEUﬁ 2.19

: I
Lock-in : I
Input I\ [
np | }Iy, |
|
i |
' :
! Y i
S/N 1 |
| Analogue / Lock-in
. I Multiplier S | Output
Experiment| | l
Equipment| | y |
' 1
I
| Phase Sine-wave :
y I Shifter | Generator |
I
Y_lIL W/ 4 Ad AY/F TE RPN 1
3UM 2.19 lassaimwenaassgiedyannuuuaensy
2.4 uvagu

e‘i’w%’ﬂw‘wﬁlﬁndwaﬁqmm%’wawSQm‘Luﬁﬂwmxﬁm51 Afinsdausindausede
IﬂaLtanaam‘@wé’ﬂmi‘uaawa]i@mé’mvguvflmuauzﬁaﬂ'ﬁﬂwla%‘a‘hﬁﬂgﬂmﬁwmﬁa%’wuag
ninn1svevisespadgaifigajmnedmivilvadnuluiessy  wiouiaiaus
MeodunsUszgnaldnurenasgadgyialufumeg anfinduuaiiuléings
dnlngiilasiadiisudeusindansiluldauess soiluineiinudatuisddiaue
msainTgudyguueuzionetivhe Tasldesuuendiifiviemilunuieimainnldly
mMssenuUULAzINMSas s dldndmseandealuundaly
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3.1 unin

INUNT 2 ﬁlﬁﬂdﬂﬁ@ﬂmauﬂ’awamwmmé’mmmuau“ﬁaﬂLLamé’ﬂmsa%"N'N%
AudyyInweurdoniiiinisinausluein maamu&mmamamsﬂivanmi‘ua’amwmm
dyaueusdonluraasingg dwsuluuniizuanieas £ DATBANATANISNTIVIANTELE
mﬂLmaqma"l,maéaaﬂu,awmLﬂuaﬂnimwaniumsa'm'msﬂmwmLaua’l,mwmuwuﬁaw
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Tulwansuasuuuduea mwq‘w{]ma’mnuﬂunﬂuﬂlﬂlﬁuﬂﬁaswaa%ﬂm‘i,uww 4 wazunil
5 noll dwmsusieay 2LBUATDIIITAIUAN mvmmﬁ‘auanm‘iﬂumiaﬁmwmmammm

wouzdenlaeldoauuondanusanansseaz ssnd el

3.2 walAN13R5AanseIdnNuMa 318 Inve seaUautuuyluTwans [32-37]

dmsumaialunsnsadansyuasinuvassnelil (supply current sensing technique)
wessadusniuuululvaniifuvaialunsadsdauy s mosnnundas s s wedued
IneandeamsuRraiaed (class AB) ﬁ’l‘if‘tummmﬁwma@aammmﬂ AWTUAN YT UE IS
Iumim'i’m'mmmmmﬂLmaq%’mlw’uaaaaﬂuawLLUU'LUTwm'i (bipolar opamp) @unsaueana
I¢isaguii 3.1

Ui 3.1 wadalunisenaianszuannumasing lwsesesuuauduuululnans
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N3N 3.1 eavuent Ap Wuseunonduuululwans fduniu R, viwhitluans
a @ o 3 o v o U e o
Waguuswiuedng v, Widunszua 7, wazdduniu R, vmdilunsnsiaianssua

nuvasTnelivesesduend  nlassadrenisluvesesurenduuuluinadiisieasna
wiinauuueaael wiesnsadouisaslugui 3.1 lélwidguil 3.2

Vee

S
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I llp 1
< — —

)

1
cal I @ I3

Vino

e ; {94

Os Os
—':Q”

95

j pET

U7 3.2 wallalunsasieianszuannunasiigineeseaviauduuylulnansdeuoadnly
mululaseairesseaiuaud

MNgU 3.2 hmsiasanludiurenssedwararae Tuuufiugiuresesyuentd
wuululwansludmewsiudaines 0, 0, O, way O, Feanunsanansladagui 3.3
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qu}—( s

e e
o) B

o | ¢ = « ¢
U7 3.3 2vsdruednaiuuaandiadveteeuuonduuululnans

INFUN 3.3 N3 uBanes 04 way 0 awdelugunuuvatialon dwsudaines

nadalurseslinuantimuiioudunndsynis wazArdnsivenenszua  (B)  veq

1 2/
= e

ns1udainesdaifigaunnnis S>>1 AINUILAINITOALHAVDINTZUALUATVD

Y

N Tanoslenia Jg, = Ly =15, 15 = 1 Wiy L= I 3ngun 3.3 avle

Vagis/+ Vasg = ¥Vama+ Ve 3.1)
ER)
[lSIlﬁ =1S14[Sl3 = ]‘g (3.2)
naunsh (3.2) agldan
12
I=—= (3.3)
Lis
Wae
12
I, = B (3.4)
I

fT91gn A vaegui 3.3 lanasiuveanszuasiadl
I

gis = Dis = Lpg =iy =1ig — 1

Ipg =l =1ps+i, =1s+i, (3.6)
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WALAIELNTT (3.3) Lag (3.4) adluaunisi (3.5) wag (3.6) auasu azle

i+ 1, -1 =0 (3.7)

15" out

naunsi (3.7) 15 egluguvesidsaesdasansomanszua 1, lddad

w |-

. . 2
1 l
Jo=—ow g || e | 4 (3.8)
N 2 | (2IS‘J
e e
1
i =~
[15 T— out _IS out '+‘l (39)
2 2,

aun1si (3.8) uaz (3.9) aximnugneesfsoliensudanesyadvianluaniizunilil
finladnilgnihnssuaaslein i, <21 uagnssua 7, ssdeuduuinuwidunied

wirmenisivaniugdi 3.3 deduannnsn (3.8) Juduaunisiignihunldaiu Tukes
Wedrunseua 1, aunsamildainaunisi (3.10) ¢

=1

g ; 2 2
Jo 3 RSB Al (3.10)
S Ls21]
e e
- 71
i N
ATy i | S (3.11)
16 2 L3 [QISJ |

nszud 1, luaunisi (3.10) astfuaunasigndas iesandinszuaiduuindsesd
o = LY = -:4' gj ::? 1

firmaganuiianianisinavesnseualugud 3.1 viviinszua 15 way 7, axsouegly
nizuaniisanundsinslivesesyuendluduvinuazaumudiy Wefinnsuiaingud
3.2 nssud 1, ssliAviniuwasiuvesnseua 1, 1 way I lesfinswdawmes O, uay
0, hmihidulrsasazieunszuaiisninisdeitunssuawitfunis safuesld

Iy =1y =1, drdns1v1nssua B v0msuddinesiaguinnias g>>1 ae

[
o =

A1150U2INANT UL E /, lasail

L=l &1, +dy (3.12)
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Qs

A s 5 dl bt 1! v ql)
W8N 1, = Iy + 1o =205 uaz 1, =1, + 1, feuaunisi (3.12) audeouludlddai
[, =21y +1,+ 1 +1 =1, +1, (3.13)

Weswnnszua I, I, waz I, Wudiaei viendnlddndunssualudavesestuoud
NANATTH (3.8) uaz (3.12) azldin

. 2 2
I I
I =71, +1 .|| -2 +1| —a¢ (3.14)
# e S[zzJ 5,

Twhusufiendu 7, uay 7, ssifidvuieiviadu I, uaz [, UERY AITUITANIID

wiAnszua 7, oeeil
b3 20 + I AT =1, + 1N (3.15)

91NN (3.11) agld
1

3 2 200
0) 5 18 (;TJ b +"7 (3.16)

S

naunsn (3.14) annsoileulnldsauniss (3.17)

.2 3, 7

I NT I

DAy o]+ 47 |- 5 (3.17)
45 2

i = LY ] & L1t =

We I A9 nssu,aluaa‘nm.ﬂ'waﬂﬂaﬂa1E1Lamua'ml,mmwmaaaaﬂu,auﬂ wag 7, AD NITUE

atvvotesUuonl (Quiescent current) dnswud i, fAateldiieulves 21, <i <

21 wadvesTniaesluaunisi (3.17) HINNILBOYNTUARIATANNITN (3.17) 4

anunsagulniladail

. 2 . 4 .
[,=1,+1 1+l Jo | L[ o oo o (3.18)
2( 21 &\ 21 2

NNaus (3.18) wlihaynsuihdseziinadvesideiifuiang Turaegiiniseenuuuaces
ﬂmﬁ’mmmmuwﬁaﬂﬁaqmiwmﬁﬁtﬂuﬁwé’qamLﬁ'n;;zu Fafugrimuslidvematidaed
ﬂ'Wia\‘iﬂ’J’lWR)UWﬁJﬂ“IﬁGﬁ&‘UﬂUSﬂﬂ‘] oF mmsnavwa‘uaawawmumuaamﬂaawul‘ulm n13
mwumaulﬂwm*umwﬂuauﬂ‘uaaaummnmwwa]u‘wmaumuawulﬂ‘[mamwm&mmmmaq
waruduadundn issnewemaiidsusugainidasdaniitensnn dimualinseua
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i, dfidesniinssua 27, edanavemmvlduugendtdusuansiis Tnadmuali
I <1261 @un139 (3.18) azanunsauszanalanai
.

i
I =J, +] -2 o (3.19)
PEETER TR 1

2/

NNFUN 3.1 Wsiu v, azansamlanail

.2 .
i A
V= Voo — IR, =voe — (I, + IR, — -2 4“2 (3.20)
& ' 81, 2
P = W o v P . 1% 1% =
We Ve Aeuswiuunasdnelwlusinuuan wasiloswin i, =—ﬁ£:—ﬁ INANNITN
1 1

(3.20) azla

V{iR?. - vaZ
8I.R> 2R,

W = Ve _(IB + fs)Rz / (3.21)
MNaNNTN - (3.21) wuladausediy v, finented v2 & auadne Saldhluldswiumaie
meLmasaLms lun1sainesansaly

3.3 wAtiAluNIATIIANSTuENUNER e IWvase s uduuuTNad [32-37]

dmsumalinlunimnainnseuaanuvassgiwssesuuorduuuiueafumaiialy
msasudyarumdsaaninundiiislussesuueuilneerdauauiinaiaetlunia
wiiwavesepUnenl. dwiudnvmusuenaslunmnaianssuannunasinelnvesoay
wonduvudveaaunsouanslddaguil 3.4

gﬂﬁ 3.4 WMALANNIATINIANTLLAINWMEI8 INvsealuauduuudusa
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ngUN 3.4 eduend Ac iussuueniuuuuea (CMOS opamp) fadumiu R,
iihilumsdeuussiuedne v, Wilunszua i, uasddun R, vwhifluns

ASIRNTELAIINUUEaIT18 Iiveseavwaul 9 nlassadrenislursseevrenduuudueans
vAdNaLuUeaaed lIassadisasestuzui 3.4 Tlmiseguit 3.5

Voo

S

Vino

MZIIJ%‘IM* I

Al s

-Vss§

5UN 3.5 walialunisnsaianssudainurasaginvesesunanluuudteaious iy

malulasiasvesestuoud

1NN 3.5 hansinsanludiuvenisssiowmaranaeluuuiugiunesoayuew

wuuBsealudg LI wRaNI LT dIneS

Isg l

My

Mo

Is1o l

M, M, M, wag M,; Ssunsouandldfagui 3.6

fo

zVDUI

A
j%%ﬁm

Ji

3UT 3.6 wasdiavinauvueataotvesesiuouduuudyes
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NNgUT 3.6 Srimuslineaniudamesvniitnulugudud (saturation region)
mﬂamauﬁ’ﬁmamaawim%ama‘%w‘lﬁdwnszLgaﬁﬂr\Lmuu,a:fu’:ﬁﬁaémamaamm%ama%axﬁ
Andiindunazagld Iy, = I, = I, 91n3U7 3.6  asfunuduiusususauninnuay

gasnlanail
Vasiz +Vasia =Vase + Vasio (3.22)

s

LSIRUANATDLYNATULAYTDSNTDIUaNIUTaImTausaloulanall

D
Ves = KD ke (3.23)

Tnedl 7, Aeusadiugaidu (threshold voltage) K fewiandinasvpsmoansudaines

= I3

I, #enszuafiviiasuremsiudames dmindameinadiiiquandiivieuiunn

U5EA1591naunI1Ia (3.22) azanunsaideoulwilaned

ps + I pys =2 :‘\/E"'\/Z (3.24)

£
e

auuamaumﬁ (3.24)

anngUn 3.6 988N 1, =0y +i,, way =T, i

oul

2
=1

ransavInszld I, wag I, lonal

V) ] 2
> ST 15(1#&} (3.25)
161 4l
Las
2 . 2
PO 2 o ) e S 1S (3.26)
. 161 . U4l '

v i

9naunnTi (3.25) uay (3.26) nszua i, sxdesdfiditosnitviowindu 41, Adwnwhld
N5 udanes M, wio M, vmawuldundliihganigngaiinssua (Cut off) nzua
I, wag I, 5axiqua§1unixLLaﬁﬁaawmmdadwlﬂéfmmmLasﬁ'}uawaaaaﬂuauﬂ
Ay 9103V 3.5 naudames M, M, uaz M, vmifdulesazvieunssud
WUUABILDIAN Favsagiounseuaildnsinvenenszuaviifunils axldnssua I,

war I, SAwvindunssua I, seduasle
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Iy=1I+1, =3I, (3.27)

lwhuesadisafuasliinnisua 7, =7 uay I, =1, ddusinaunisit (3.25) uay (3.26)

agla
. 2
!
Ly=I+1, 1, =L+ 1| 1+ (3.28)
4]
hae
. 2
K= +1,+ 1y =1, + | T (3.29)
) SUar

dle I, fe nssualudavesnirvaigranaeTludiueidnnuesosuueut uas 7, fio nsvua

awveseaUwont (quiescent current) fnszua i, SmnneldiGouluves <47, <i < 41,
aunsi (3.28) aunsadeulvslénad
- . 2
1 %
I =d + IR T4+ (] e (3.30)
29 /N [415.] [415) '
72
=l Ty 08 ) e (3.31)
2\ = Wi 2
irmgﬂﬁ 3.5 WS v, vannsovlaeat
) i i R
V=Vl y,. — ., el T ot U2 (3.32)
1 [ 6/ B 2 (& (B S 2 16]S 2
=i P L J ' e A . Vm“. Vm =
Wia Vo  Aeussduuvastnelwludiuuin wazilionn i -y INAUNITN
1 1
(3.32) agla
2
“ R v. R
Y :VC(,'_(IB +13)Rz -0 + 12 (3.33)

16I,R} 2R,
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3.4 unagd
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andyyIuLouzdonuuy 4 masauasuvilasldoounaudiif uazaiuda lnvende
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299IRUF Y IULBULADNUUU 4 A2aLASUN Ineld
2aULaudR1n

4.1 uni

’luwaifﬁ'u,auamsaaﬂLLuuqaaiqmﬁ’mmwmLLauzﬁamvuu4 AIALATUNTILY
udnnns mamasaua’ Ingldeeuuendvianldlunisaine Snvievhnsilassiaueaud?
m"m*]'um';w3qmé’wuﬁgﬂmttauz§anﬁﬁnaua WY BUR I TNAFOUANTTOUL VBT
duauslnonissianinsvinaulaglélusunsy PSPICE wazn1960249593¢ 24n1508AKUY
warnaaemavualdldeautauivanuuluinansuas SueadiouanslidiuiaseAnsnmues
2snudyyIuLouzhon

4.2 wannaurasasanuuuldeauuandvinda
4.2.1 nannIsNUgY

Tuingninusatuilagldimaiinmeawesauais (21 TeuwmataildAiiidiaaes
nauanuaznanwesdyynlunsinaigluuurasnsgudyanlaglieeUuoudidl
emlvluiemain Tnegluuumsaudyanuanns uaaaduaunsianel

b, =410 40 - (=T, @)

Nnitug s maeryavataatiend ifiguwuuludnunzaaaed Sl
fnamannsouaslugluuurenmudailes (9-10] uagimszgnaldiduiasitdedes
fifiuszansnmgdld [11-12) lngnasihdmedligmiluidsauiumaianewesaumslunis
A ey numeusdeniun lnsdnvaizvssnisanwsqadyyaueusieniagli
winliameawesauniaunsanandlaisegud 4.1

N e
! (Vi+V3) (Vi+Va)?
> x:
V,0
i Scale and Vo=V,.V;
differential to o
single ened
| converter
Vio—————
(V1-V3)
x Xz
v, (Vi.Vy)?

5UR 4.1 winnsashnwsaudygauueusieniagldinaiinmeainaiauai’
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naunsi (@.1) JULUUTBIENNSANAEB4 (square operation) anansaaselaain
AuauTRraraedlumaediwaveseeyuond dmsunmsadnesaudygnueusdonuuy
Tfeavuusuddruruiismildjuuvuresrasedreirslunisaiedygrudideasann
Lméﬁﬁ]"mlmadaﬂﬂLLam‘Jmmmuﬁﬂﬂé’ﬁdgﬂﬁ 4.2

+

v
Ippl R,
Vi
R bﬂ/=
ANV Ay
—
Lin

5UN 4.2 299y nirglunisaiedyguidiaes

1Measluguil 4.2 8 ouueud A U oz A, w feushiesadumau R, g ninlveglu
JWuvurennesulasdyapaussiutiunssua iweviminiudasdaanaussiudunn v, 1%
Wudtyginszua i 108 i, = v/R| Weosnineeuuerdednlulnaisuasduoailasaiied

wansaiufiuusy v SatudygumdEscesdygraduyeiwendrandu 2 nsd
Peiu

n. nsaildeadwaudviialulnas

NAmMAtANATITIANSERARNIVAR e MYt sUwondstalulwarsnnanliluuni 3
Nneumsi (3.17) ennsadnnldlunamenszua £, uag 7, vesguit 4.2 16wl [11-13]

1
2 5 X )
; A 131[1 + 4’;; ] +’? e i, <21, (4.2)
S1
2 B i o
L=1p +1| 1+ 4}"2 ‘f’ g 7, £21 (4.3)
52

iWle 1, uas I, e Anssuasacu (quiescent current) uwag nszwaluda (bias

1

current) lumsvinunuuaanaedveseatuend A, auddu fvualvesuneud A, way
= wa o fu w & =4 &
A NaENUAVaNWISSNUeNY [ =1, =1, uaz I, = [, = I, launssud Ly S uRasIN
(=1 [ o

vadnszud /, was 7, vimsulaaludygruunsau v, lnesduniy Ry fauisiaiuise
WA v, el
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.2
v =v' —2R,1, —2R,I(1+ 4’%)“2 (4.9)
S

NNAUMIH (4.4) ludrumoawausinfides (square-root term) a@snsanszatzeantalneld
BUNUMEAT (power series) Uagausailisuaunish (4.4) 1alwsiduy

. 2 . 4
v =v" —2R, (I + 1)~ 2R, 1, é[z‘[ ] “%{ i ] oo (4.5)
S

s

MRUAYUIATD NS @D IAININ NI A S BN VS B RE e NN AT R U S 1

. 2 - 4
l Iin ZE 'lrn (46}
2} 21, 8 | 21,

VAU (4.6) Azl 7, <126/ doimuatieulvvasdygim i, <1.267, aun1si

[
e o

(4.5) 9z Wy ulnulanail

LRk [V* = 2R, (I + f.q)]—f%if, i, <126, (@4.7)
8,
0
"N [V* —2R, (I, + Is)]—zf}—zv,i iy <1.26I;  (4.8)
S

lngmanusnuesaunsil (4.8) fle druvesduniniduasvoniided fie Ardiasd
vosdyg BN v, Snaseurinines (facton) R, /(41,R?)

v. nsisaUusudviinduss

NawalanInTIITRnszuannuuangltvessavwendvinduearinaililuund
3 naumsi (3.24) annsathuldlunismdinssua I, way I, v0agudi 4.2 lédsauns
weluil [11-13]

. 2 .
I L <
L=1p+1g+—2—+2 Wwe i, <4, (4.9)
1 Bl S 1613] 2 S
i, i i
L=l +1g+—n Ml i, <4l (4.10)

161, 2 "
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Tagdnwuznsiesgisasadedunsdivasesvuendudalulnais e uas I
Ao Ansruaasunaznszualudalunisyiiausuueataedesseatuaud A, audidu
favualdeavusud Ay uas A, dquandddaunsdduded 7, =1,,=1, uay
I, = I, = I \aonseua L, \unasimvesnseud 1, way 7, vnmsudandudyainusediv

vy Tegddnun R, dslumamnsamiaussiu v, veneesluguit 4.2 nsdliildestuend

¥iinGuoaldinai
i R,i} “ .
v=[v' —2R,U, + ]S)]_F o i, <41, (@.11)
hy
YRR
” RV 4
v =[v' -2, +15)]—ﬁ dle i, <4l,  (4.12)
S0

PMNAUNITA (4.11) uay (4.12) wiulpiradrepisnuvasnisi (4.7) uag (4.8) vesaal
wendviialulnarsuddiaiun ineuddeassvoadygy idunn v, audiounnines
2
R, /(81,R})

4.2.2 msinuvenasgauuuldesyuaudiiiea

s =1

dmiuasvTandynueusionwuy ¢ moauasuiwuunsniitiausluineinug

'
=

auutannsouandlanasun 4.3

LT}
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AN——+ Vo
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AN ANV

L

<
)

5UN 4.3 2995Adyauueuzdaniuy 4 MeaLATULUULSA @S
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‘\]’}ﬂgﬂﬁ 4.3 1957t navelsznousissUweuting deeatuend A, uay Ap gn
vssgagluifudeiu Tngeouuond Ay uaz A wioudedfumu Ry uaz Ry foeglu
JUuuvIesidaes SQ1 Tauil Ry iwthilwaussdudunssuailiaruduiuseeanseua
i FAWIAU (Vv )Ry Tuviusaideniuesuueuy Ay wae Ay wiaudhesdiuviu Ry, uay
Ry wieagluguuuuiesindeass SQ2 lned R, mthfulasussiudunseua wagdumiy
Rs1uaz Rsy ﬁmﬁﬁﬂmwwmaé‘fﬁymﬂmuwﬂé’uLWaﬁﬁé’mwmawhﬁ'wﬁa (unity gain)
dmiunaumladygauswiudunn v, inlianuduiusvesnssua i, Tawvindu (v+v)/Ri;
dwsulumssenuuuieas s wuald Ry = Ry, = Ry wae Ry = Ry = R, lneAnszua i,
wag i, wnhlUlglunmsAunamussiu v, wag v,, Asly %wwmwﬂugﬂﬁ 4.3 @NInuen
sonliidhu 2 nadl il

n. nsallveaunauduuululnans

ﬁ’m%’u‘luﬂsfﬁﬁlﬁaaﬁLtauﬂwﬁmltﬁ,waﬁmﬁﬂﬂﬁa%ﬁmwsg}mﬁﬁﬂLaua A RERET3Y
AU v, WAz vy, lngsnsdeaunsi (4.7) lasadl

o 2R, ({5 + 1)~ o —2 (v, —v,)’ (4.13)
4IR}

vy, =v —=2R (I +[.)*L(V +v.) (4.14)

22, PR Sl § 4] RZ x y *

¥

e v, uaz v, A WIIRUBUNAYBIIINS

1Me9sluUn 4.3 usediu v, uaz v, grasiuludnaasveeauuandndaislaeesy
wewtd A; dwanglugun 4.4

Ry
R3; i
Vi o AN + Vo
A] "
R3p Ry
V22 o AN, N

sUN 4.4 29959878AUUANAN
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imaasTugudi 4.4 dmueliddmu Ry = Ry, = Ry wag R, = R,, = R, lngdirnAiu

Fruvu R, >> R, RI50NUSHU0ANATD19I 398 18AuANs g laARail

R
Vo= Ej‘(vzl ~Vy) (4.15)

FAMISUNUASIR vy, WA vy, 3NENATS (4.13) wae (4.14) adluaunisit (4.15) ald

R 4 R +
v, :?ZKV —2R,(I;+ 1) - LR =~ ) ]—(V -2R2(13+IS)—Z}%(VX +vy)2ﬂ

(a.16n)

R4 + R 2 + R 2
v, = =4 v IR (I, -l =\ IV Y~V A2 R, (T N) +—2 +v
' 0 R3\: 2( B S) 4ISR12( x VJ) 2( B S) 41"5.R]2 (v.\: y) j|

(4.16%)
v, _ R I 2(vx—vy)2 2 2 AV Lo ) (4.16A)
% 41 R, 41.R,
ot Z
”—4IRR2 S R (4.169)
NANNTA (4.169) annsadnaunisindlveglugyuuvannis (4.1) et
2 2
v, = R4R22 (vx+vy) g(vx_vy) (41-{)
ISR3R| 4
naEunsh (4.17) agldn
y =Sk o (a.18)
I,R,R
vo . bevxvy (419)
R,R
be = 4 22 (420)
IS‘R'.’!RI

1o Ky #® ﬂ'wamaLLwnma%n'ﬁqzu‘uamwaLLUUI%@@ULL@M{J%Q@"LUIW@ﬁﬁﬂmuﬁ’aé‘h



42

¥. nsfllgeavuwandwuuduas

Q

dwmiunsdifildeauusudviinduedlurasguninauemiusny v, uag v, awnse
mlasiail

vy, =Vt =2R, (I, +1)~- v, —v,)’ - (4.21)

RZ
8I4R;

vy, =V = 2RI, + 1) —

R
<7 }2 (v, +v,) (4.22)
S44

Tudnwuzifertuiunisldeeduenduiialulnans ussiuerdine v, vonsesgud

Uauensilldoavwandutiaguaaaiuisanilaannaunisn (4.15) lagyinnsunuaILsafy
Vv WAT vy, INAUNISH (4.21) Lag (4.22) MUEHU AIUULTIALEIENWR v, Y8329958A"
fail

R R, )| R
V0~Fz|:(v —2R ([ +I )—H(V}(-V},)ZJ—{V —2R2(13 +1S)_ﬁ7(VX+Vy)2]:|

v, :%{v — I (T, )ﬁL(v -v) V2R (I + 1) +—2 L > (v; +v )}

81, R 81K’
(4.23%)
€= ASE c(V,=v,)’ +i2(vx +v,)° (4.23m)
R,| SLR 8I.R
LN ) 2
gt 2 L WP LY - (et (4.239)
R ) 0, ]
IINEUNTN (4.239) anunsadnaunsivailvieglugduuuaunis (4.1) lada i
2 2
v e R4R2 i (vx+vy) _(vx _vy) (424)
2IR,R 4

NFUNTNA (4.24) 221877



a3

L I (4.25)
21.R.R;
v, =K vy, (4.26)
e = (4.27)
2I.RR

Wle K, fie Aawnaunnimeinisguuenivsuuulfesuuweudslinduoadnuii

INMANNTVNUTBITTANANNWAUIN R TAUF Y IULOUTABNLUY 4 Anen
wasuvikvuusnAdauslyInerinusatuildesUusudsuauinfidegiunsaldlavisany
wonduuululnandvieduealaeusraingunsaiitrwiug

4.3 n'I'ﬁm'sqsﬁammuswamwsﬁﬁ’naua

Tumsleswiaussouzmsvinurensasaufihiausldudiosndy 3 du fe e
ANURANEINTDINTS  HaRBUAUBIRaAUILaz I uBunaTesasinaudazauld
weninsnidunsdldoeduenduinlulnariuasduea evazdanldesudludedaly

4.3.1 ANUEANAINUDI292S

PNAUNIIA) V9993 AUAY Y IMLOUEABNULY 4 ATBARATUVITIL LA LET VLA
Dumsimuelirngunsaisneg Mhsnsefiamuamadtu Lm'asjwliﬁmaflunﬁﬁﬂqm@mﬁ
dausluldougds muilimmedfurssgunsalihiunldiduiudsvinfidamalfinndaany
Annannvasusstulenineve neasimiaus Tnsmmliaunssiuvesesuuonditldlunseu
SQ; uaz SQ, wavaallalanwsdiuseving R, uag R, \dio i=123 4 uas 5 Tuguit 4.3
%aﬁum@z’mmﬁwmamwi@mﬁﬁ'\muaLﬁamuwasaaqmml;jamwaﬁﬁ'u‘umqﬂﬂifﬁﬁl%’
anansauusliii 2 nadide] [namuan )

n. nsgllgesumauduuululnans

s

g v o I
nsdifildoeuuuululnarslunisadnseigudygiauousenuuy 4 men

o
=

uwaswilagldoayuonding ussiuewinnvenesqunsdisnmarosmuilisunsdiuves
gunsalldansamleisal

vo = me’Bl + V(ijselmu!ﬂl {428)
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2 2
A
y R,R, (vx +VJ’J R ,
1ila =1 l+epv, +>~— 2 1y °A
mulB1 Rlz R3 -IS ( )V x"y 2 y R
A
]:A_RJ,,_S
2 i

—2RR Ay + A
I/o]ﬁ\'etmun'Bl = “—R;—i(fﬁ + ]S AR = (ﬁJ]

oo A, uaz A; Ao avwbisuwsdfuresnssuaasunasnssualudalunisyiey
wuuaanalvaseauuenl A, uaz A,
A, Ao mnildamesiueesdaduniu R, was R, oo (R, - RV/R,
g A9 Awvinwasamdawaie (error factor)

Vofsemuipl P18 ANSIAUBAYLTR (offset voltagelldaayuonduuululnans
ﬁwﬁﬂumsa%’wqq%wﬁ@m

9. nsalldepuwanduuudued

3 ar o alg = £ at =]

dwiunsaiildesduvuiuedlunisadniiiinsiaasguiyyiaseusdenuuy 4
moaunsuiilaglfeadusudaus usadueninnvesasaansdinsdsnmavesniiul
auwsdiuresgunsaiiildannsamleinei

vﬂ S Vmu.’Cl d K}[jf\'e!mui('l (429)

2 2
A
P R.R (Vx +v}’) %
te me’C] =2R_;R—2[_ (1 i S)vay + _'E_"'VyZAR
132

Ar | As

g = —=
3 24

— 24 Ay +A
Voemucs =——22Iy + I ) Ay +| =2—"5
offsetmulC1 R3 ( B hy R ( IB'P[S J

lng Ap uaz As fio anuliaunssiuresnssuaasunasnszualusalunsyinay
wuupanaelvaseayuaud A, uaz A,



a5

Ag fp  enuliaunwswiuuesiisunu Ry way Ro ee (R - Ro)/R;
g1 Ao AwnmasAUAANaA (error factor)
Vo preamact A8 ALTIRUDBNEA (offset voltagelToaUwaniuuuduea

Mlunsainemaasasgu
4.3.2 HANDUAUININAIIUD

naneuauRIAILivenRsguiauegniialnuamauTRvesee Lo ldlly
2993 91m299slugudl 4.3 sovuond Ay uay Ay soluzuuuuranRsTesdyaaviniy
wila (unity-gain voltage amplifier) @slnanavausmIAMEIAUALNLLULATATTUS
¢ind (gain bandwidth product) yoapoUuauTily ﬁ’aﬁumamauauaqmmﬁmanwﬁqgﬂ
rialagdnseisnssiiuresesvseauandsiiadslaesediend A; wasdaduniu
R31, R3y, Ray ua® Ry \lorimuell Ry = Ry = Ry uas Rep = Ry = Ry mladiuuulung
(dominant pole : P, )%aﬂaq%fgmﬁﬁ’lLauaa'am'imﬂixmmlﬁé’qﬁ

Pl= AR /S (4.30)

$ Rs
A AR
R,GBW
dle GBI fe drnuuuudd ailussnduesosduondfild §en GBI = 1.8MHz
dwiuoadueuliued MC33172 uay Ry/Ry = 2 duilu ailadiuuulng P 9giiA1Usvan

900kHz druvetoauuauliues OPA2703 fif1 GBW = 1 MHz sty Anladuuulwa P, 2l
ATz 500kHzZ

4.3.3 Y291 TVNNUAUIUNAVIIIIAT

Frmsinuduravesesaniaegnimualumenyo (vl + v) dmiuti
mavinuvenaasguidiausluguy 4.3 uenidu 2 ndifie

n. nsanlyesuwanduvululwans

‘U”Nﬂ’]‘i“/l’ld’luau‘wm‘ﬂﬁ]d’]\‘lﬁliﬂm%ﬂU’ILﬁuaﬂimm%BaﬂLLaMULLUUIUIWE!’)SR]uﬂﬂﬂ’MuGﬁ]’}ﬂ
aunsil (4.7) uae (4 8) smﬂmum«aaul%m i WAY i, FasliAeunii 1.26/ Fafuraamsiay
auwmmanwmmwumua Huferusdiy Ve HAE v, maaaﬂumauh (vd+ ) = 1.26L:R, %30
mmﬂlfuau‘mmgummwauwmuauwm Av,, maﬂlﬂmu

Av,, =v

v,|=1.261R, (@.31)

9. nsainlgeauwsuduuudues

‘U’J<1ﬂ’]‘iVI’N”IUE}uWﬁl‘GE]\‘]’N'ﬁF}qu’]LEIU’B)ﬂSﬂJVII‘U%JE]ﬁLLE]lIULL‘UU‘ﬁuaﬁﬂﬂﬂ’l‘MUﬂﬁﬂﬂ
aun1si (4.11) waz (4.12) ?waummaul%m iy Uay i AosliAtasnii 4f¢ mu‘umqmi



a6

'ﬂwuuauwmaﬂwmmwmmua Ao Auseiu v uw oz v, fevegludeuly (vl + W) =
4R, S fiRnsveaussiudunn Av,, gegeannsafivualay

AV, =y |+, |= 41 R, (4.32)

mﬂﬂnmiﬁﬂdnm%sLﬁu'ﬁwsﬁwmiﬁ'muﬁuv!Wuamqﬂiqmﬁﬁnauammsmﬁuﬁu
”Léﬁﬂmﬁmhmmﬁmmu Ry zwiﬂmﬁumﬂ'nuﬁmmu R, ﬁawa’iﬁﬁhamaLLwﬂLmaémmN%
ﬂmwmmuaumamaqmuaumiw (4.20) waz (4.27) waraInANNsA (4.31) uaz (4.32) 4z
mu‘l,mwmﬂg‘ummwamaﬁﬂmﬂwaaﬂLLauﬂﬂﬁumuaaumaﬂgumﬂﬁwmﬂ’nmﬂ‘uaaﬂ
wordwialulnans dlefinsaniienvesnszua Isuazausinumu R, fiviiiu

4.4 NISYAFRUANTIAULNITVITNIUYDINRS

ASYAABUANSIOUENYNYD4Rs A g Tauelaviin1ssassntsvinaulagly
TUsunsy PSPICE MAZNNSAE1995939 an1svaaeuvisvaalaldoauieudauuululnaniuas
Fuoaiouandliiiuisussavsnmuensasnudyy s uzaon i N

441 Nﬂﬂ’li’ﬁ?ﬂ‘é\@ﬁﬂ’liﬁ"lﬂ']uﬂE]\ﬂﬂ%ﬂﬂﬁliﬂ‘ikm‘ill PSPICE

PnsesTiiEueYMsATeUdLsTaUYIaN TRl TUN Y PSPICE lneldoey
weud UAT41 Fafusauandadslulnans ig1adeensedrsdenes UAT4L Tae [38] Tu
Aslun1s81aBeANS N uUBsRsRuaAnzE Ty was Is Wiaduannszuadldainans
NAADITY AD 870UA WAz 208pA RINEIAU dmsuniudamesiianldlunisaisesy
wond UA741 tdmsulamesenstse (transistor array) [39] apau3em AT&T 1uas ALAG0O
TnuAgunsalaneg AU IiINarIRsLasKamsAmuInNaInA1gUnsalinge
A mTunsaREUALS Tz TaINATIElUTIASY PSPICE anansaudadldfanisnedl 4.1 way
4.2 UaAY

a5197 4.1 M3dnagUnsainqdmiunisiaeiissaig PSPICE

W5 mes YU
Opamp A11,A12,A21,A22,A3 UA741
Riy, Rz 10kQ

Ra1, Ry 1k
R31,R32,Rs1, Rs2 250kQ
R4y, Raz 500kQ
Iy 870uA
Is 208LA

Supply tav




A19197 4.2 Han1sAUINAINAEUN TR E M UNT918893993608 PSPICE

WSR3

YN

Dominant pole : P, 500KHz

19U URM v TEUEUWm AV, 2.62V
Aanaulnmesnsgu K, 0.096

AMMSUHANTNARDUALTIOULYDINTA8TUTILNSY PSPICE mmammmlﬁﬁagﬂﬁ 4.5

120

<o
=
X

Output voltage v, (mV)
==}

CRE-)
S o
; :

-120

[
—
i

T i

0.6

-04A%0 \( A3
Input voltage v, (V)

0.6 0.9 12

(n) AnaudAnsaeloudyaaling

1501

Output voltage v, (mV)
X
=

0.6

03 0 03
Input voltage, v, = v,, (V)

06 09 1.2

(v) AuaudRansigleurenasaunavindumsidee

U 4.5 wansiaesmsvinnurensasiagldoauueut UAT4L

a7



a8

30
204
=
g
g’.ﬂ .
210' oW B ¥ § o Ye e % 5 5 & & &
(=]
> . . : . 2
E k . /
-10 = : : : .
-1.5 -1.0 -0.5 0 0.5 1.0 1.5

Input voltage, v =v,, (V)

() ArAMRANAIATE NIRRT DU e
5UN 4.5 wan1sdnasanisvirnurenssieeldestuend UATA1 (de)

‘ﬂ‘ e 1 ot ‘4 o dl
U 45(n) - wamsfnuantRnsargleudyninlunsivanasauiniiauaiie
mruald v, Tewvidy -1v 83 1V Ingvhnsuiuiududuag 0.2V uay v, USurnaus
1.5V fis 1.5V dmiugun 4.5() wamamautiinisoislanvesnasauiiiaus nsdinedss

Wegluguuuuasasidaeniufie Suna v, = v, uasdanuianatnvonrsandyy i
dauensilralsesliegluguuuvinasasmesaunsaanslddisguil 4.50) Tasarau
Rananngegauansaspaiiiaueiinnszanm 4.8mv vio 0.37% yeausIuBuUnATiay
Tughsmahnuwenasie v = | denussanm 1.3V

dmiummeauvAHAT AT #ELE NG (Total Harmonic Distortion -
THD) wavsasquitinausannsausnidy 2 nsdl Ae

nseifl 1 ﬁ]3‘1/?’1m‘iﬂauﬁmuzy']mLL‘iaﬁ’ui‘)umﬁéum vy WAgYiIMTUTUATEAULIIRY
Bunm v, 10t (-1.50V) - (-0:25V) waw (0.25V)  (1.50V)

sl 2 %ﬁ'\miﬂaué’cgfgwmmé’uﬁuwmﬁauwm vy UAEYININTUTUATSEAULTIAY
Bumm vy, 10UY39 (-1.50V) - (-0.25V) uaz (0.25V) - (1.50V)

Tngnsndendn THD szvimsndenAfidunndyanaledaudil 1kiz 10kHz way
50kHz AuE1AU 1ngABNUGIATIUTIAUBUNALINAY 0.5Ve ﬁmamﬂugﬂﬁ a.6(n) @9
4.6(4) %dﬁ]’lﬂ‘gﬂLLﬂﬂﬂﬁLﬁuﬁ’lﬁh THD gegavavsasguiiiausiiaszan 0.88%
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i
€ 1kHz
0.8+ W [0kHz
A 50kHz
< 0.6 4
Bl
0.2 1
0 L] L] L] L] L] L)
-1.75 -1.50 -1.25 -1.00 -0.75 -0.50 -0.25 0
Input DC voltage (v,), V
(M) AN 1 @ie v, <0
1
@ 1kHz
0.8 1 B 10kHz
A 50kHz
® 06"
a
fan
£ 0.44
0.2
0 ¥ T L] T L L]
0 0.25 0.50 0.75 1.00 1125 1.50 1.75
Input DC voltage (v,), V
() NsEIN 1 W v, >0
1
i ® 1kHz
0.3 W 10kHz
A 50kHz
< 0.67
=
= 0.4 4
0.2 -
0 T ) L] T L L]
-1.75 -1.50 -1.25 -1.00 -0.75 -0.50 -0.25 0

Input DC voltage (v,), V

(A) NN 2 1B v, <0

5U# 4.6 A1 THD 21nmsdnassmsvinuresisasithavelagldoauuwaut UA741
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¢ 1kHz
0.8 - B 0kHz
A 50kHz
= 0.6 4
=
= 0.4
0.2 4
0 L] L] T L] L] T
0 0.25 0.50 0.75 1.00 1.25 1.50 1.75

Input DC voltage (v,), V

(9) TN 2 W v, >0
5UT 4.6 A1 THD 9 nmssnaeensvinuvensasidiauslagldosunend UA741 (o)

4.4.2 HAN1INAADILALNIIADINTTAIS

L'ﬁaL“fJumsﬁué'uUixﬁw%ﬂ’lwmamaﬁﬁ@mﬁﬁ%aua Fudenldeavuandfialdiluniu
viewwaninaine lnglunismeasslddenldesusondiuss UA1458 Fenieluveseayuaud
wesiiszneudeeatuentd UATA1 $10wu 2 moagneluiitadeafivuldlunisvaasmiu
’;wﬂugﬁﬁ 4.3 1n8Navnn T inrwsiwes Iy Is Apuas Ag nisnas [13] lnowdeld
AR TA9Y Faid I = 871uA, Is = 208pA, Ap= 11pA Uag As = 7.5pA dmsuan
ﬁmmuﬁﬁ'}mi‘?ﬂmaﬁ@mﬁﬂﬁLauaLﬁ'aﬂlﬁﬁmmauwaéﬁ’umnﬂdﬂ 0.2% lawAnAx
fumuiazAswteswase ldmuinldlunissianinisiiaiuvesiaasinelusunsy
PSPICE Fafrgunsniring flflunisrersasasauagnanisdnnaaindgunsaliegdmsu
MIVAABIINATAIINTABNITIREIITuaRIlGRIRmIS 4.3 way 4.4 mudey

o 3

A15197 4.3 AgUnTalnneY NTnaaensiilauefun1sAe299s95e

WITEADS WU
Opamp Aj1,Aq2,A21,A22,A3 UA1458
Ri, Rz 10kQ
Ry, Rap 1kQ
R31,R32, Rs1, Rs2 250k
R4, R 500k
Ar . 0.2%
Ip1 876pA
Ip 865uA
Is| 212pA
Is2 204.5pA
Supply +av




A157971 4.4 HanIAWININAgUNsAiA1Y dMSUNTIVAABINTTINENSABIIIIVR

WIiees YU

Ap 11pA

Ag 7.5pA

£ 0.019
Vofpeimun 82.6mV
Dominant pole : P, 500 KHz
B1URURANTVRIUTWIUIUNN AV, 262V
Aranawrininainsan K, 0.096

dwmSunansnadevaussauryensasnglusinsy PSPICE amniauanalassgui 4.7

120 pee
90{-
60}
=~ :
E
2
L
en
o
©
s |
b L2
Q— e
5 .
(A 1
-90f

s 2N

Input voltage vy (V)

(n) AneudBnnsaeloudyanilnss

51

sU# 4.7 namsnnassvensgasiithiauslagldeeuueduiialulnansiues UA1458



Output voltage v, (mV)

240 e

210}

180]-

150}

120 fs-seieed

90|
60[-
sof —
130 A2 09 R N /2, Ba— 08 O0RNI2 LS
Input voltage, vy = vy, (V)
(9) AuautinsnelouransashanIdivinluiesidasd
B
30
20]- ]
S 1ok
é uhm‘"'f
gf} p “-a\of‘ii"\' s :
A 7 N/
5 |
5-10]-
-20
-30
-5 <12 09 -06 03 0 03 06 09 12 L5

Input voltage, vy =1y. (V)

(A) APUEANAINTDI9RTAMNTAVII TSI e

52

JUA 4.7 nameaesweniavsaaitiauelaglfeounsnduiinlulwansiues UA1458 (de)
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gﬂ'ﬁ 4.7(n) wamman1sinauantiinisaeleudygnlvnswenavsqudyyiune
usdenijnausiilerimueli v, fdwindu -1v &1 1v TnevhasuSuiivauduas 02v uae
v, USuAndas 15V s 1.5V dwiuaussourvenasguiiauensdivhnissorssidu
2sirdsaeuandliiezuil 4.7(a) wag 4.7(n) Taegudl 4.7() uanAuauTANTaelouas
Nvspadrgaiminaue nsdifinereslioglusuuuuinsidaesiufe Suwn v = v,
Lta::ﬁwmmﬁﬂwmm}amws@mﬁmznguﬁﬁnauamzﬁﬁﬁimwﬂﬁag‘lugﬂuumd%ﬁwé’@aaq
uamasagUil 4.7(n) Tngranuiiananngegnvonsguitiauensdiiviniusesidsaesd
AIZINA 5.2mV w3e 0.4% waqLLSéﬁ'uﬁuwmﬁag’lu*zjaamiﬁw}uSuamaﬁ)'sﬁa Vil = vy 4
ATz 1.3V

ﬁw%’umiwmaaumﬁhmaﬂummLﬁaumﬂuiﬂﬁ%uwsamﬁﬁ%auammmuaﬂ
Wu 2 nadl wdleutunishassnisvhanumealusunsy PSPICE fe

N3N 1 azviinsleudyarnus suduneiBunm v, uaziinisuiurseiuusasy
Bumm v, 1UuY (-1.50V) 9 (-0.25V) wae (0.25V) fla (1.50V)

nelii 2 fa31/?'1m'ﬁﬁaué’mm‘,mmﬁu%uwmﬁﬁuwm v, Hagyian1suuAITZAULTIAU
Bunm v, WU (1.50V) fia (-0.25V) ag (0.25V) fia (1.50V)

Tneniswiendt THD asvhnswienfisunadmyanaladannud 1kiz 10kHz uay
50kHz AAIAY AWMBUUAIATDMTINUBUWALYITU 0.5Vee sauansdluguil 4.8(n) Fa 4.8()
Fennguuandliifiudndn THD geamuarisasaaiitiaueiifnszann 0.94% anwanis
naaeuindne THD fildainnsrenesataziinngeninen THD Aldannisiaesisesd
shiauedelusunsu PSPICE | sivilidosnnraresaisliiaunadiulugunsaliitansodu
1WIAU

& 1kHz
0.8 - B [0kHz
A 50kHz
0.6 -
a
T 0.4 -
0.2 4
0 L] T 1 T L] L)
-1.75 -1.50 -1.25 -1.00 -0.75 -0.50 -0.25 0

Input DC voltage (v,), V

(M) NTUN 1 W v, <0

JUT 4.8 A1 THD nnanaaesavsiviauslagldeouneuduuululnaidives UAL458
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1
0.8
o 0.6
2
= 0.4
0.2 4
0 L] 1 L] L L] L]
0 0.25 0.50 0.75 1.00 1.25 1.50 1.75
Input DC voltage (v,), V
() ATEUN 1 131D vy > 0
1
@ 1kHz
0.8 7 B 10kHz
A 50kHz
061
0
r,
=044 .——__‘_—".’/
I d == \a 4‘_,_‘__’—"""“
0 ] L L] ] L] L]
-1.75 -1.50 -1.25 -1.00 -0.75 -0.50 -0.25 0
Input DC voltage (v,), V
(m) NFM 2 Jio v, < 0
1
@ 1Kz
0.8 1 B 10kHz
A 50kHz
o 0.6
a)
i
= 0.4 4
0.2 1
0 ] L] L L L] L]
0 0.25 0.50 0.73 [.00 1.25 1.50 1.75

Input DC voltage (v,), V

(9) N3€A 2 1dlo vy > 0

gﬂﬁ 4.8 A1 THD :nnsveaenwsitiauelaldesyusntuuululnansiues UA1458 GR))
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4.4.3 nsnaaaInsal ldnuasanelwide s

nsvaaevsaniiLauslaglduvasinenseum Iadenldesyuendnldunasdng
IWidssmuazAundsnutissunueatuaudives UA1458 Aldlunisneassinedy Tnelunts
naaasildnussenidu 2 n3dl A

n. nsallgeauwanduuululnans

Tunsdliidenldoevuondives MC33172 'Lumswmaaqmamsaw‘uamws@mﬁ
penuuvTuin Tagldaussduvosumdsinglividy  2.av TrukaNIsAdeUI99sLiaM
AMSes I Is Ap wae Ag gldandasaluil 7 = 94.4uA, Is = T5uA, Ag = 1.9uA way
As = 036pA Berngunsaliineg Aldlunisiorsasafuwassanisdnmainagunsalaag
AMIUNMINARDINDTMBNITHOIRTITIENLNTOLANLAGINIG 1T 4.5 uas 4.6 AuUaFU

A15197 4.5 Agunsalingg Mlinaaenssmitauassnsre1nias

W133LR93 YU
Opamp A11,A12.A21,A2,A3 MC33172
Ry, Ryy 10ka
Ro1, Ry 1kO
R31, R32, Rs1, Rsp 250kQ
Ra, Ray 500k
AR 0.2%
Ip 95.4uA
I 93.5uA
Is1 75.18uA
Is 74.82uA
Supply +2.4v

A5199 4.6 Ban1sAUININAgUNsalnN dmiun1sueaeNIIITENSHENITITe

W13 YUIA

Ap 1.9uA

As 0.36 LA

1 0.0034

V ogsetmuinn 10.4mV

Dominant pole : P, 900 KHz

U URNTURUTIRUB U Av,, 0.945 vV
Aanauinmessgl K, 0.267




In

sUft 4

U

gransnadouAnaNTRTeIIsaNIaLanalAfsIuT 4.9

120

901
60

30}

Output Voltage v, (mV)
<

-1.25 -1.00 7-().75 -0.50  -0.25 0 025 050 075 1.00 7 1.25
Input Voltage vy (V)

(n) AaseudRnsaelenduulins

640§

Qutput voltage v, (mV)
A1
]
=

60f el N —

gl 7 ¢ + # oo

-1.25  -1.00 -0.75 -050 -0.25 0 025 050 075 .00 1.25
Input voltage v, = v, (V)

(1) AuanTinmsielouveriesgunsiivinluinshdaes

9 HansvmassmMsvhaurensaumhausinglioedusiivinlulnans
\up3 MC33172
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2
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20}

Error voltage (mV)

1
[yl
(o]

-30}

-1.25 -1.00 -0.75 -0.50 -0.25 0 0.25 050 075 1.00 1.25
Input voltage, vy = vy, (V)

(m) F’hﬂ’)’mﬁﬂwaﬂﬂﬂaﬂﬁﬁ@mfﬁﬂﬁ’lL%U’Nﬁ]‘iﬁ’]ﬁx‘iﬁﬂ@

5UN 4.9 HANTSVRABINTYIINNYRIRsguminaualaslevweuduialulnans
Wwas MC33172 (sa)

Qs

NNFUN 4.9(n) uansmamsinnauandinisielendgiulinswenaasnudya

v 7]
v oW
o

wougdoniiinaueidionmualy v, Sawiiu 0.6V ¢ 0.6V Tasvnisusutiisduduay
0.2V uag v, USuAdale 1,25V B4 1.25V éi"m%‘uUﬁz%m%mwmaa'awi@mﬁﬁmauaniﬁﬁﬁw
mssensidivisasidaesainsananddiciosui 4.9() way 4.9() Taoguil 4.9(1) wang
anauiinmstslourensespadygamiteaus nsdifidenasliegluguuuuismdades
udie qunm v, = v, LLa:ﬁﬂ'wmmﬁmwmmamwi@mﬁmmﬁmﬁﬂﬁLauaﬂitﬁﬁﬁimdﬂﬂﬁagTu
JUuuUIsaEwandlifgui 4.9() Tnermnuianaingsanvesisesaniiinauansdl
fivaifunsvsidaaesiidnyssann 15mV via 0.32% TouusuduwnTiagluiaamsvin
VBINIIAB |1y = |v,| HAszanoe 0.47V

a”m%’umwwaaumﬁhwai’mmmLﬁaumﬂmﬁﬂﬁmamqa‘sgmﬁﬁ%ﬂuammmuan
Wu 2 nsedl wdloununssassmsvinauselusunsu PSPICE fe

AN 1 szhnstleudyauussudunaiduns v, uasvinisuSumssiuuseiy
Bunm v, WU (-0.8V) 1 (-0.2V) uaz (0.2V) fa (0.8V)

N3l 2 szvhnstoudynussiudunnfiduwn v, uasvinsuiuaisziuusiu
Bunn v, 10uYa9 (-0.8V) fis (-0.2V) wa (0.2v) i1 (0.8V)

Tngnswdiondn THD szvhnsndenAridunndyanaletianiud tkHz 10kHz uas
50kHz anudrdy Tasduonudgavaaussiuduwainiiu 0.2Ve fuandluguil 4.10(n) &
4.10(3)
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0.7
0.6 4 @ 1kHz
B 10kHz
0.5+ A 50kHz
® 0.44
2 03
E 7
0.2 ‘_”—k___’_‘_’_,__—‘
0.14
0 1 1 1 1
-1 -0.8 -0.6 -0.4 -0.2 0
Input DC voltage (v,), V
(M ATEA 1 8o ve<0
0.7
0.6 4 ® IkHz
B 10kHz
0.5 1 A 50kHz
0.4 -
o
40,3
0.2 1
0.1 1
0 ] L] ¥ L
0 0.2 0.4 0.6 0.8
Input DC voltage (v,), V
(@) N3N 1 @e v, >0
0N
0.5§ @ IkHz
M 10kHz
0.5 A 50kHz
X 0.4
g
= 0.3 -
0.2 1
0.14
0 L] L] L] L]
-1 -0.8 -0.6 -0.4 -0.2

Input DC voltage (v,), V
(A) NS 2 Wie v, <0

gﬂﬁ 4.10 A1 THD 9 nnsnaaansasivuauslagldeaunenduuululnaiiued MC33172
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0.7
0.6+ € 1kHz
B 10kHz
03 A 50kHz
X 0.4
g
= 0.3 1
0.2 1
0.14
0 1] ] 1 ]
0 0.2 0.4 0.6 0.8 1

Input DC voltage (v,), V

(4) SN 2 1308 v, >0
3l 4.10 An THD Inmsweaessssiiiiauslgldaeunenduuuluinansives MC33172 (o)

nuan1smeaedlugui 4.10(n)  §9.4.1000) @1 THD  gagalunsdiil 1 uay nsdld 2 4
ANUTEUN 0.47% wag 0.28% AIUAIFU 1S UAINANISADUAUDINIANUDVD4995H
ANUSEUN 840kHzZ

v. nsfinldaslusuduuuTuas

Tunsaldidenldestusudives OPA2703 Iumwﬂammammumaﬂaﬁ}3@@1.1'171
ponuuutuan Tneasldrusaduvedundssglnviniy £2.4v Tasnanisnadauasasiiem
Anieas Iy Is Ap Wae As avldrsasiollil 7, = 100.2uA, Is = 29.76pA, Ag = 1.ALA Uag
As = 0.2uA Ferngunsalsinag Tl lumssionsessiauagsamafananegUnsalinedmiu
MINARDINNIMIENNTHD NI TOUARLAFINI5T 4.7 Ay 4.8 aadndu

A15°991 4.7 A1gUNTalina AldnnaeeesTitaueniIsn1sHenasase

WIS YU

Opamp Aj1,A12,A21,A22,A3 OPA2703
Ry, Ryn 10kQ
Ra1, Ry 1kQ
R31,R32, Rs1,Rs, 250k
R41,Rap 500kQ
Ar 0.2%

Ip 1003pA

Ip 1001.6pA

Is) 29.85pA

Is; 29.65pA
Supply +2.4v




A1519% 4.8 HaNIAMINIINA1UNTAIA1Y dMFUNTINAEBIINTTHIENNTHBII9TT3

wdined YUA
Ap 1.4pA
As 0.2pA
€1 0.0043
I/;j]&elmuICl 7.44mV
Dominant pole : P, 500 KHz
WU URNTVRIUTHUBUNT Ay, 1.2V
Aanaurinnesmsgu K, 0.336

InsnamsnadeuanauvasTEuIoanlaiagu 4,11

200~
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:E 50 =AY
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"gﬁu ol iy o o S Ay
> |
g -0 N
S )
-100¥ : : N S
d B Loy,
150}
: &3
125 -T00 0.

75 030 035 0. 035 030 055 o0 125
Input Voltage vy (V)

(n) auaudinisoeloudyguliase

5U7 4.11 HansnaaBINIIUTensAniivtauelnsldesUwoudeiladuoa
W3 OPA2703
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[T, e——
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320 s

Qutput voltage v, (mV)

20 L. ..

80 |-

-1.25 0 -L00 075 -0.50 025 0 0.25 050 075 1.00 1.25
[nput voltage vy = vy (V)

(@) ﬂmauﬁﬁmsm&ﬁ,aumamaﬂ'igmﬂia?ﬁ'nﬂma%ﬁwa”qaaq
|V A— W= (& )

30

20

AR
W ain U
el | o ;L'\!."i,-tt.u.....,,.<>1 e Tt T L e ’i.a‘l.ukﬂ.aﬂ\ﬁ,n.u-yﬁ.thg.u‘u‘mfe“,’”,"'

Error voltage (mV)
o

1o
=

30}

-40 d >
-1.25 -1.00 -0.75 -0.50 -0.25 0 025 050 075 100 125
Input voltage, vy = vy, (V)

(A) AALRANAIATRNITAINSAlLTWIRsAAsEeq

U7 4.1 wamsveaesn1svhauvenwsguithavelagldesdueniviinduesa
\wes OPA2703 (si0)

13Ut 4.11(n) wannanisinguautAnsaeloudynialiasivesasen
dyerausurdeniiuaueiiiedmuel v, fdwihiu -0.6v §1 0.6V Tasvhnisuiuiiudu
duaz 0.2V uag v, Usudous -1.25v fe 1.25v dm3uussdnsamuensasquiiiaus
nstifimsserssndunesidseosaunsouanddfogui 4.110) uas 4.11() Tagguil
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1
g =

4.11(v) wamnniantRinisarelouvesisvsgudygaiihaue nsdiviensesliegluguuuy
2sridaaeaiufie DUNA vy =1, uasﬂ'ﬂmmﬁmwmmanws@mé’m‘,m'\mﬁﬂmauaﬂizﬁﬁs{a
usslieglugluuuiasidvasaandlivieguil 4.11(r) Tnsrarufinnaingsgauesisasna
hauansdivioduieshisassdidsesnm 1.8mv vie 0.3% VBIUTIUBUNATUYI
LL'iqéi'uﬁu'vgm‘i?'iaQ’Lu‘ﬁwmiﬁﬁmwaﬂwiﬁa [val = vy fFUszann 0.6V

dmSumsmegeumArasuauiiussluindvensasguiiiausansauen
Wy 2 nsdl wmfeudumssrassmsvirnuselusunsu PSPICE #ig

nsdlit 1 asvimsoudygyraussdudunaiiduna v, wazyhnisuuaiseiuuseiy
Bunm v, Wt (-0.8V) s (-0.2V) waz (0.2v) fia (0.8V)

n3dlit 2 asvhnstoudmynyuussiudunniidunn v, uagyhnisuurisziuus iy
Bunm v, 10t (:0.8V) 1 (-0.2v) waz (0.2V) fia (0.8V)

lngn1snasnAl THD ﬁﬂmi‘wé”ammﬁﬁuwmﬁmmﬁm‘tﬁaﬁmmﬁ 1kHz 10kHz uaz
50kHz muddu IngAlesudgaveausadiudunminiu 0.2V fauanduzui 4.12(n)

4.12(3)
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0.8 A sokliz

0.6 4
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0.4 -

072 A
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Input DC voltage (v,), V

(n) ASN 1 We v, <0

1.2

€ kHz
B wkHz
0.8 1 A sokHz

0.6 -

THDs, %

0.4 1

0.2 1

0 0.2 0.4 0.6 0.8 1
Input DC voltage (v,), V

(@) NN 1 W v,>0
3UM 4.12 ¢ THD annmsvisaansasitiauslagldeauuenduuudueaues OPA2703
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1.2
14 ¢ kHz
B okHz
0.8 - A sokHz
& 0.6 -
jan)
=
0.4 -
0.2 4
0 ] L L] L]
-1 -0.8 -0.6 -0.4 -0.2 0
Input DC voltage (v,), V
(A) NI 2 o v, <0
1.2
1 -
¥ kHz
B wokHz
y 0.8 4 A sokHz
& 0.6 -
ot
E—q
0.4 4
0.2 4
O L T L T
0 0.2 0.4 0.6 0.8 1

Input DC voltage (v,), V
(2) N3N 2 1o v, > 0
5U# 4.12 i1 THD NANIRaadsrasninauslreltasdianduuudusaiuas OPA2703 (79)

Mnuanmeasaluzun 4.12(1n) §9 4.12(0) A1 THD geaalunsdlfl 1 uaz n3dinl 2
= o w o w3 = =
dA1Uszunnd 0.95% uag 0.98% MIUAINY FMTUAINAAIIABUANBININAIINDVD9I995H

AUSEUNY 495kHzZ
nNanIsAapaansaimdealwaudiuululnansuazdusaiuinan THD Tunsein

1 2ganIngain 2 vatduraiiisnuasesnuliaunadiuseninadiduniu Ry was
Rs; 199799598 18wuunauanasalageauwaud A,y

4.4.4 N1IVAFBUNRTAAMINEUD WIS THBALEN
dmsumsnaassiagiiisasaaitiauenyssyndlfidunasuegannaueudiye
(amplitude modulator) lnglunisvaassazuensendly 2 n3el Ae
nsdin 1 ldeevuanduvilalulwanfinvinsaswinsguimiiaue
=t 1% § o o o o i o
3l 2 Weevwendviindueauvhnisasianvsauiiiaue
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Tnedyanaildlunsmaasssmiioutufevgyinistoudynialetanud 100kHz
weNUAgn 0.4V, diidune v, LLaxﬁmﬁgqmﬂéugﬂawnm?{aummﬁ' 1kHz wauUdygm 0.4V,
infiduwn v, lnsdnuvazvssdygndunsuaziendnnyenasquiitauesndszgndldidy
NTsUEgENINALENUAgAassauanaldgUR 4.13

(n) ldoouwenduinlulnans
(Upper Trace : 20 mV/div , lower Trace : 0.2 V/div 0.5 ms/div)

(@) Tteolusuduiinduos
(Upper Trace : 20 mV/div ; lower Trace : 0.2 V/div, 0.5 ms/div)

=b.

sU

Y

4.13 dyproueinnupsnsegianmiaenUiganliiasguinitaue
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mﬁ' 4.13 LLamﬁ’mmmLmﬁwmmanWiua@LawmqLLauﬂﬁwﬁl‘fhwaﬂmﬁﬁnaua
L:Jamﬂﬁﬂmazummlsuum'mm 100kHz LL@NUB’\]G} 0.4V, L‘mwauwm Vx a,t,auammqmﬂausu
anundsuanid 1kHz wauUdgn 0.4y, Lﬂﬂ“ﬂauwm Vy saw*mnami“nﬂaﬂmamlwmmﬁ
esanInviulaegsgndes

4.5 undgu

'luwﬁﬂénﬁqm'saaﬂLLUULLaza%'NNﬁ)'sqmﬁfy,npmLtausﬁaﬂiﬂﬂﬁifaaﬂLLauf}ﬁﬁﬁ:‘
SIRUFR UYL 9eTEs vl 4 menuasust Snvadansnsaldestuondi
wuululnanduazdueald 99nNan1sNAEUINIsTEENLULLAERAILATUNATABA1SS 188915
arudnelusunsy PSPICE wagn15Ae1925339 Wandbiiiuianeasaiunsayinaulaaswasil
HANSVARBsAEnAdEITUENA TN BTThINALD
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219IAUF Y IUULBUTAINUUY 4 AaALATUNLaeTY
paUwaulaud?

5.1 uUniI

IUUVI*f‘LJO’]Lﬁ‘uaﬂ"li’e]’e]ﬂLLUUNQ‘i@mﬁmuﬁg'\mLLaugﬁaﬂLLU‘U 4 ABALATUNITIAVENNS
mawmasaua’ wuiu Ingldeavuendimesaudiunldlunisade ndouaihnisimsies
Qmauﬁaﬁhqfrtlaafsws@mﬁmmwmuaugﬁaﬂﬁﬁﬂLaua SRR N TNAEUANTIAULTBIIITTT
Uaualaenisdnasinisinumelusunsy PSPICE warn19¢e2995939  wavdiauanis
Uszgnaldnusssaudygrauetsdonluiasuansamasmuliii wEouvavhnsmagey
AUTIOULUDINATLALNTTTIADIN1TYININUMBLUTUNTL PSPICE Wagns#99393

PNuNii 4 lananfaainsiganBunlun1sesnuuukasnaasu I TaadyyIuLe
urfenlagldesunondiim Fennauaniivenasquluzufl 43 ¥ yiuuurenasain
Fyanaidaedusuil 42 Tunmsahsdyanaddsassiilifiosiusznevvesdya uidun
UMY Lwia‘l’m%'nluwﬁlﬁﬂdnﬁm%ﬂmﬁm‘,zyﬂml,auxﬁaﬂima'l,ﬂz'j’aaULLauﬂLﬁmamﬁa WA
THnadiamsimuaieulvvewnsidumespnudumuniglusesiunissdaosddsznou
vosdny AT MAATY

5.2 nann1snineuYesesanuuulvesuiaudanud?

NaiﬂmﬁfgmumuausﬁaﬂLLUU"L%’@aULLauﬂamﬁqﬁﬁ%auauﬁmlﬁé’agﬂﬁ 5.1 F997n
'mﬂ.ugﬂﬁ 5.1 mmiﬂa‘%mwé’ﬂm'ﬁﬁqmmamam@mé’zuuwﬂmﬁﬂmualﬁﬁaﬁ GRTGEN
A1 uag A, waeindumnu Ry, i Rs; soaglugduvuisassisdaygial (summing circuit) il
Snsvenedyaniatunila (unity gain) Tneditomnnve@siluAIusy v uay v
iy Taeaaastugudl 5.1 aansaunAusaduesing v wa v i

Y =- ﬁ"x"'&"y (5.1)
R, R

V12 = — fivx+&vl] (52)
R42 Rsz
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vee
"2 R
R3
—AAN Ry
.__J\}/e\“/l\,ﬁq S ,\Q/\I R
Ve T - Vi 8 8l
4 o AV W)
w° AN i

R Lin =
11 .
= Rsy Tln
————OoV,

5U% 5.1 1sasanlaglveaduendaiush

AN995 MNUAWA B3, = R32.= B3 = Ray = Rs1 = Rsp = Ry 48z Ryp = Ry/2 aduni (5.1)
way (5.2) anusanleulvalaeail

3\ = —(vx - vy) (5.3)

r

NFUN 5.1 Amuald Ry =Ry =Ry N3eld i) Uag iy siiAnviniu

h=- (VI _+ Yy ) (5.5)
RI

iy = ——(vx ) (5.6)
R]

PNAMTINU viy vz UasAMNITEUA iy iz AlmhlUddviumsiesmesinamussiueding
YanInuidnauasioly Ingaunsauenesnlailu 2 nsd Ao
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n. nsalealuwauduialulwans

NnmadaNsesTAnsERanwraIelnveteatwaudvsiialulnaisinaniiluun
9 3 nEunsh (3.17) awnsatunlglunismennssud Ip wae Ip, 0nat [11-13]
ill

2 N7 g = .
IP1=IBI+ISI(1+4162‘1] —% L%.IE)llHISz_[S] (5.7

2
S2

Pl E "
1l 1 o .
I, =1g+ 1, 1+—2| -2 We |in | <2s (5.8)
4 2
nualiealueud 4; war 4 danauURRaunasiuial Iy = I = [ uay I = In = Is
We Iy way Iy An Alnssuwdaasukasnsyialudalunisyinauuuuaanantrosesluouy
ANUANNU AetiuaunsaLdeuanns (5.7) uaz (5.8) lalvaisadl

1
AN NG
I N ) P
e IR P L i \ L2 e | i 1< 21 (5.9)
p1 =4y s( 4]§J ) [ 11| 51
i
PRSI 4 s A1 dle [, | 220 (5.10)
P2 B S 415% B 2 o= 2858 -

NaNA15H (5.9) uaz (5.10) Tudiuwesnausnnidas (square-root term) @nuNsaNTEANY
ponlalngliaunsunias (power series) waganunsalalmilu

- 2 - 4 -
NG 7, e 1+1[i1—J —%‘l—‘} v AN (5.11)

2RI 3
1 . 2 l . 4 .

I, =l el el o) Sl he ] o L J (5.12)
2\ 21, | 8l 21 2

v o

divualvinseua iy wag ip dAnfitdesndn 1,261 wiedanaveanadduiugeninduivass

e Toetwunles iy, < 1.261sauns% (5.11) way (5.12) anunsaussanadlasad

2
1.[ 7 i o
Fay'= Tord Iy 1+—-(—~LJ - 5 wie i <1.26Ls  (5.13)
b gl ak
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2
1( 2 i |
dys =L b Tl 142 22 |03 W ip<1.26L (5.14)
P2 B N 2[21,5} 5 12 S

9N9951ugUT 5.1 dmuald Ry = Ry = R, uazannssua i) wae i1z MNAUNITA (5.5)
wag (5.6) @UNTOMIAILTIOU vy WAZ Voo LAAT]

Yy 52 P —(IB +[S)R2 - Sf?Rz (vx +vy)2 +2K%(vx +vy) (5.15)

51 1

Vyy = Ve =I5+ Ig)R, — SIR} (ro=v, ) + iez_(vx ~v,) (5.16)

51 2Rl

AUSIU Vi1 vio Va1 WAE vaa D1NEUNTS (5.3) (5.4) (5.15) uae (5.16) Amansy gndaluds
WITVWANUANANIUINETUNS Fanandluzun 5.2

Ry
Rg, Rg;
Viro—=—ANN, W l
[—‘0 Vo
Ry
Ry Rgs
vize——AAN, AN

FU 5.2 2asvmienruuanainasunn

1NGUN 5.2 eaduenl 4; wasAUA UMY Ry 89 Ry 1087 i = 1 uas 2 Usznaudiy
HISVYWANMUANANYUIATDUNA [vuUAlE Ry, >> Ry Rei>> Ry Ry = R =Ry Ry =
Rey = Re uag Rg1 = Rgz = Rg AUl seiuieing v, Jaumsilu

R R
Vo =RTj(V21 _sz)'l"f"(vn _v12) (5.17)

6

wnuAaun1s7 (5.3) (5.4) (5.15) way (5.16) asluaunisi (5.17) aglg
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v, —&I:VCC —(]3 +IS)R2 _ : (vx +vy)2 +—2—(vx + vy)—vcc +(IB + [S)Rz
R, IR I
R R R
+ 81’5:;312 (Vx —vy)l —2—}2("} -vy):|+R—:[—vI = —vy] (5.18%)
R R
v, —'Fj[— 8[:’212 (vx +, )2 +—-2~l—(vx +vy)+ 8132 : ( - y)z———zj(vx -V, )}4——:[— 2vy]

(5.184)
R Rz(v2+2vv +v2) Rz(v =2v v 4V ) R R 2R,
v, =—-% - ST N (vx+vy #(vxﬁvy) ——
R, 81K 81K 2R 2R ]
(5.183)
R,\4
v, = 2( Vx‘;’y)+ 5, v, + N gt v+ af v, ~%vy (5.18q)
AN BTN A A )
= sz’zg VY, + e v, — Ay v, (5.18%)
2IR’R, 2RR, ’ R,
Sngunuvannsd (5.18%) nafléidedl
v, =—m—R21§8 W +2 £ty & v, (5.19)
2IR’R. " \2R.R R,

AAUALA RgRa/2R R7= Rs/R¢ 9 9 nanifiansusesniesinuainvedaunisi (5.19) gnanvau
uala Aauazlausaiuoing v, il
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BB
V =—238 _yy =K. vy (5.20)
? 2I.R’R, * B

e K PeFanaunneinMsauvenTwuulteeUwsndvlalulnanssuauausa

9. nsalsaunandvuiindyos

PINMATANITRTIINNSELanwras gl nunseatwaudviindusannatd iluuni
3 91naun159 (3.24) gnansarhunldlunsmainsewa Ip; was Iy W6esi [11-13]

73 2 ’ -
1, = oL Loty | Nl e iy <41 (5.21)
Pl Bl S1 (4]‘91 ] {4131 J 11 S

2
I i p
1o 7 Lo Br LR B 2 —EX-F{Y=-E WD i1p < 41 (5.22
P2 B2 S2 (4152] {4152) I12 S )

anvilvieayuend 4, uag 4> daaauiBnauwdiuiell Iy = In = Iz uag Iy = I = Is
Weodmualv Izuay Is Ao Anseidasuiaznseualudalunsiinuiuurataedveieay
wandnmanau Aeluasnsaliauannsi (5.21) way (5.22) lelusag

2
i I =
fing” V] 7 0f 48 N ON, ) [ERITRR N | A 7 o iy <41 (5.23)
. > . (419] [4ISJ > g
. . 2
{ 1 o
o &F & + [ N N RN i Wi i, <4l (5.24)
N y : [4ISJ [4[.9] v ’
Jnaunshi (5.23) wag (5.24) lyaivele
.2 A
1 I v
I,,]:[B+IS+1—é—'E—éL we iy <4ly  (5.25)
i, i ;
PO N S - T Wi iy <41 (5.26)
P2 B S 16[5 9 12 S

91M995LUFUN 5.1 AMuald Ry = Ry = Ry WASRINATEWA i1 WA 12 91N@UNT5T (5.5)
waz (5.6) @NNTAVIALIINU vy WAT Vo L9IRAL
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R
LT (v, +v,) +ﬁ(v‘ +v,) (5.27)
vy, = Vee — (I + IR, - —16:?21%2 (v, —v, )2+ —2’% (v, -v,) (5.28)
s 1

AMLTIAU Vi Viz V21 WAE V2 210@UNNT (5.3) (5.4) (5.27) way (5.28)

Audsiu gnasluda

NITVYYANUUANAYUIATBUNR Aauanslugui 5.2 2n3U7 5.2 savuweud 4; uazAdu

AUNIUY Re; 09 Rg; 1aed i

1 waz 2 Usznouilulesvenganauuand1suuinasunm

AVUA LA R7:>> Ry Rei>> Ry; R11 =R =R7 R¢1 = Rez = Rg W2 Rg; = Rga = Ry ALY

WSIFUDIANR v, a1unsavlanadl

R R
Yo = *S(V?_l ‘sz)"'i(vn _Vlz)

52
R, R, 5.29)
wnuAENN1s7 (5.3) (5.4) (5.27) We (5.28) asluaunisf (5.29) axla
_ R " & v, Ry
v, = Z, HVCC (IB +IS)JR2 1615&2 (vx + v},) + ok (vx +vy)]
R R
[ B R )ﬂ
S v, ), <)) (5.30n)
6
R
Y, :R—s|:vcc _(13 +[S)R2 IZRz (vx +vy)2 S (vx +Vy) Yec +(IB el fs)Rz
7 ST 1
R?_ _ 2_ Rz _ & _ _ _
L )} Fr, -y, o0, (5300
R R R R R 2R
o =_RT:|:16[:REI (vx +vy)2 - 81332]2 (Vx _vy)z +2—él(vx +Vy 2_1‘23]( x _vy):|ﬁ_R—:_vy
(5.30A)
v :-ﬁ R2(4vxvy){ % v 5, W o— K, v &, v —ZRSV (5.309)
° R 16IR? 2R " 2R Y 2R " 2R | R’ '
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= Rzlzs vy +2R3R2 Vy—zRS v, (5.309)
2I.R’R, *” " 2RR, * R,

v, =——%vxv +2 KRy R v, (5.300)
2LRR, *7 T\ 2RR R,

AvuAlA RgRo/2R1R7= Rs/Rs eliinwatfaasvoanadiuuinvesaunisi (5.308) gn
anvauvaAle Fatuzlausiueng v, Al

o= —&—Izgvxvy =-K, vV (5.31)
41,R'R, g

lne# K., Aodainaunnmesmauvensasiuuldesuuondtiinfuoaduiuaud

MNEuFT (5.20) uaz-(5.31) 1HULSTUINE ¥, v8sasauildoatwonduiinlulnans
wazeeUuandulindueanudiiu Suymiuiiiaunsue s iiioutuiieuda
BNINVUVBN9IAM Ky wuildestusudviladuoaasiiauviniy K, /2 ‘uamamqmﬁ‘lﬁ
soluwouduiialulnans

5.3 A1TILATIZAENSTIOUSVDI9STUNEUD

iuﬂ’rﬁmﬁ'}:zﬁammuzm‘aﬁnmummae%@mﬁﬂWLauaiﬁLLﬂqaanl:flu 3 @ Aa A1
ANUEANANAYBIINDT - RARDUALEWBAINUAINALTIIN FYIINUBUWA VI TlRsudazdlA
wendesieiiunsdldealuauduilnlulnarsiasdvusa Fes1oazdealdaiuraluidedaly

5.3.1 AURNANAINVDIGRS

ﬁwmmﬁmwaWﬂmaaaaﬂi@mﬁmmuwmuausﬁaﬂﬁﬁwmuaLa‘jmﬁauﬁ’uquwﬁﬁ"u%
ﬁua&jﬁ’vmmauwaﬁﬁmwdwaauLLEme Al Uaz A UAEAINAANAIAYBIRIR UM
vinldlunisaineasaadygyia lneaailiaumadiussninesvuweud 4, uas 4, uay
AANRANIAYBIRIAUNUd WAl AR AR ANAIAYBITN TV UBIIITAF Y
&La::Lﬁmé'muzuﬂmumuawﬁuﬁﬂéﬁaawaﬁmmmﬁwm Ve WaE v, Immmﬁmmﬁwmﬁim

WanwBIrANuRanatnatunsawusleiu 2 nsdlsadl [nnewuan 1)

n. nsaleauwauduwuululnais

nsiifldesvuvululnarslumsasrinasinsaudyginieuzionuuu 4 aen
wasunlagldpavuaudaiud uiueidwnrenasaunsdunaresaubiamediu
yasgunsaliildanunsamiansi
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Vo =Voum +Vopemum (5.32)

o m

Lﬁ@ 174 J& [( 5'1}" (V} + sz)AR B (vxz +vx2 )As]

il 2R, R7I, 4 41,
g = AgAp
41,

R.R
quermum = ;3 : (AB + AS)

7

Ine Ap uway Asg Ap Anuliaumwsdiuresnssuaasunasnszualudalunisieu
wuurataetvesesdueul 4, uag 4,
Ar fn anuliauwadiuowadiumiu R uag Rn 108 (R - Ro)/R;
g1 Aw AwHnmasALRaNaIn (error factor)
Vofermupz A8 AMIWUDDNLTA (offset voltage)lvoavuauduuululnans
anilun19d3999599939 0

2. nsallenuwsuduuvduos

dmsunsaiildesvuuuduealunisashiasqudyninueusdonuuy 4
moauaTwilagldoauuondandl ussiuiernnvonwsaunsiisumave s liaume
Mvesgunsainlyanusaniladail

vr) 5 Vmu:’Cl + VnﬁvermuICZ (533)
i\ Vo, = 4;}‘;{[ [(1 e _(v +v, )A;e L+v )A?]
8] — ASAR
41,
RR

V:';jf\'crmuIC2 == R : (A s A )

7

Tag Ag waz As Ao anulilaunsdiuvesnsenaasunaznszualusalunisvinanuy
wuuranaedvevealuwand 4, uay 4,

Ar A8 anuldaumssiuvesidiunu R, wag Ro lae (R - Ro)/R:
g1 Ae ALNNWasAUAANAN (error factor)
Vofreruic2 P18 AMSUDENIGR (offset voltage)ldoauuouduvudueaauda

lunisafhransasesgu
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5.3.2 NARBUAUDINIIANUD

naneUALaIRINAYaNRsguTtlaueIzgniialnenuauTRveseaULenditldly
2995 mn’mﬂugﬁﬁ 5.1 aaduand A, uay Az gnaluguuuueesinesueiedygiawindu
wils FelinansuauniniesaruiiafuanuLuusInvUsSndansoauwondild fafu
wamauauaaﬂ'J'mﬁ‘uamwngnﬁﬂﬁ"m‘lmaé’mwmmmé’wamws‘umaLLUUﬂé’ULwaﬁa%'w
Tavoavuaud A, Tnudidiuniu Ry uas Ry eilafivuulwa P, ‘uama}iﬂmﬁﬁ'\mua
annsauszanaldfaaunisi (5.34)

P = : (5.34)

’ 1+ WM__
R, GBW

s GBW fa Anuuuusinilusindveseatueondild 6161 GBW =  1.8MHz
dmiuaaunondives MC33172 way Ry/Re = 2 ety aladiwuulna P, asiaiuszan
900kHz.

5.3.3 99MIINUAIUBUNATD92995

dvsurnInsiiud unevelRIRuiavagnimuavsedaAnluimeneeg
(ol + ) dmsurnamshnuvenesauitiauslugun 4.2 ssueniy 2 nseife

n. nsalldeavuwauduuululnans

PmsiuBunavenisesandiinavensail festuenduuululwaniazgnivun
NN (5.13) Way (5.14) Faiwundeulaves i Wag i AeliAesnin 1.26/ sty
Fumsinudunnrenasguithaue Jufie sl v way v, asiesedludouly
(vl + W) = 1.26[R; viseamnsadoutnefiRnmsvasissiuduwn A, aagaldded

inh Yy

Ay, =

inh

v+ =126 R, (5.35)

¥, nsdllveounanduuudues

dmiugsmsinuduysvenesguiinauensiifliosyuenduuuiueaszgn
AMUANNENNTTN (5.25) waz (5.26) Faimuntouluwes i;; uay i), Aesdiavesnin 4l
ATUTRIM I NUBURNATeIRIANAtNALe Tufe AIUWSITY v, uag v, znasegluitouly
(val + W) = 4LsR, dndutnsufuAmsvesnssiudunm Av,, geanaunsonilédiail

Av. =

nc

vx

+v,| = 4LR, (5.36)

NEuNsHnaINImiuItanshaudunnveesaumiiausamsauiay
Ialagifiudanuiumu Ry usinsiiindinudnunig Ry azdanalsien scale factor 784



76

NﬂiﬂmwmLauaumaﬂaqmmaumsw (5.20) way (5.31) LLﬁu’fﬂ’]ﬂﬂﬂJﬂﬁ‘ﬂ (5.20) way (5.31)
mu“lm'1'mam‘smmuauwWu'eJq’awiﬂmﬁ"l‘naaUu,aummﬂsauaa%vumqmﬁmmuauwmwaq
Ansidealnaudaiinlulnais Luawmsmwmﬁuami:ﬂm I LAZAINUFIUNIY R fvinduy

5.4 ANSNAEDUALTIAUZNITNIIUVDNINTT

dmdunisvaaeuanssaurvemeasitiauslnonissiasenisviralagldlusunsy
PSPICE  wasn1591995939 Sansvnaausanunldeadueniiiinlulnafuasduoaile
me'lﬁtﬁuﬁw'saﬁ'vn%mwmamwsgmé’mmmuausﬁanﬁaammu%um Tneswaziaaly
ASNAABUAIN) annsauanaldai

5.4.1 HANITI18DIN1TNIUYDIR95eelUsunsy PSPICE

mmqm@mﬁﬁ%aualugﬂﬁ 5.1 HINTNAABUANSIAULNITNIIUYDIINDTAY
Tsunsau PSPICE Tnaldeauuautl UATa1 Guduesuusudvialulnans Tnodnsdalaseaing
21995018l (the simplified schematic diagram) 289 UAT741 finaueliluonansdneds
38] Imglunssiansnasiiaureenasivueainssia I uaz L lviwindu 870pA uae
208pA And1dy danfunsiudamesninuildlunisareesvuond UATAL axld
VSuBaLIAese3Ls8 (transistor array) [39] ¥aUSEM AT&T 1waT ALAGOO dwiusigazidun
284N15IAEUNTOIA4A dwsumsnaasensauaeilddmiad 5.1

A1519% 5.1 M3dnA1gUNIan1dvMIUNITIIaIN Y NRIUYDINT

WA ADS YUIA
Opamp Ap,A2,A3 | UAT41
Ry1.R12 5kQ
Ry1,R2 2k
R31,R32, Ra1,Rs1,Rs2, R71,R72, Rg1,Rgn 100kO
Ra 50kQ
Re1, Re» 500k
Ip 870pA
Is 208pA
Supply +8v

INWTMRBTA Afmuald LTausaAwInAIn19 1afinnsan 5.2

A1519A 5.2 mansAInnAgUnsalinadmiun1si1aeaaaiag PSPICE

W1Twes YA
Dominant pole : P, 500KHz
IURTRANTVDIMTIUBUNR AV 1.31V
manaunninesnisan Ky 0.192




dmIUNaNIVARBUANTTIUTYBINRTAIETUTUNTH PSPICE asnsauanslisagui 5.3

Output voltage v, (mV)

Input voltage, v, = v, (V)

(v) Anaulnisaelowrenasgunstivinduiasidsaes

5UN1 5.3 nansdrassmsinurensasiegldostuend UATA1

160
Vy=-0.8
120 1
y=-0.6
g 801 Vy=-0.4
E
o 401 Vy=-0.2
>
&0
g 0
g Vy=02
§. <40 Vy =0.4
=
© -80 Vy=0.6
Vy =08
-120 1
-160 q T T r T ' ' ' T .
-1.0 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1.0
Input voltage Vx(V)
() amauvRnIsasloudyulun s
0
-20
-40
-60
-80
-100
-120
-140
-160
-180
-200 T 1 t f T T T 1 1
-1.0 -0.8 -0.6 04 -0.2 0 0.2 0.4 0.6 0.8

1.0

77
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2.0

T

Error voltage (mV)
2
=]

&
>

10 08 06 -04 02 0 02 04 06 08 10
Input voltage, v, = v,, (V)

(R) AmufanaIngeasaunsalinduesidaes

3UT 5.3 wansdnassmsvihniveniwsiaglioavueud UAT4L (o)

s

JUN 5.3(n) wanspaaudAnisaeloudyginlinssuesiaasaudyyinueusdend

LA 7]
%

tiauadlefvuald v, fauindu-08v & 0.8V Tagvmsusuiududuas 0.2V uay v,
USusnsiaus -1V fls 1V dmdulssavsnmaenisaseaiitiauensdiiinissorseniuises
fdsaesannsauandldnazui 5.3@) wag 5.3(r) Tne3un 5.3(W) uansquantanisaelou
yanssgunsdiniunseshdsans Tnonsaeasasliegluguuuuisesmdsaesiude Sunn
ve = v, UazAimmianainveniasgudaguiiiiauensdifinersesiiegluguuuuiins
fdsaesanusauandlanagui 5.3(n) TnommnsRnnaingsaavenasguiiauens it
Whnsasidsassiiinuszinm 5.2mV wie 0.79% waussdiudunaiiaglutianisyhauvaa
WATAB v = |vy| diAUsan 0.655V

5.4.2 NaAN1INAa41lALN19AD99393Y

LﬁaL"fjumiﬁué’uﬂsxﬁw%mwmauwi@mﬁ'ﬂ%aua Fadenlfoauuendfildialuny
Neenatninas e laglunisveassladenldeevuentues UA741 inlglunisvaasaniuagas
'Lugﬂ‘f?i 5.1 Tagnanmsiaamsimes I; It Azwar A gawianig [13] Tnowdeles
AN LA IR dadl Ip = 538uA, Is = 145.5pA, Ag = 2pA wag Ag = 1.3pA dmsus
Fumuiithanldlursesquiiiaue denlifimuaumadiuinnnii 0.1% Tnsrqunsel
139 AldlunsdersasaiuazaanisdiuineinAgunsalingg dmiunismaasnsasiie
M9RD199TT3E N TaLAnlFFIn1S19T 5.3 way 5.4 mudsy



A13194 5.3 Msdnergunsalidmiunsvaasssiaueies

WITHAes YU
Opamp Aj,A,As3 UAT741
Ry1,R12 5kQ
Ry1,Ry; 2kQ
R31,R33, Ra1,Rs1,Rs3, R71,R72, Rg1, R 100kQ
Ray 50kQ

Ro1, Re> 500k

Ip 537pA

152 539pA

Is: 144.8pA

Iss 146.1uA
Supply +8y

M1397 5.4 NANSAIUINANAGUNTAINY FWMSUNIINAE NSNS e 99575

TRP BTk Yo

YU
AB 21A
AS 1.3pA
el 0.00447
Voffset 6.6mV
Dominant pole : P, 500KHz
TvUfjuRnsvesssfudunn Ay, 0.91V
AainauHniAeSsAAL Ky 0.275

Iﬂaﬂﬁ’ﬁ’ﬂﬁhwamauauaamqﬁ%maammawm'snuamlﬁﬁ’qguﬁ 5.4

19



S ——
: v, =-0.8
150:-:-‘ SN
; v, =-0.6.
100} Y
. Vy=-0.4-
TS0 DTN T
:é 1/:3,—-0.2
(5] i
| E— ke
g | : 0.2
5 Vy: &
g‘_s@ .......
o g _
vy—{].4
SI00FT - - v e T T e e e e e R R v e e T
: g kS : . \"’;\vjﬂ-ﬁ
BEY SO A e \
: > : : : i : : : v=08
=200 o .\ i), F ; i b d
-10 P08 0:6 04N SB2\\[//B 02 04 06 08 1.0

Input voltage vy (V)

(n) apautAnsirelaudnalnng

R : P
-soér
2100
-150}
-2002'

_250.?,

QOutput voltage v, (mV)

300 N - TV - '
350 -
P U T IS ST SUUTE SO DUDUE S T

-1.0 -08 0.6 04 -0.2 0 0.2 0.4 0.6 0.8 1.0
Input voltage v, = vy, (V)

(@) amaudinsaigleuvensasaunsdiniunasidans

U 5.4 iamInaaeansihuvesvsaundauslagltesyuanduiialulnans
\wes UA741
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Error voltage v, (mV)

Input voltage vy = v {V)

(@) ﬂ'Wmuﬁﬂwaﬁm‘uama'«amﬁumaﬁﬁnﬂmq%ﬁﬁqaaq

JU# 5.4 namvasesnsynuveteshaihauslasldesuwendyilalulnans
Wwos UAT41 (wp)

NNFUN 5.4(n) danamaminanauianisanaloudygaliassvonwsan

AMFYN
wourdendiiwausidlofmualy v, Sawviidu 0.8V §v 0.8V TnevinisuSuiiintuduas
0.2V waz v, USurmaus -1V fia 1V dwiulszanSnmenIpuimihiauenstifiviinisde
nusdusesidsdesannsauandldfiguil 5.0() wae 5.4(m) lnegud 5.40) WeraA e TR
m'm"lUiauwaa';aﬁ@mﬂifﬁﬁw‘ﬂmamiﬁwé’qaaaﬁuaqaqa'i@mé‘i’muzmm‘*?iﬂ’uaua 1aen2939
aglusUnuuisasidaeniude BUNG v, = v, HagAIPILEANAIATBIRSAMIE Y i
thiauensliirersesliegluguuuunsesidsassainsonandddiagud 530) Tnera
Annangegruanesauitiavensdiiiviniussidaesiiassan 4.5mv wie 0.99%

VDU TWUBUNANOELUYINITTIULBINIAB v = |vy] TAUszanm 0.455V dwiums

2

Cv)

wmﬁaumﬂ'waﬁfmmmLﬁauawﬂmﬁnﬁmamm@mﬁﬁﬂLauammmwnn‘flu 2 N3t fio

nsdifl 1 agvhmstieudyaniussiudunaiidunm v, uazvhnisuiuAnsedunseiu
Buwn v, Uuad (-0.8V) e (-0.2V) wa (0.2v) fia (0.8V)

s 2 %ﬁﬂmiﬂauﬁmmmLﬁaﬁuéumﬁ%uwm vy AN TUTUANTZAULTIAU
Bunn v, Wt (-0.8V) e (0.2V) uag (0.2v) fia (0.8V)

Inn1swdond1 THD asvihnswionAfidunednyaailandaudd 1z 10kHz uas
50kHz suasiu TmEJﬂ"]LLam}agmmamﬁqﬁuﬁuwmmﬁu 0.2Vpp é’fsuamﬂugﬂﬁ 5.5(n) 19 5.5(9)
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1.4
¥ IkHz
.24 B 10kHz
1.6 A 50kHz
X 0.8- L\\\\\*_-=~—*—kﬁm~i
2
0.4 -
0.2 4
0 T 1 L) L]
-1 -0.8 -0.6 -0.4 -0.2 0
Input DC voltage (v,), V
(M) ATHA 118 v, <0
1.4
@ 1kHz
1.21 W 10kHz
50kH:
1.0 g =
c\c 0‘8- ‘—‘/‘/‘
£
0.4 ) (¢ . AW
0.2 1
0 L) L] ) L]
0 O 0.4 0.6 0.8 1
Input DC voltage (v,). V
(9) NI 1 We v, >0
1.4
@ 1kHz
129 & 0w
A 50kH
1.0 50kHz
X 0.8+ ‘\‘\*__’,»A
2 06
0.6
0.4
0.2
0 L] L) 1 L]
-1 -0.8 -0.6 -0.4 -0.2 0

Input DC voltage (vy), V

(A) NIMN 2 1o v, <0

& 1 i o v
UM 5.5 f THD 3 nmaneaesiasidiauslaeldastusuduuululnaniiues UATA1
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¥ 1kHz
B 10kHz

1.0 4 “k/k/" A 50kHz

0.8
B o6 ] ’::j
0.4
0.2 4
0 . : . ,
0 0.2 0.4 0.6 0.8 I

Input DC voltage (v,), V
()N 2 Kia v, >0
5U# 5.5 A1 THD anmsnaaanisiduavslagliosuuanduuululwaisives UAT4L (sa)

NNANINAREIlUFUN 5.5(n) e 5.5(1) #1 THD g galunsdil 1 uay nstin 2 3
AUsEInal 0.96% uag 1.02% Aua1au

5.4.3 msmaamamgmﬁﬁ'}Lﬂua’lmqaiuag}mm

dmsumanaasstinzdnasguiduauenilszendldlvisasuegaainenydyn
(amplitude modulaton) lnglunisweasdddesuoudyiialulnasuvinnisainaasamn
diaue wdnihnisUeudymialadanud 20kHz wouuage 0.4V, WnBuwn v, waz
dyaundusUanumdenninu 1kHz wenudan 02V,  Wnduws v, lngdnumzyed
a v v as =
doyaanleanunsouanslanagun 4.13

gﬂﬁ 5.6 HAUBIUBUNATAUDALAN
(Upper Trace : 100 mV/div ; lower Trace : 5 mV/div, 400 us/div)
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mngv‘ﬁ 5.6 LaAINaTBILBUNAYAUBRLadY (amplitude  modulation) s¥13N4
Foyuraupduleiainud 20kHz Ausad 0.4Vpeak U Fygmduanumdsy  (triangular
wave) Pl 1kHz usadiu 0.2Vpeak Atleuliiudune v, uag v, auddu Fadunmsuans
Thiilddninasaudyaaueusdeniiiausansouansgaandilunsaadyanaliiu
28197

5.5 unasy

ﬁ'm%’u’luwﬁﬂdnﬁmﬁaaﬂLLUULLaza%’mwiﬂmﬁmay’lmuausﬁaﬂiﬂﬂ%’aaﬂLLEmﬂ
AUFITIAUFIFIUNIN I1NHANSVIAEBUIRSTIEDNKU VKA AN TUINE I8N 531809015
Waumglusunsy PSPICE wagn1sie193593e kandliifiuineasaiansavhanuldasuasd
e IVAaDIAERAdBIuvANNIIMMguTithiauD uiaglsfnaainaanisaaesianun
wansliiuiwanmsgadyarnvesisesgalasliosvusndawiiinanuianaingendd
wuulgesuusuinifa



unii 6
n1sUszenAldreasauniaue

6.1 Uni

Tuuniihiausmsussgnildaunsesqudyauususdenuuy 4 meauasuiiisass
wuuitinaueluineninusatuiiluasasdneg Wi 299svianuiae st (frequency
doubler circuit) 293515dgygu1ad (divider  circuit) 199300ATINAAD (square rooting
circuit)  waz9asuanAmaN Ul (power monitoring circuit) Tngludiuweaasnd
AuddenYi1 299 A wazaeasnensnfiaendonldrsasqudnygauvuliesy
waNURIAINIVIINITATUALYIINITNAADINIBNNTAD995939 d1msuludiuvessasianadn
wasulvihFenldrrseudyynnuuldealueudauiumiinisadns Tnevinissians
NM3YNUMETUILATL PSPICE LagVinnNIsnAaessienIsneaadnsase

6.2 AsUszand g9 saumdtauelulTmInudE e
6.2.1 naNNITHUFIU

wasminTfdewinlviwsivihwihvasedyaraneranendlaudduasainves

=3 [

”@,mwmauwm (33] [40-42] ﬁm‘%’umiﬂisqﬂﬁ'h’ha%ﬁﬂmé’mmuﬂngauaaaﬂuﬂw'm'ﬁa%"mqaﬁ

winnudiasavihannsauanlanagui 6.1

Yy [

Vy

Analog Multiplier

@ Vin = Vi SIN @1 =

JU 6.1 nssieaaspadyaaueusdoniiovimihiduismiaudasuh

NNgUR 6.1 usesiuduma v, gnleulifuuduwn v, uaz v, verasgudyyo
wouzdenmuansluaunisi 6.1

v, =V, =V, =V, sinot (6.1)
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PMNAUNMTA (6.1) ANTOMIATITIWBINR v, laRsi

v, = de(vm)2 =K, (v, sinat ) (6.2)
s (v € e . l_COSzA s 5 a' -

INANUAURUSTBIFUNTTASLNUER sin’ 4= ———" gauuaunisn (6.2) aunsadeu

Tmilapail
1-cos2wt
v, = K,dvmz(—] (6.3)
: 2
K fdvmz K fdvmz cos 2wt
V= 2 — > (6.4)

ile K, fe Aranauvininesnisgaenissaamltlunisainwsniniutaonwi

NAUNITN (6.4)  WSIHUBIGNA ¥, UV8INITVIMILDABIINRZUsENavlUMY
sadusznovresdynnlvaswasdyrasuadulalsiniamenuiiluaowivedygin
gunmuaaule

6.2.2 MATNUNEUD

.
ar

NNAUFIUVBINTATINIDINIAUDADIVINMEIAUFY Y UFIAnEIL TR Y

'
[y

dnssanvulieeuisudsmumiminausluuni 5 uiuszyndld Hednvuzreians
mianudaesiiiiausannsauanilafigun 6.2

Vy

i
I
I
i
i
I
i
|
I
i
' |
! Ay M Anz i
i = — z i
N I B !
! |
|
1
Vy: v R32 R4z |
! M A :
Vin = Vi, SIN L : I i |
H le Rz ; I
L : I
: V22 § Rsy . I
I
: \{ gﬂﬁ }
! ; Rz L] : i
: Az AN Axn :LT H :
1 i == ~ .
' ] I
{ # ANV ve |
I

3UN 6.2 1smiAnudasaviniiiaue
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MNWIITVIANUDFBUVIITIINALBlUFUN 6.2 N1SIATIBAIVIAILTIRULD W NAYDY
wsannsaseneentildu 2 nsdl fe

n. nsmleaUnaudviinlulnans

nsdinldeadusudeiinlulnarsairnesgudyaaueusdanluiessinudaes
whindiaue wseiueAnAresRsaanIaminanaunisi (6.4) lagvinsunue K, ae

A1 K, Naunnsi (4.20) Asduriussfuendnm v, awnsamlacail

K,v *cos2wt
v = e e (6.5)
2 2

» Ry R
R _13;3 Ez
371

e &) = =
9. nsaealaudvunvuad

nsfinldesvionulintueaaiininsguinanuueysdonlulsasinufiaoai
Ulaue ussiueiynvesnsansamlianaunisi (6.4) laevinnisunuei X, ieen

K, naunsi (4.27) fuluaussduio1simn v, awnsamlaned

chvmz K, vm2 cos 2ot
7 = - (6.6)
2 2

¥ R,R,
B\ \Kp2 —E5-
21 R

6.2.3 HANISVNADINLNITADIIIFTVIY

INWITNIANUABIVIALLEUD 1517IIN1TNAZaUNIUTEANS ANUe999sNULEUD
o 1 a v & ¢ [ € i | a
fen13r9essIgealuanduiinlulnans leedrgunsalsngg Aldlunisdedcasaduasy
HANITATUIUIINAIRUATNAIEIMIUNITNARDIIITTAIENTIABIIDTTIE W TOUAAILARS
A15197 6.1 1ag 6.2 MUAIRUTILUNITNAaDITIENsakenaantaly 2 nsdl fe

gileiialnad 1 kHz wealdge 1V, Jeudnfidunnveias
andlamnud 2 kHz wenudga 1V, UeuiniiBunnveseas

lngdnuuzradyaIMauNALaLIEANRYBINATIIAIRAR I LEUeYI 2 N5l
ausauanslanazun 6.3 uaz 6.4 udey



A15199 6.1 AgUNTaIA19Y NldmaaeressmitauemsnireInsase

W35 um
Opamp Aj1,A12,A21,A22,A3 UA1458
Ry, Riz 10kQ
Ro1, Rz 1k
R31,R35, Rs1, Rsz 250kQ
R4y, Rap 500k
Ag 0.2%
Ip 876UA
Ip 865uA
I 212uA
Iss 204 5A
Supply +gv

A13199 6.2 WANTAUIANATAUNTAIINY dIMFUNMTNAADIIITFIEN1IRDRTTS

W5 Tmes

WA
Ap 11pA

As 7.50A

€1 0.019

Vaﬁ.‘vermu!Bi 82.6mV

Dominant pole : P, 500KHz
DUHURNITTDIUTIAUBUNT AV, 2.62V
Fanaurnwesnsg K, 0.096
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Tek Stop |

b

- i

@ 1.00V__JCh2[ 100mv__ M 200ps] Al Chi ~ 120mvV|

31]17% 6.3 &ty

NBUNALASID W HATDINTTNIAUDABAMN lundIN 1

b

Tolcstop |

=
u

2[_100mv__JM[2000s] Al Chi 7 120mv

P ar a 3 = = ' aa
E‘UM 6.4 iufUu"\ﬂJBu’V‘!ﬁtLa3La']G]W‘F]‘UEN']\T;\]3W'Jﬂqqﬂlﬂaﬂ\nqﬁ'ﬂuﬂimﬂ 2
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6.3 nsuszgnAldaulsasguiiinauslulsasmsdyyiu

6.3.1 nann1TNUgIU

=

'Jﬁ"ﬂi‘lﬂ']’iaﬂlﬂ]'lmL‘UU'N"ﬁﬁl%ﬂﬁ&Lis‘l@]‘uLE]'IG]WGW]LUU@ﬁEWﬂ?UﬂU‘iuﬁ?fl\?ﬂmﬁU'mJE]uWGl

L7
=4 s

Aitoulsfuisdaimiiduiey (numerator) wagusatuiviwiiduimsvsasaau
(denominator) [33] [40-42] mmuanwmwaamma'sWi@mam_,mﬂmu.ausaaﬂLwaaswmu
IS IUEINTIUARLARIFUR 6.5

R Analog Multiplier

o A 4 o Vo

= ' o ] o s o @
JUN 6.5 misinnasaudugnuouraenieadaiulsasmsdunin

mmﬂ‘m 6.5 wassannldesandygadudiutioundu Insfussiusag

ar

visefdntleuliniivBuns v, vonssgafagauavussiuiiuirsioudiinsune
o o &
v, lawaneaslugli 6.5 awnsadsuaumslanal

v i
ln :fz —efi(el T (67)
R R
v.=Kyv, =Kvy, (6.8)
v_ﬂ —— Kdvxvr) (69)
R R
NAUNTITN (6.9) ANUITAMIATLTIAULD AN VOIS IFAIL
1%
v, =——= (6.10)
‘ Kdvx

ﬂl < 1 L3 + v o
Wwe K, A AmanaunnnesmIguuenaspuildlunisaiivsmsdygiu



9

’

=i e ' (Y3 03 [ =Y Vo ar
nAUNST (6.10) waasliindtusduedyn v, vearsasmsdyarailidunanisiu

TEMINUTIAUBUNR Y, Uy v,

6.3.2 2995NULEUD

MniuguveINsainRIIdyg NI udygudinaudieiu s

asguuuUldesduenddwindiminaueluuni 5 iUszgndld Gednuaryesasmg
doyanauminauaaunsauanslanagui 6.6

AV
—
lZ
| g e, T
1
i
i
! ’pll Ray
! Vi R h
! AN B Vs
1 _IABI
(or—" R
(Denominator) VN o Yo
R i
e S
(Numerator)’,—i- _f\sz
A

1
1
1
1
1
1
1
1
1
]
1
1
i
!
i
1
1
vt Ry, Ry [
1
1
1
1
1
1
1
1
I
1
|
I
I
1
1
1

5UT 6.6 1My fivIEue

ML uniaualugui 6.6 a1130TATIEANA LI 1FNATE90S

o
=

Tneueneanlallu 2 nsal Ao

n. nsaieavuandydalulnans

nsdliildeauuendulialulnasadrnsspudygyraueusdenlursasmsdyayiui
U UIIRULIANAYTENINRTEINTITaM R1naun1shi (6.10) Ingviinisununn K, feen

K,, a1 (4.20) Astudussdiuedine v, anunsamlne

y =——2= (6.11)

RR,
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4. nsaleaunandviindiuas

nyfifildesdusudviinfuaaaitcispudygyruwauzdonluresmisdyyiud
o ar & kg a‘ o i &/ 1
UNEUD WU WWAYDINITAWNTONILAIINANNTTH (6.10) Taevinnisunuen K, daoe

K, 3naun1si (4.27) seliuAusssiuioding v, anansamilasad

v, =——" (6.12)

= R,R,
We K,=—2-
2L R Ry

6.3.3 HANISNARDINILNITADIIDTII

= o Q

NINRIMTFYYIUNTUAUD 13N INAGOUNIUTEENS A mYe RIsILauaiey

o
L

msieeTIiimegestiendyialulnais Tnudrgunsainneg Aldlunsdedsasaduazaanis
AUNAIRUNIalN1 S UM INAEeINRsAIBN IR0 sd I aLanlAF I 197
6.3 uay 6.4 muaeiu Felunsveasasiauisaueneenlaidu 2 nsdl fe

nsdif 1 Todyraladmind 1kHz uwenudge 50mv, deurdniidune v, uay

)
1

wseulimse 1.5V B une v, 1993993
n3in 2 lddyaailerdnmd 1kHz weuddgn 50my, Teudniiduwn v, waz

wsanulunsa 2V g MBuwe v, we1nes

A15197 6.3 Argunsalrngeg Nlgveapnesitauesien1sre1snsee

WIS YU
Opamp A11,A12,A21,A22,A31,A32 | UA1458
RiL R 10k
Ry1, Ry 1k
R31,R33, Rs), Rsy 250k
Ra1, Rz 500ka
AR 0.2%
Ip1 876LA
Ip2 865pA
Is1 212pA
Is: 204.5pA
Supply +8v
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A1319% 6.4 HANSAIUAINAIGUNTOIANY EMFUNIINAABIINTAIENITABIIATI

W3R0S YU
Ap 11pA
As 7.5pA
41 0.019
V opsemuan 82.6mV
Dominant pole : P, 500KHz
DUfiRnsveTIAuBUm Av,, 2.62V
Fnadtnaurnainsg K, 0.096

lnednvauzrdy gy IuBunaLazleN AR89 TN TA It L UeYa 2 NSl
aNIUANIARIFUT 6.7 uaz 6.8 audIsy

L3 LIV 0~ s s e~ =N 2 B

=

@R 50.0mv__JCh2[ 200mv__ M[400ps] Al Chi 7 53.0mv

U 6.7 dynasBunmnaviordwnvevsesmsdgygalunsdi 1
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@l 50.0mv__JCh2] 200mv__ M 200s] A] Chi 7 53.0mv

5UM 6.8 dygnBunauasioinave v smadygialunsdldl 2

6.4 nsUszgnaldaurasauninauslulwwsaensiniidas
6.4.1 wdNATHUFIL

asaeaniideathnasilidyaraewwaiifidviniunniaewe g aduwn
o v s q.) = o v ar
neulvifui99s [33] [40-42] Ingdnuaizveiasnsnsniidoenasnminiesaudyaa
ansauanslagagui 6.9

Vx

Vy
R Analog Multiplier
Vo M —
"‘,_> A[ Q VO
Iy +

Ui 6.9 msrenTpudyaaueuzdeniieaiialuiesaensiniides

Y

1Meesluguin 69 29esneasndiaedddleasqadyyrutoduasteunduliiiv
savuend A; laganeastugudl 6.9 Weiesaniilua A aunsadsuaunislacsil
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i =i x%:—% (6.13)
v,=Kvy = Kv?’ (6.14)
%”=—K’;02 (6.15)
-v, =Kv’ (6.16)

INANNTTN (6.16) AWNTOMIAILTINULEIANA Vo935 laRal

(6.17)

dle K, fe Aanawrnwesnisaavasaesauiidlunmsaivsoensiniiaes

MNENNT (6.17) ussduiendng v, Alddiaiiuaisinassvesdyyinduya

2892995 loefussnudune v, aesidiluauaue
6.4.2 295U UD

PNHUFIUTBINTATNIRINBATINTdBIIE T TAF R A InaINIT1d Y i

o

a

9snauvuldesdusndvilavivdindausluuni 5 snussyndle Gidnvuesoni9snen
Tnidesminausausauanlanaguil 6.10

'
as @ =
'

3UT 6.10 299500A5InTideiiiiiaus
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i
= o

91nN9TEATINMABIIUINAUIUTUN 6.10 MTIATIAMIATLIIFULDIRNATIINRT

<

annsoueneanlaily 2 nsdl fe

n. nsaloavuandvtinlulwans

=l v § = § v ) o = =

nidifildeeuuendudalulnariaiiviesgudygyruueurdenlurasaensniiaesd

Uaue LIeIANATeIsaIsanlianannisi (6.17) Tneviinisunue K, fean
K, 1naun1sil (4.20) AniuAuwsIdueine v, anansanilanad

5
R R (6.18)
K,
o R,R
We Ky, =7 ;;{2
&

9. nsflealuauduiinduas

nsainltoavuendviindusaaiisgudyyiaveuzdonluisasnoniiniiasad
UNAUD LIWEIRNAYBIITAWITAN RN (6.17) Tngviimsunual K, fean
K, an@unsi (4.27) faiuAuseiuenans v, aaunsanilaasd

(6.19)

he K :MR4R2 5
2R R,

6.4.3 NANISNAABINIYNITHDINVTVIY

IN99TNDATINTIFDIMNIAUS L3N SVAdeUR ST AVE MBI iduDme
nsrenaTISneeaUlenduiinlulnans nedrgunsalaneg NldlunisrelsasaSuaznanis
AuaanAgUnsalineg duun1ImAasNRsmunsRensvsIsiasandnaldianne

o v o v g oA
6.5 uaz 6.6 MuAWU Blunrmeasssiansausneanlaiu 2 nsdl Ao

nstifl 1 Midynraledanud 1kHz wouddyn 50mv, Joudiidunmvesiaas
nsfif 2 Mdyaruaumienninud tkHz weuudgn 50mv, Jeurdiiduwnues
293



A1319% 6.5 ANguUnIalineg Mldnaasnsesimiiausiensrensase

w1 dnes YU
Opamp Aj11,A12,A21,822,A31,A32 UA1458
Ry, Ryz 10k
Ra1, R 1kQ
R31,R3, Rs1, Rsy 250k
Rq1, Rz 500kQ
AR 0.2%
Ip 87T6UA
Ip 865uA
Is) 212uA
I 204.5uA
Supply +8v

A157199 6.6 HANTANLINRINATGUNTAIMIGAMSUNINARRINTTFALNNTABITTTS

W13 WA
Ap 11pA
As 7.5uA
a 0.019
Voﬁsezmmm 82.6mV
Dominant pole : P, 500KHz
YIUHUANTVOIMNTIAUBUNY AV, 2.62V
FnawnaunnweinIsgu K, 0.096
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Insdnuuzvesdygrudunntasodiwnveisasiensiniidesiiinauens 2 nsél

annsouandlagaguil 6.11 uaz 6.12 auasiu



L i) S e e i RS
. : 4 ﬁj 4 ! A

[2F

MO 200mv__Jch2[ 1.00V_ W[ 2000s] Al Chi 745 omv

6.11 dgyanadunaiagziondnave s sdgyaalunsai 1

=

sU

U

b L

Tkstop | o
_ , =

©_ 200mv__Cha] T.00V W[ 2000s] A Chi 7—38.0mvi

=

ar & ar o
6.12 dryQ B uUNALAzLEANAT89199 I Td Y ailunsan 2

L ]

=b.

U

98
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6.5 MsUszgndlireasauininaualulsasuansamasaulnii

o &
6.5.1 ann1IWUFIUY

vsudnsrmdslvindusesihuyssgndldaniluissdidnnseinduase
AIUANATAY [43-45] Lafu ’Ni]iﬂ’a“UﬂllﬂﬂiUSSQIWﬁW‘HENLLUG]LWJ%l (battery charging system),
21995AWANMTIENEULNAN (power control loop) 2sasdAndsnulniin (power circuit
breaker) wagasinA A UlnA (power energy meter) Wusu lasunAudrssuu
wansransUsEgnilduusmeduienisirondanuluihanuuaneiasiinisnsania
wwernssualihivihinisuszgasuunmeiniesnszudlnihitlnarinivanfioeiadien
WliiinnsRanaialunsdaumaailunsyszglwihasuunmeiviediendsulih
Wifulvan dawalbiinanudawaialunisusmsnisidwdsnuanuunmeilaeianizogie
TunsihuusmeluldsrudtTnandifidaudumuiuansmsiu ddumsldnuumess
dwsulnaniifiausnumusanaiussnasliesuansdmdaulwilununisasie e
LQW’l:ﬁﬂizLLalwﬁﬂﬁIwaN"mi‘lﬁaﬂLﬁEJ\‘]EJEJ"NLaEJ’J%ﬁﬁ]&ﬂﬁﬁi’?ﬂ’l”liJQﬂﬁENIUﬂ’]‘Sﬁ’?U?EUW]‘F]"]L’J&]’]"?]I
mema%'mmsmhE;wé’\muiﬁﬁulwaﬂ"lﬁashag]ﬂﬁaamﬂ%utﬁaamma%LLamﬁwwé’ﬂmulwﬂ'z
sgmsanaianausstuiinnasenlvanuazainssuailnasaulvan UBNANT95UARIAN
wislihdumnefisniludszgnal il sessandenliindniuiassidanseiing
F9) ﬁé}'mmiﬁ'}ﬁ'ﬂﬁwwé’qmulﬂﬁwﬁﬁiwiﬁﬁ’uiwamm"m6] ei’m%’uiﬂﬁqa%waﬁuﬁwuw@qaqmi
Ltamﬁﬂwé’wmlwﬂwmm'immmlﬁﬁqgilﬁ 6.13

R.S‘eﬂ.i' €

*—\VV V_T—‘ P To Load

Power —l—

Supply ——

Power Monitoring

Current Output

Sensing

Analog Multiplier

JUN 6.13 laseadaiuguvesnsasuansamdasului

mn‘Iﬂiaa"%ﬁaﬁugmmaamiLLamfi']wé’muIWﬁWﬁLaam'l,uguﬁ' 6.13 1T uaue9z
Uszneumhiaesnaindnszudlnih (current sensing circuit) lsiainmfuusaiului
uazasgadtyyaLausaanlng 1rwAvevasaITamnsualiihazegluguvsauseiuy
fdudndutuanszuaiilvasiuinan Tneussduitlétiasgnaslugaifuussiunnaseninan
MmyaTANdYIuLULaen Na@mmaaﬁfgapmﬁlé’%aQ"Lugﬂﬁuaumﬁulw%ﬁLﬂuﬁmduu
fuAwdsnuliihiiselvisulnan MnnudnMIRnaasuansimEt Ul
wuuldeaunenduinidiivnaveluund 5 wszenald awldinisseauueuduasia
Frumuviniy ileasiiaudeuazaign
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6.5.2 1995¥iLauD

o o ' ar 2 6o o a a Y1

dwmiuraasuansrnasuldirlneldeevneuditausluingdnusatuiiag
Usznaude 299sasiviaanszualndin 2sasuvansaf (voltage divider circuit) ua19qs
Ay nuauzden lneseaziBunvensstesluudazdiuaunsauandléinai

6.5.2.1 2995M539I0AINTZHE WHA

dmiuisanetarnssudliihaldluiveninusatuiannsauandldngui 6.14

Supply

Rs4

4
1
1
1
1
1
1
i
1
1
]
i
1
1
1
1
] > Vx
I
1
I
|
t
1
i
1
1
i
1
i
i
i
1

> ¥,

Voltage divider
circuit

.
=t

SUT 6.14 2995n519TnA NIz alniILas1993uwU L e

911993luzUN 6.14 savueud Al uazdsiwmu R —R,, uaz R desiuiy

sense
Wureasemaiaminszualniiluasinulvan F931029351U5UN 6.14 151aunsadIwIuma
LSIRUNRNATON R, ) loeatl

syense

(v

sense
vsrzn.fe = (vl - v!oad) = ifoad ' R.\'en.\'e (620)
fvual R, =R uae R, = R, \s@nnsomiaussiuediym v, lassil

R, R,
== R_:{ (vload _vl) = _Fj(vl _V!aad) (6'21)

-

NEUNSH (6.20) uag (6.21) ussiuerdnn v, aunsadeulmildfaunisi (6.22)
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R
v=—y =_j Ta2p (6.22)

6.5.2.2 729950UILSIOU

1MRTIUFUN 6.14 fsumu R, waz R, Uszneufuduieesuuausediu wievia

mIannnakIwuiinnaseulranasimnsauiuinnsinudunnrenesaud gy e
uzden lnussiueding v, aansamldainaunisi (6.23)

‘RdZ

e el) (6.23)
R, +R,,

vy = v!aad

6.5.2.3 29vspndmnLauzien

USRI WRNAIINNITNTITTAAINTTIAlYh v, lasusafe i INeI T sksady
v, sxgnadluinssgudyanuousion dviuinsqudygaueusdonldluissuanin

waanulwihdldeseadyyinweurdonuuu 4 meaunsuilasldeauuaud 3 fsiiuan
AIzUT 5.1 912995TugUN 5.1 dwSum IS einiA LT e 1Wnaue9199 299 TUARIAY
naanulwiausaneneenledu 2 nsdl Ae

n. nsedealvandviialulnais

o e v & o 3 o =3 [} as !
nsdiiildesduandvialulwaislurnspudyninueuzdendmiuiasuanss
waaslwihatnaue Fassiueianavasuansmvwasulniaansanildainaunisi
(5.20) vimsunuAusaiy v, wag v, 9naun1sii (6.22). uas (6.23) asludunsn (5.20)

AIUUAILIIAULEIHA v, @nsanleinil

RyR R R
VU == 2] JZR;R vxvy T _Kbrvxvy = _Kbt (_ i;‘r)crd ﬁ R.\'em'e ](v!oad %} (624)
St M 51 dl +Rd2
va = Kbr[RJ'l R.\'en.\'e J[LJihmdvlggd (625)
R, B4Ry

P A ¢ o 5§ a s o W
We K, AeAdnauinmeinsgauvenssswuuldestwendvinlulnansdnauanusa

2. nstleaUnaudviinduas

dmiunsdilldesunendvinfuealurvsgudygiuueuzdond mivisasuanan

wasuliihidiaue Jussduedyavesuansiwdanulwiansanilénaunisi
(5.31) YN1SUMUATIAY v, uag v, 21naun1sTl (6.22) uas (6.23) atluaunisi (5.31)

AIUUAUTINLDWNG v, aunsamladadl
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R R
Vi = RZ }gs vxvy = _Kclvxvy = HK{.‘! - ilmd 2 Rsen.s‘e Vioad 2 (626)
4ISR1 R'? Rsl Rdl+Rd2

0 Kcl [Eﬁ. Rsem‘ej(L]ifﬂadvIoad (627)
R R, +R,

s1

iWle K, AeAnalnaunninesnisamvesisssuuuldoeduoudvinduoaduumuda

1NE@UNTSA (6.25) wag (6.27) useiuwewnn v, fildazegluzuuuuves

as -J (= a ] s 1 ar P vV oas o as 5 1
wssnundudndrunuaindsaulwindelvdulvan awﬁugﬂLtwmwmmamwmamm
Wﬁﬂﬂu‘lﬂﬂﬁa’iuﬂ‘mLLﬁﬂ&lﬁﬁﬂEUﬁ 6.15

_________________________ -

I

I

l

Supply i

Ve :

= Al T

I

I

|

I

1

I

Current sensing circuit :

Rai
Load r M
FVE4d — P .~ I
R, Vee ¢ G ;
|

L A | R |
r= —_ s \NAND 4 ) i Rs |
L AAA— I
: Ry R; Va1 :
: Ar’\/V‘V-‘% = Ry :
| = R Vi) / ® M T
\ W\ A2 Rs, [
I i —AN\ :
! Ry %f I
[ 1 = 1
: - Rj; I
, - A :
! = Veo I
Vo O—:—! Ad !2 |
i " Rz :
l Rs; 1
[ AMA—e |
: R V22 !
| S Ry :
: R’ Rs vy, T :
| ——AMN— A3 !
[ A {
! I
I = I
| I
! I

3UT 6.15 23suanarmdsnuluih
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6.5.3 NINAFDUHNITAUSNITYNNIUVDI9RS

dwiunsvadeuanssauzvenvasituauslasnssrassnsinenulagldiusunsy
PSPICE uazn136i92995934 Ganraneaaaunanuaasldeatuondwuululnasiitouandds
Lﬁuﬁqﬂsxﬁw%mwmaﬂq%LLﬁmsshwé’qmu“LWﬂ'aﬁa%amﬂ:m%@mﬁmuzyjmuauzﬁaﬂ lag
wazdualunSNAABUNeY annsauandldnai

6.5.3.1 WANIT1RBINITNNUVIMTInelUSUASY PSPICE

PMMIsLamAMaIUlnA AR ALULTLLY 159 YnTadauUsE BN NN
wesTihEuemelUsunsy PSPICE Tnergunsalrnag ldaunsouanslismsed 6.7

3199 6.7 Argunsalsnggilalunsdasimsvimnaasidiauedislusunsy PSPICE

WIS dees YUIW
Risense 0.1Q
R, R 10ka
R, R 100k
Ra 90k
R 10k

R, Ry, 5kQ
Ry1, R 2kQ
R1,Ro, Ry, Rs, R31, R32, Rat, Rs1, Rs2 100kQ
Ry 50k&
R3,Re 500k
Ry 50kQ
R3,Rs 500k
Is1 144.8pA
T 146.1uA
Supply +ov

MNN3188INTYUTINITIILELEMEgUNSIfIANT19N 6.7 @nansouanIng
nInaaausinee lanail



104

160
140 1
—4—  Calculated Value /
—— Simulated Value

120 ‘/
s /
E 100 ¢
= /
& ]
&0 /
£ 80 &
g */
=
£ 60 0/
<)

:/
401 v
— v
20 . Y
= o
e
0 1 2 3 4 5
Power (W)

3U# 6.16 dnwnzvesusuerwaliomisufudwdsnuliivedivan
3

4

Error (%)
=
B
B

11

-2

-3

-4 1

-5

Power (W)
JUT 6.17 Aeiwudmiuiianainveuswiuedmmiiaisutuadlaannisaan
PNHANITIBDINITINUVDNTTRARSAMNEIULNA8lUSUASY PSPICE sanand

Tugui 6.16 uaz 6.17 wandliifiuiussiuorinavanasinudenadosiunanisAmin
wisnuiieliiulvan laeilranufianaingagnuszan 0.95%
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6.5.3.2 HANIINAABILALNITADINDTIZY

21N TUaRIAINaIU LI NesnwULTUNT 15IInISeasunIUIzANTYe Y
295MLaUBMEN15613e IngA1gunsainieg fldlunisrensasaieanunsauanslda
715797 6.8

A1319% 6.8 AguUnIalingeg Aldnaassisesiviauesiomsnonsasas

W5dmes YUA
Rsense 0.1Q
R, R 10k
R, R 100kQ
Ra 90k
R 10ke

Ry, Rz 5kQ
Ry, Ry 2kQ
Ry, Ry, R4, Rs, R31, Ry, Ry, Rs1, Ry 100k
Ry, 50kQ
R3 R 500kQ
Raz 50kQ
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luglaunmsindsass (X + Y X -7)=X*-v? asld

4(I5 +0.5A, Y1 +0.58, XI5 ~ 0.5, X1-0.54,)=4((r2 — (0.5, Ji-(0.54, )
(n25)

a1 58,7 Ji-(0.58,) )= 41> ~0.2512a,2 ~0.258,* ~0.0625,°A %)
(n26)

NEuNIST (125) wag (n26) Wt —0.251,°A,> —0.25A,> —0.0625A,°A > fientiosann
lediouriu 7, safuman 4(7 +0.5A, 1 +0.54, XZ; — 0.5, X1-0.54,) anansavssanas
lddsannsi (n27)

AT +0.5Ag N1+ 0.5A, XI5 —0.5A4 1-0.5A, )~ 41 (n27)
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Aatuauni1sy (n24) arunsadisulniladu

mul 1

CRR, | = (v —v, (I~ 058 K1 0.58,)+ (v, +v, +v,A, F (I, +0.54,1+0.54,)
" RR, 41’

(n28)
PMNAUNTN (N28) FzlA

A A [4vxvyls £ 20,0 Al + 20,9, Ag + (vxz . )ARIS + 20,2 A I+ [vj + vj)A
R'R, | 41,

S
+2v. v, A Ag +0.5v. v A T + 0.5, A A +v, 2 A + [vj + vyszR]S +v, A

+20 AL +0.5v, 7 A Ag J } (n29)

S &

R/R 1 2 2 2
o= RE}; [Er[élvxvyfs +2vu v Aplc +2v, v A +2[vJc +v, )ARIS +4v, ARISH

(n30)
NaUN19 (130) awnsaeulanail
2 2
+v." A
R.R, ("x y j wYAllY,
1 & l+ghy v +>— 2 4y °A (n31)
11 R12R3IS ( )vx ¥ 6 Pl
F A A
We g, =L+ -5
Ak
Aatuuswiuenmvesspuiildosuwandednlulnansannsamlsnai
Vo= Vorppat V:;jﬁ'ermulgl (n32)
2 2
+v,|A
o R.R ("x ¥ ) R
we ¥ . =-—t2 (I+8 i, e s B
IB1 Rlz R, }Vx ¥ 5 y Br
A A
g E?R'F‘——S
21

—2RR A, +A
Ve = ———2 (I + I )| Ap +| 22728
affsetmulB1 R:‘ ( B S{ R ( 13 +[S JJ
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lwhusudgifunsdisasguldeeyuendvilnfueaussiuedinnvenasainsamidna

Vo = Vet +Vopemuca (n33)
2 2
y R.R (vx Y, ]AR )
119 =— 2| (l+epyv, +—2L—+v A
mulC1 2R12R3IS ( )V ¥ 2 ¥y R
g =2r 85
2 2I

-2R.R A, +A,
V ormicy = ———Adg I Ap| —2—5
offse 1C1 R3 ( B S{ R [ IB +IS JJ
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n1satAsIzvrIAnsaaulwWdauiy ¥

offsetmul 2

WAZALIIAULDIANAVDS

29asaauuuuldealuand 3 Ansaiauldiaunwsdiuvesaunsalinly

MNANATANY V89AIAUFYYIUDUIABNLUY 4 rBauaTuv Midesuuand 3
i Minauaidunisauudlidigunsaiingg Mhusefinnwauwsdiud ussgidlsfiny
Tunsléueds anubiauwsdiuvesgunsainldez duduymdniidamaliinAinn
AananavoLssfuledynversasiviaue Taslunisimmeiazauudld anseua
way I 10990Unauy LLaw&wmwﬁmmuﬁlﬂmwigﬂﬁ 5.1 feneail

nsvua I wag I gnivualetll Ig = Iz +0.5A5 way Iy = Is + 0.5 rdmsuy
saUwent A, uas I = Iy —0.5A5 uas Iy = Is — 0.5As dmsusaUuaut 4, wiouns
AN Ry wae Rp gnimuali Ry = (1 + 0.5AR)R, waz Ry = (1 — 0.5AR)R; dm3udn
mumuiildlingss Tnslumsdnnaaylifinnsanavenessudyaia 43 31n29351u3Y
i 5.1 Ausady vy waz v luaunisi (5.1) way (5.2) defiansandsanuldauwasiy
yeagunsaiannsadeulalysiseanunisi 1) uag (v2)

v o[ UrOSADR, - (+05A)R, | )
1+ 0.5A)R, * (1+0.58 )R,
oo [ (=0589R, - 0-0SANR -
(1=0.5A )R, /2 %~ (1= 0.5A )R,

PMMIATTEUAR Ry = Ry = Rs dnimsn (11) wag (v2) anansodoulmilasd

Yi= ""(Vx +vy) (3)
uay

le = _(Vx - vy) ("Uq.)

FuSUlUAIUVDILTINY Vo WAT vyy buANNIST (5.15) way (5.16) wWlaRa1suideainulal
aunssiuvesgunsalarunsadsuldlnddeaunis (5) uaz (v6)

1+0.5A,)R
Vo = Ve = (I +0.50,)+ (I +0.5A, )1+ 0.5A,)R, — e +0(5A )(1-5()) SZA s v +v,)
S * S # R 1

+ (1+05AR)R2 (vx+ y) (SUS)

2(1+0.5A )R,
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(1-0.5A,)R 2
v = Ve = (15 —0.54,)+ (I ~0.5A,))1-0.5A,)R, - 8(Z, —0.5A, X1 —RO.SZAR)ZRIZ (vx _vy)
L (1-0.54,)R, (v, -v,) (v6)
2(1-0.5A )R, 4
Jaauns?t (u5) waz (v6) Inaileigisi]
vy =Vee —(I; +0.5A, + I, +0.5A, X1+0.5A,)R, — 5 (v, +v, )
e o aEEa s . 8(Z +0.5A, Y1 +0.5A )RV
R
+2—}§1("x +vy) (7)
Vay =Vee — (I —0.5A, +Ig —05A, (1-0.5A )R, — A, v, -v,)
22 CC B B S 8 R 2 8(15 —05AS)(] _O.SAR) Rlz x y

+2£27(vx —v},) (v8)

FTWSIAU V1L V12 Va1 WAE V3o INENNNT.(Y3) (14) (37) Uaz (18) PINIEWIU 9¥gndesaseny
ANULANGNSVLIAABUNA TUFUN 5.2 BIaunsamIausaiu v, fail

R |
v, = R&;[VCC < (I, + 050, + 1, + 0.5A, X1 +0.5A,)R, = T oth )(21 Y TR (v, +v,)
R R
+2—£l(vl + 9, )= vee # (I, =054, + I, — 054, X1—0.5A )R, —2—151(»»,r —v,)
R, 2 R
- 4.7 ~ 9
8, ~0.5A,X1-0.5A,) & <%, )+ R, .+, )+ 9) w9
naun1sa (@9) a¢lé
v, = R;& (= (75 +0.58, + I +0.5A, X1+0.54,) + (I, —0.5A, + I, —0.5A, 1 —0.54,))
7
) Rst . (vx + vy)z + (vx B vy)z
R, | 8(I;+0.5A,)1+0.5A)R?  8(I; —0.5A,X1-0.5A,) R’
+ R, (vx + vy)“_ Kk, (vx - vy)+ &(" (vx + vy)+ (vx - )) (v10)

2R,R, 2R,R, R,
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a o 1 ' v & ' = . P o o
N15auN1TN (B10) Awiuaunisatusawenaantody 2 d1u Aed Ut JunsIsund
TuAsdwmsssulwidniy V., wardndiunisiifesdussnauvesainud ¥,

mul

METE
MIsaudyIeuIaaniauslavausalsulanaunisy (v11) uaz (n12)

¥ ippainars =5'-§&(% (I5+0.54, + 1, +0.5A, X1+0.5A,) + (I, —0.5A, + I, —0.5A4 X1-0.5A,))
7

(1)
o BR( b )
"R | 8 +05A K 1+0.5A,)R: T 8(I —0.5A,X1-0.5A,) R’
+“—21§§f§] (v, +v,)- _ZRI;:E_, (v, =v, )+ %(— (4, )+, - v,)) (v12)

RSN V. PIAUNTH (V11) T

V, seumtz :%‘32-(— 1, —0.58, — I —0.5A4 <0.501;A, — 0.25A A, — 0.51 A, —0.25A A,
7

+ 1, —0.5A, + I, — 058 =0.51,A, 4 0.25A A, —0.51A .+ 0.25A A,)

(v13)

R.R R
Vajfse:mu.'z = ;{, 2 (—AB _AS "IBAR *ISAR)” _Rj{ : (AB +As) (v14)
7 7

V as

NITUAIDIAUsENaUYRIRNNE V. . luaunisd (v12) lasail

mul2

_RR, [—(IS ~ 0581~ 058+, P+ (I + 054, X1+ 0.5,)(v, -, F

™2 " R R? 8(/; +0.5A, X1+0:5A,)(Is—0.5A,X1-0.5A,)
R R
+2—Ii’%—j:(vx+vy—vx+vy)+RTS(——vx—vy+vx—vy) (v15)

6

MNauAsA (v15) Rarsamarl 8(7; + 0.5, N1 +0.5A, X7, —0.5A, X1 - 0.5A, ) doilsk
agluglaunismasans (X + V)X -7)=X? -7? agldl

8(Is +0.5A X1+ 0.54, X7, —0.54, X1-0.54,) = 8{(7,2 — (0.54, F J1- (054, )2))
(v16)
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8((72 = (0.5, 7 J1—(0.58, ) ))=8(7,* - 0.251,2A,7 —0.254,> = 0.0625A A, )
(v17)

INANATTA (U17) WAt —0.251°A 2 —0.25A,% —0.0625A °A 2 Hrntissunnidieiiiay

fu 1% Fadunanl 8(Z; +0.5A, X1+ 0.5A, I — 0.5A, X1 —0.54,) asnsauszanmaildds
aunsi (¥18)

8(Z; +0.5A, 1+ 0.5A, NI —0.5A 1= 0.5A, )=~ 81’ (v18)

1
LYY

fatuannisi (v15) anusedeulwladu

mul2 — R?Rlz 8152
royffafe—Re (¥19)
"\ 2R.R, R,

_RR, H (w2 2wy, +v,2 ) + 0.5, X1 + O.SAR)J

_RR, ((v —v, P(I; + 058 )1+ 0.58,) < (v, +v, F (I; = 0.54, X1 - O.SAR)J

mul2 R7R]2 8]S2
2 2
> + T A0, M - A kb
a ( el b X*“ - X x) #2v, LR, & (220)
817, 2RR, Ry
= _R%(vﬁs +0.59, IgA, + 0.5, A +0.25v,°AgA , —2v,v I = v,v LA, —v,v, Ag
RR*81

—0.5v,v, AcA +v I +0.5v "TA , +0.5v *Ag +0.25v, "AgA , —v, I +0.5v "I A,

+0.5v, 2 Ag — 0250, AgA = 2v,v, L5 + V0 s e+ v v Ag —0.5v,v AA, v, I
RR, R

+0.5v I A, +0.5v *Ag —0.25v ZA\.AR) +2v [“ —J} (v21)
¢ ro ¢ "\2R,R, R,

RyR,
R,R?81,’

+2vy _RSRz _& (1’22)
2RR R

(— 4vxvyIS -V, v, AA, +(ch2 +vx2)ISAR - (vx2 -I—vx2 )AS)

mul2 =
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ReRy, Ry
2R,R, R,

fun il RgRo/2R Ry = Ry/Re datiuazlaussiuandng v, awnsamlanail

NAUNISA (V22) WAl Zv{ J aN1u150aANaUnLala taeni1susuaAlu

2 2 2 2
Voow= —ﬂ 4vxvyIS + v“v-"’ASAR ~ (Vx TV, )ISAR — (Vx +V, )AS (u23)
mul2 2R7R12,IS

4],

2 2 2 2
=_& 1 _ (Vx +vx )AR _(vx +vx )AS 24
Vot 2R R, (( e, 4 41, e
e ¢, =%

S

o £
Qs ot

UL NHATaR Al TesUlenlulialulnarianunsamlanall

Y V ulB2 -+ Vaj]&etmu!BZ (GUZS)

a m

4 2+ 2 2+ ¥ ]
SILII s =“—-~—~2§“§§[ [(1+81)vxvy e (vx : :x )AR ( (vx 4;; )Asj
Caml ~ 8
— AsAg

AL

R.R
V;‘JﬁxermalB2 T ——% (AE + AS)

7

luvhueadeatunsdinasgaldesuuwendula@uaaussfuoinnvressasannsamiaeil

v, =V, ues V:)_fjf\'c{mu.’(.‘z (v26)

[e) m

(i _ KR, [(1 T+ v, - (sz +v, )AR _ ("xz + vf)ASJ

V.. . =-
ML ARRII 4 41
e = Ashp
b4l

AL, +4,)

7

V:Jjﬁelmulcz =
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Simple circuit technique for implementing four-quadrant analog multiplier has been presented. The proposed circuit
reguires only operational amplifier {opamp) us the active element, The realization method is bused on the quarter-syuare
technigue where a square is provided from the inherent quadratic behaviour of class-AB output stage of opamp
Experimental results showing the circuit performance are described. The wore-case linearity error and total harmonic
distortion for maximum operating range are about 0.23 and 1.02%, respectively.

Keywords: Anulog multiplier, Opamp, Quarter-square technique, Squaring circuit, Class AB configuration

1 Introduction

Analog multiplier is an important circuit building
block in the field of analog signal processing. Iis
applications  can be found in communication,
measurement and instrumentation systems. In the
past, analog multiplier based on a variable
transconductance technique is  proposed’. Many
commercial analog multipliers using this technique
are available in the form of integrated circuit
fabricated in bipolar technology. Alternately, one of
the successful techniques to realize an analog
multiplier is based on the use of quarter-square
technique™. The squaring of sum and difference
schemes used in this technique are the necessary
operation. The squaring schemes of current input
signal can be performed using translinear principle®,
However, these schemes realized for the specific
purpose are unavailable in the commercial integrared
circuit. form. It is known that output stage of a
general-purpose opamp is a class-AB configuration.
The characteristic of a class-AB configuration can be
expressed by the translinear principle™ and exploited
to realize a high performance squaring scheme™'.
The square operation achieved by this mention is
suited for the realization of analog multiplier using
quarter-square technique. The use of an opamp in the
realization of analog multiplier will provide the
structure of high performance at low cost and simple
construction. In this paper, four-quadrant analog
multiplier is described. The proposed circuit requires
only opamp as the active elements. Experimental
results that verify the circuit performance will be
given.

2 Circunit Description

The proposed analog multiplier is shown in Fig. 1.
The circuit operation can be expressed as follow.
Assumming that opamps A, and A, are well matched
such as Ig; = Ig> = Iy and Iy, = Is: = I, where [ and I
denote the quiescent current and class-AB bias current
of opamp, respectively. Opamps A; and A, and
resistors Ry — Rs; form an unity gain summing
amplifier with supply current sensing. Resulting
voltage vy, and . are, respectively, sum and
difference of input voltage v, and v;, Resistors Ry, and
Ry, convert the signal voltages v, and vy, into the
signal currents #y; and ij». For the output currents i),
and i;» less than 2/, the quadratic characteristic of
class-AB output stage of opamps A, and A, which
exist in the supply currents [, and [, are fulfilled'®"".
The supply currents £; and I> are sensed and converted
1o voltages vy and va, by resistors R, and Raa,
respectively. If resistors Ry = Rjx = Rey Ray = Raa =
Ry, Ry = Ry = Rs; = Ry, and Ry» = R,/2 are assigned,
then voltages va; and v+ can be written as'":
ViR, o v,

D A g9y

Vay = Vee _{[n"'[s)Rn_m T R
e B 1 11

5

...{1)
vA St + (P IR, — Rl valle g e )
2 T BLRL 2R, R )
2)

Voltages vy and vy, will transfer to four input
difference amplifier formed by opamp A and resistors
Ri—Rq, where Ry =Rg =R, Ry =Ry =Rjand Ry = R; =
R,. From routine circuit analysis, voltages v, and v
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I g
‘ Ry
Rs R4
Ry W-"_WV\—J'
Vyx 0—4 i R6 ' =
Vyo_
wf2 R
w =
+
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L) R,
Reo N Wt
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Az ——ANN——
5
| f Rz
= !

Fig. | — Proposed analog multiplier

are, respectively, sum and difference of input voltages 3 Circuit Performance

v, and v,. Therefore, the output voltage v, can be Deviation from ideal performance of the proposed
stated as: ; circuit is disturbed by the mismatches between
opamps A, and A, and the tolerance of resistors being
used. The device mismatches will influence the

R R, R _R , s e :
v, == v‘vv+2[———]v‘ ..(3)  multiplication gain error and second harmonic
2RR [ " 28e R ) distortion of the input signals v, and v,. The output
voltage v, included term of errors and can be
To provide the multiplication operation, the  expressed as:

condition of R¢R, = Ry2R¢ is assigned. Hence the R,
output voltage can be expressed as: Yo 7% R
5

[A+edvp, +en] +Ee07 v, ..(50)

Vo ==

6
R_‘;Rﬁ vy, =—k, v, . =41:‘.——R"—ﬂw—..!ss --.{5b)
RGBT ' &

3Ry p s
where k,, denotes the multiplication gain. From Eqg. = R_I_"'HME anelIC}
(4), it can be seen that four-quadrant analog multiplier IR A
can be simply realized using general purpose opamp g, =4A-—1A+ S ...{5d)
without specific device. \ 2,



RIEWRUJA & RERKRATN: ANALOG MULTIPLIER USING OPERATIONAL AMPLIFIERS 69

Vorr =(Im_la:+As}(!+2A]% ...(5e)

where A is the tolerance of resistors, Ag = (g — [s2) s
the mismatch between class-AB bias curmrents of
opamps A, and A», € to €; and v,; denote the error
factors and offset voltage, respectively. If Re /Ry = 1,
A = Ix107, A¢ = 13x10% [z = 0.537 mA,
Ig»=10.539 mA, then errors €, to €; are calculated as g,
= 2x107%, & = 1.3x107 & = 1x10™ and ve = 6.6
mV. The input operating range of the proposed circuit
can be considered from the accepted value of the
output current drawn from opamps A, and A to fulfill
the condition in Eqs (1) and (2). The voltages vs, and
va» included higher-order terms can be expressed as'':

( "1!! ";‘1
vy =vee ~ IRy _‘rsnR:iLl*' SIER? k[zg]“ R +e
sty sify
il

R (
i (©)

v: vtl
Vo =Vep =L galyy = LR b= = — 12 |
o b~ ol b

From Egs {6) and (7), if term v; /Ry; in backet is
chosen such as v;; /Ry < 1.26[g, then Egs (6) and (7)
can be approximated by truncated higher-order terms
as in Eqs (1) and (2). For vy =-(v + 1) and vj2 =—{(1,
— vy), the input operating range of the proposed
circuit, Ivd + Iv,l, can be estimated to smallest value
between 1.26R[5 and 1.26R-[.

4 Exprimental Details

The proposed circuit in Fig. 1 was constructed
using commercially available opamps UA741 and
0.1% tolerance resistors. The resistors used in the
circuit are chosen to be Rj; = Rja = 5k, Ry = Ran =
2k, =R =Ry =Rs =R =Rpx =Ry =Rs1 =Rs1=
100 k2, Ry» = 50k and R; = Rs = 500 k€. The
power supply voltages used were set to F9V. The
quiescent currents and the class-AB bias currents of
opamps A, and A, respectively, were measured as
fgy = 0.537 mA, Ipa = 0.539 mA, /5, = 144.8 pA and
Iss =146.1 pA using the technique proposed earlier'”.
Hence scale factor &, and input operating range can
be calculated as 0.275 and +0.91 V, respectively. The
measure of dc transfer characteristic is shown in
Fig. 2. Figure 3 shows the linearity error for input
voltage vy varied from =1V to 1V and v, = 0.5 V. For

frf ...(7)  input operating range, lvd + Iyl = 0.9 V| the worse-
2R, case linearity error of Fig. 3 is about 0.9 mV or
200, -
150]
100}

Qutput voltage v, (V)
=
i

-100f

-150} - -

_200; - i e LA,:;'.JP.,.. W f . vy=08
-0 08 06 04 -0.2 0 0.2 0.4 0.0 0.8 L0

Input voltage v, (V)

Fig. 2 — de wunsfer charucteristic
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Fig. 3 — Linearity error
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Fig. 4 — Towa) harmonic distortions

relative error of 0.23% for input voltage v, of —0.4V.
The output response of the proposed circuit can be
investigated from the total harmonic distortions
(THDs). The measure of THDs is determined by
applying a sinusoidal wave to v, and dc voltage varied
from =1V to 1V to vy Figure 4 shows THDs versus
nput voltage v, at 1, 10 and 50 kHz of peak amplitude
100 mV. Figure 5 shows the result of amplitude
modulation for 20 kHz sinusoidal wave of 0.4V peak
amplitude and 1 kHz triangular wave of 0.2 V peak
amplitude applied to v, and v, respectively. It is
clearly seen that the proposed circuit provides an
adequate performance of analog multiplier.

S O e

Fig. 5 — Amplitude modulation of sinusoidal wave 20 kHz with
amplitude 0.4 ¥, and triangle wave | kHz with amplitude 0.2 V,
(vertical scale, upper trace: 100 mV/idiv; fower trace: S mV/idiv,
horizontal scale: 400 p</div)

5 Conclusions

Four-quadrant analog multiplier using opamps as
only aective element has been described. The
realization method is based on opamp supply current
sensing to provide the squaring of sum and difference
of two mput signals for quarter-square algebraic
identity. The proposed circuit provides a simple
construction, a good performance and low cost.
Experimental results show that the proposed circuit
exhibits basic feature of multiplier for analog signal
processing.
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A method to realise a four-quadrant analogue multiplier using general-purpose
operational amplifiers (opamps) as only the active elements is deseribed in this
article. The realisation method is based on the quarter-square technigue. which
atilises the inherent square-law characteristic of class AB output st of the
opamp. The multiplier can be achieved from the proposed siructure with using
either bipolar or complementary. metal-oxide-semiconductor (CMOS) opamps.
The operation principle of the proposed multiplier has been confirmed by
PSPICE analogue simulition program.  Simulation results reveal that the
principle of proposed scheme provides an adequate performance for a four-
quadrant analogue multiplicr. Experimental implementations of the proposed
multiplier vsing bipolar and CMOS opamps are performed woverily the circuit
perlormances. Measured results ol the expermiental propuosed schemes based on
the use of bipolar and CMOS opamps with supply voltage =24 ¥ show the
worst-case relative errors of 0.32% and 0.47% and the Lotal harmonic distortions
of 0.47% and 0.98%. respectively,

Keywords: four-quadrant analogue multiplier: operational amplifier: squaring
cireuit: quarter-square technique: class AB

L. Introduction

An anadogue mulliplier 15 abasic circuit buitding block for analogue signal processing
monstrumentation and communication systems such as u variable gain amplifier.
automatic gain conuwol amplifier. wavelorm  generator. modulator.  lrequency
doubler. phase-locked loop. amplitude-locked loop. small signal rectifier. cte. The
most received atiention techniques to realise analogue multiplier are based on the
use of quarter-square technique (Pena-Finol and Connelly 1987: Kimura 1994) and
transhincar characteristics of bipolar or MOS transistors operating in o saturation
region {Huijsing. Lucas and Bruin 1982: Bratt. King and Lysciko 1991 Oliaci and
Loumeau 1996 Abuelmaatii and Abed 1999: Ravindran. Ramarao. Vidal and 1smail
2000 De La CrugBlas. Lopes-Martin and  Carlosena 2003). However. these
approaches are realised Tor the spectfic purpose and are unavailable in commercial
integrated circuit Tornm. The cconomical attraction in the design ol eleetronic circuits
is one of the most important roles 0 ke into consideration. Consequently,
general-purpose operational amplifier (opamp). which is a4 commercially available.
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low-cost and high performance device. 1s usually emploved as o basic cireuit building
block in unalogue circuits and system applications. The output stage of aimost
opamp provides a class AB configuration. where its churacienstic can be explained
by tunshincar principle (Gilbert 1975 Seevinck and  Wicgerink  1991). The
characteristic of cluss AB output stuge of opamp can be exploited 1o realise a hich
performance squaring scheme (Surakampontorn 1988). which is well suited for

implementng the analogue multiplicr based an quarter-square technique. The use of

opump in the realisution of the analogue multiplier will provide the structure of high
performance at low cost and simple construction. In this artcle. o four-quadrant
analogue multiplier is described. The propuosed circuit requires only general-purpose
opamps as active clement. Either bipolar or CMOS opamps can be used to realise the
analogue multiplier using the proposed scheme. The technique is based on
translinear characteristic of cluss AB output stuge of opuwmp. which is alrcady
existed within its supply current. The opamp supply current sensing technique
(Toumuzou and Lidgey 1987 Surakampontorn 1988 Ricwruja and Kamsri 2009) is
employed to obtain the square of sum and difference of two input signals. and the
multiplication is preformed by the quarter-square algebraic identity. In addition.
low-supply voltage operation of the proposed unalogue multiplicr is also achieved
for low-voltage opump used in the scheme,

2. Circuit deseription

2.1, Principle

The proposed four-quadrant analogue multiphier is reaiised based on the quarter-
square weehnique. The squaring eircuit and summing amplificrs fonned by general-
purpose opamps are used to set up the nthematical relationship as

ey (U VIR v i EEE oS {

The square operition can be achicved from the characteristic of the ¢lass AB output
stage ol the opamp. Simple scheme Lo extract the existed square signal from the
supply current is shown i Figure 1 (Surakampontorn 19881 Opamps A and A; and
resistor Ry form a voltage-to-current converter to convert the input signal voltage v,
nto the signal current @, = v, Ry, For bipolar opamp. the supply currenss 7; and /5

Figure 1. Squaring scheme.
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cin be expressed as (Toumazou and Lidgey 1987: Surakampontorn 1988: Ricwruja
and Kamsri 2009}

5 2 B!
B + 23" 1 ,
Fossi g 2 f00 Hlin) for liud << 25, (20)
|
v
(415, + 5,0 7~ r;,,] .
Iy = Iga + Bl =i for |in] < 20¢s {2b)

e B
<

where Ty and 7 denote the quiescent supply current and the class AB bias current.
respectively. of opamp A, Assuming that opamps A and As are closely mutched
such as gy = Ty Iy and fgy = Lo I, The current Lo which s the sum of the
curreats /y and 7. is sensed and converted to voltage vy by resistor Ra. Therefore. the
voluage vy cun be written as

The square-root term in Equation (3) can be expanded using the power series and
then becomes

1 VO = DR IS = DR

LI the magnitude of signal current iy, is chosen such that 7, < 1267y, then (he higher-
order terms in the expansion can be neglected, and Equation (4) is given as

¥ [1_ 1 2[?31:];; iy !li — ™ & {3}

ar
2 "y ¥ 3
vy fl'“ Y 2[(3!:';; + /51 ~—y Qﬁh!

£ 15,4
AIsRy "

Le should be noted that the first term m the right side of Equation (5b) is DC
compenent and the second term is the square of the input signal voltage v,y with the
scale fagtor R (4R I CMOS opamp is used in Figure 1. then (he currents Iy and
Iz can be given by (Surakampontorn and Riewruja 1992)

E4].S'L o "‘}nij i 3
L= +———I61‘ﬂ < (I + {6

(42 — i) oy i -
fr= Ay + "“W’"‘ wdy 1 ( - "”“‘) ’ iGbi
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Similar to bipolar opamp case. the voltage vy of the circuit in Figure I, can be
stated as

vpo e = 2R {dg + 1 {7a)
ar
- Rﬂ'?
vy oo vt = 2R 190 - — 2, {7b}
[ = 2ilp s SR

It should be noted that the sccond term of the right side of Equation (7h) is the
square of the input signal voltuge v, with scale lactor £ i'?\"/,ylff}.

2.2 Mualtiplier realisation

The proposced [our-quadrant analogue multiplicr using opamps is shown in Figure 2.
cuit consists of five general-purpose opamps such that the opamps A, and A
are availuble in same package. Opamps Ay and Ags Ay and Asy and resistors
Kig = Rz Ky are conneeted as voltage-to-current converters. Resistors Ray and
Raxowhere Ry Ran o Ryoare wused to sense the supply currents £y and £, The
input signal voltage v is mverted by the umity-gain inverumg amplifier formed
by opump Az and resistors R:p = Rsa Therefore, the current feo (v 8, is
achieved. 10 bipolar opamp is used in Figure 2. then the sensing voltages vy and v
can be expressed as

£y
) =
AN 3 v
As —f—=
i e Rtia
AV AANS——

-
o~

Figure 2. Proposed four-quadrant analogue multiplier.
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R .
by w0 = ARl g+ ds) — ——= (v — v} (8}
it v RS 5 4}&]1 ¥ 3 {

Va3 = — IRa(dg 4+ 13) — --43375;.-\ v (8b)
= =z ST S

where v and v.oare input signad voltages. The voltages vay and vay are transferred Lo
dilference amplifier formed by opamp Az and resistors Ry = Ry = &5 and
Ry = Ryz s Ry where resistance Ry s chosen such that £; 2 Ra As aresult. output
voltage v, is given by

v R (9a)
Rk

o mral {9h)
ISR 12 ¢

where Ay is the scale fuctor of the proposed multiplier using hipolar opamps. I
CMOS opwmp is.used in the proposed mualtiplicr. then the voltages vay and v, are
obtained as follows:

&0 X

vay m T = 2R Ll ) - 2P Yl {10a)

RIGR;

{10}

T R (1 lal

{11k}

where K denotes the scale factor of the proposed cirenit using CMOS opamps. It
can be seen that the four-quadraunt analogue multiplicr can be realised using bipolar
or CMOS opumps without a specilic device,

3. Performance analysis

31 Errors in the muliiplicr

The multiplication function in previous deseription results from the assumptions
that all devices are perfectly mutehed, However. in a practical realisation. the
mismaiches of devices used in the cireuit are the major factor contributing to the
distortion and error in the output response. The mismateh between opamps in
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-
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-
g 5AY
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.
e
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-i20 i ; . , \ v
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Inpat voitage v (V)
ta)
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(<)

Simulation results. G DC transter churacteristic

{by Transler characteristic off

proposed multiplier as squarer. (¢) Error of transfer characteristic for propused multiplier as

surer.
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1
. ik * i
a% & {lxhs o8 |0k
& Fukhe & 3okhr
£ a6
= ud-
0241 0.2
1 "
175 LS 5 oo s 62 o B uss o5 esf 1 RTINS
it DC voltage (v 2 V Tt DC volage (v 1
{a} by
] 1
) ® 1khz ® i
L 0% a 1kt
& S0kl & Sokhe
«\
0.2 0.2 E%*__
a « :
TR T (P 60 M2 e 023 160 183 R0 LI
Tnpui DX voltage (v ). V put DU voliaze (g

() )

Fizure 4. Simulated THDBs, {as Forthe fisst case with o< 0, (b For the Arst case with
v, > 00 For the second - case with v 00 tdi For the seeond case with v, > 4,

dotted line 1es SQ; and SQs and also the mismatch between resistors Ry and R,
where f=+1.2. 3. 4 and 3. in Figure 2 are considered. Hence output sienal voltage v,
can be writlen as

Raly [
ey N, fl LA
Al Ry T

3 ‘l = Wagpser il 28}
AR S {12b)

Vodeet (12¢)

where Ag und Ag wre the mismateh current ol the quiescent current £z and the class
AB bias current Jy. respectively, of opamps in SQp and SQ-~. Ag (R — Rab R, is
the mismatch factor between resistors By and R, o isconstant that set to Land 2 for
bipolar and CMOS opamps. respectively, used in the circuit, & is the error factor and
Pomer denotes DC voltage offset. The currents 75 and [ are. respectvelyv. assigned
to fgp =1 +0385) 0, and L= (1 +0.3A 00 Tor opamps in SQ, and /g = (1 —
0.5ApM 5 and T2 = (] = 0.3A5H Tor opamps in SQ». Also resistors Ry and R are
assigned 0 Ry 11 + 038Ry for resistor in SQp and R (1 — 0.5ARVR; Tor
resistor e 8Q>. From Equations (12a) and (12¢}, DC ollset voltage v, can be
climinated by the appropriated value of the volage veo in the Figure 2. Practically,
the general-purpose dual opump MC33172, which is de

wd  using bipolar
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Figure 5. Experimental results of propesed multiplicr using bipolar opamp. a) DC 1r.
characteristic. (b Transf
transter chiaracteristic.
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Figure 6. Measured THDs of propose
with v < 0. (by Lror the fest Case with ¢,
seeond case with v, > G

multiplier using bipalar opamp. {2} For the first case
- 0L ey For the seeond case with v, < 00 (dy For the

technology. is chosen for opamps used in the schemes ol SQp and SOQs. The measured
values ol parameters fu 4o Apeand Ay are 9.4 pAL 75 A, 1LY uA and 0.36 A,
respectively. The resistance mismatch Ap is sclected 1o the worst-case value of
2 x 107 or 0.2%. Resistors Ryto Ryare By 1O KREY £ 1 RO R; - Rs -~ 230 k)
and Ry =500 k€. Supply voltage v~ = —v7 s el 10 24 ¥, Thus, DC offsel voltuge
Vagreer ad error & are caleulated as voper - 104 mV and & - 3.4 = 107" For CMOS
opamps used in Figure 2. outpat signai voltage v, is similar to the bipolar opamp
case. [ the general-purpose CMOS epamp OPA2703 &5 chosen for the eircuit
implementation, where the purameters o foo Ay and Ay are 1002 pA. 2976 pA.
LApA and 0.2 pAl respectively. then o A4 mVoand oy 23 % 10T are
achieved.

Cotteer

3.2, High frequencey response

High frequency response of proposed multiplier is limiwed by opamps used in the
cireuit. From circuitin Figure 20 opamps A and As; are conneeted as unity-gain
voltuge amplifier. which provide high frequency response equal to the eain
bandwidth product. Therefore. the high frequency Emitation is dependent on the
voltuge gain of difference amplifier formed by opamp A and resistors Ky, R Ry,
and Raz. where Ry~ Ry < Ry and Ry« Rix - Ry The single dominant pole 72, of
the proposed multiplier can be approximately given by

|
£f— i13:
b % _ [\'4‘. {l

LIk Eﬁaf‘r)
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Figure 7. Experimental results of proposed multiplicr using low power bipolar opamp. (a)
DC transfer characteristic. (b Ervor of transfer characteristic for proposed multiplicr as
Squrer.

where GBH s gain bundwidth product of opamp. IF GBI = |8 MHz for opamp
MC33172 and Ry/R; =2 then dominate pole /7, will be Tocated at 900 kHe.

1.3, Input operuting range

The runge ol input signal voliage 15 determined in term of {|vy] + v ). For the
proposed circuil in Figure 2 using bipolar opamps. the voltages vsy and s are
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Figure 8. Measured THDs of proposed maltipher using fow power bipolar opamp. (a) For
the first case with ve < 0. (b} For the first ciase with 1 > 0.6 For the second case with v, < 0.
(d} For the second case with v, 0.

fulfilled as expressed in Equations (Ray and (8b) with the condition of 7, and j,
smaller than [.26/. Therelore. the inpul operating ranges of v, and v, are conformed
the condition such that (Jvd -4 v )~ 1L26/R,. In the case of CMOS opamp. the
mput operating range can be dedueed as (v + v ]l 476K, T should be noted that
the input operating range can be increased using large value ol resistance Ry

Howewver. this will decrease the scule fiactor of proposed muitiplicr as expressed in
Equations (9) and (11).

4.  Simulation and experimental results

L. Stmudfation vesalts

The proposed multiplier performance was observed through the use of PSPICE
anatogue  simulation program with using  bipolar opamp LAT41. where the
sinplificd schenatic: diagrant of UAZ4] was proposed i the literature (Gray.
Hurst. Lewts and Meyer 20015, The opamp bias current 7pand [y are sel to the
sume value with experimental implementation as 870 £A and 208 pA. respectively.
The transistor model of AT&T ALAD00 transistor array (Frev 1993) was used for
bipolar transistors in the simplificd schematic dingram of UA741. Resisiors were
set Lo = 10 kQ, Ra=1 KO Ry Re==250 kO R, = 500 kQ. Power supply
voltage was v = —¢7 V. The input operating range and the scale Tactor K,
can be caleulated as 2.62 Voand 0.096. respectively, Figure 3(a) shows DC transfer
characteristic of the proposed cireuit for v, stepped from —1V w0 | V by 02V
and v, varied from — 1.5V to 1.5 V. Figure 3(b) and 3(¢) show the DO transfer
characieristic of the proposed multiplier connceeted as squarer. v, = v, and the
error o transfer characteristic. respectively. From Figure 2(¢). the worst-case
crror of about 4.8 mV or 0.37% is obtained for the input operating range
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DC trans
squarey.

Sxperimental results of proposed multiplier using low power CMOS opamp. (1)
characteriatic. (b} Error of transfer characteristic for proposed. nraltiplier as

[yl = v ] ol about 13 V. The total harmoenic distortion (THDY of the proposed
multiplier is determined dn two cases. For the {irst case. the signal vollage is
applied to input v while input v, is set to DC voltage. The second case is that
inputs v and v, in the Arst ease are interchanged. The plots of THDs against
nput signals at | kHz 10 kHz and 50 kHz sinusoidal wave of amplitude 0.5 Vpp
are shown in Figure d{a) to 4¢d). [t can be scen that the maximum THD of about
0.88% s observed.
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Figure 10 Measured THD=of proposed mulliplier using low power CMOS apamp. (a) For
the first case with v, < 0, () For the first case with r, = 0.4¢) For the second cuse with v, < 0.
1d} For the second case with v > )

4.2, Lxpevimental vesults

To confitm the performunces of the proposed areudt, the commercial dual opamp
UAL458. which comprised two UAT4] in the same packave. was used for
experimental implementation of cireuit in Figure 2. The measured average values
of currents fy, Iy, Ag and Aqare 870 gA, 208 @A, 11 wA and 7.5 gA, respectively,
using the method proposed in the literature {Toumazou and Lideey 19875, The
maiched resistors used in the cireuit were selectively matched better than 0.2%,. The
resistors and supply vollages were set o the same values used for the simulation.
Figure 5(a) shows the measured DC transfer characteristic, where input voliage v,
varied from = 1.5 ¥ 1o 1.5V and nput voltage », stepped from =1 V w 1V by
0.2¥V. The performance of the proposed multiplier connected as squarer is shown in
Figure 5(by. Figure S{c) shows the errer of the output voltage v,. From Figure $(c).
the worst-case error of about 3.2 mV or 04% for input operating range
eyl = hed = 1.3 Vois achieved. THDs of the proposed multiplier are measured {or
the same conditon with the simulation as shown - in’ Figure 6ty o 6id)y. The
maximum THD of about 0.94% s achieved from the result of the first case, Tt should
be nmoted thav the mismatches of devices used in the proposed. multiplier cause
the THD of experimental results larger than simulution results. For o low power
supply voltage, UA 1458 opamps used in the circuit arereplaced to the commer
low-power and Tow-voltage opamps. The general-purpose dual opamps MC33172
and OPA2703. which are bipolar opamp and CMOS opamp. respectively. were
chosen for demonstrating the performance of the proposed multplier. Power supply
voltage v7 = —v7 was set o 24 Vo Far the proposed multiplicr using bipolar
opamps. the measured opamp parameters fg /v, Ay and Ag ure 94.4 pA. 735 pA.
L9 pA and 0.36 AL respectively. The maximum operating range (v + {v.h) of the
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(b)

Figure 11 Multiplying resulv of sinusoidal 100 kHz amplitude 0.4V, with wiangle | kHz
amplitude 0.4 V 1) Using low-valtage bipolir opamp. vertical scale. upper trace (output
voltage v,j: 20 mV:div: lower trace (input voltage vop: 0.2 Vidiv, horizontal seale: 005 msidiv,
(by Using fow-voltuge CMOS opamp. veruesl scale. upper truce {(output volige v,)
20 mVodive lower trace (input veltage ¢4 0.2 Vidiv, horizontal scale: 003 ms/div,

mput valtage of about 0.943 V s calculuted. Figure 7a) shows the DC transfer
characteristic. Figure 7th) shows the measured ontput error voltage for the proposed
multiplier operated as squarer. The worst-case error is about 1.5 mV or 0.32% for
the maximum operating range |v | - |rd 047 V. The meusured THDs ure
determined with the same case of the simulation for the amplitude of sinusoidal
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Table 1. Comparison between proposed multiplier and previous works.
i

Gravau. Valle. Proposed Proposed
Lopes-Martin - Ferri. Guerrini Kumngern cirenit using  eircuit using
and Carlosena and Reves and bipolar CMOS
(2001) 12005} Dejhan (2006) opamps opamp
THD (%) 1.3 0.y 1.9 047 0.98
Measured 1.9 3 1.2 n.3z 0.3

relative
error (%)

frequency of 0.2 Vi, as shown in Figure 8¢a) to 8idi. The maximum THDs for the
first case and second case of about 0.47% and 0.28%. respectively. are observed. The
measured bandwidth of about 840 kHz is achieved. For the proposed multiplier
using CMOS opamps. the measured opamp parameters [y 5. Ag and Ag are
100.2 gAL 2976 pAL Ld gAand 0.2 gA, respectively. The maximum inpui operating
range (|v.[+ v} of about 1.2 V is abtained. DC performance is shown in Figure
9l Figure 9(b) shows the measured outpur crror volage Tor the proposed
muliiplier operated as squarer. The measured worst=case error is about 1.8 mV or
0.3% for the maximum operating range |vo] = v = 0.6 V. Also, the measured THDs
are obtained to the same case with the simulation for the umplitude of sinusoidul
frequency of 0.2 Vo us showa m Figure 1060 to- 10(d). The maximum THDs are
about 0.93% und 0.98% for the first case und sccond case. respectively. The
measured bandwidth is about 495 kHz It should be noted that the THD in the first
case s greater than that of the second case Tor both proposed multiplier using
bipolar and CMOS opamps. This is due to the mismatch between resistances B¢, und
Ry of the inverting amplifier formed by opamp Asx. The proposed muktiplier
operating as amplitude modulator was used for application example. Figure |1
and 11¢b) show the results for proposed multiplier using bipolar and CMOS opamps
of a 100 kHz sinusoidal of amplitude 0.4 Vap and a | KHz tiangular wave of
amplitude 0.4 Vi, applied to inputs voand v, respectively. It should be noted that
the scale factors of proposed multiplicr using bipolar and CMOS opamps are about
0.27 and 034, respectively. The recent multipliers proposed in Lopez-Martin and
Carlosena (2001). Gravati. Valle. Ferrl. Guerring and Reyes (2005) and Kumngern
and Dejhan (2006) are referenced for comparison with the proposed circuil in terms
of THD and maximum relative error of transfer characteristic. 10 should be noted
that the recent multipliers mentioned above arce required for specilic design of custom
integrated circuit fabrication. Tuble 1 shows the comparisons of THDs and relative
errors of this proposed circuit for 2.4V supply voltage and those of previous
works. It is clearly seen that the proposed multiplier exhibits qn adequate basic
performance for unalogue signal processing.

5. Conclusion

A four-quadrant analogue multiplier based on guarter-square technique using
general-purpose opamp has been presenied: The supply current sensing of the
opamp was used o provide a sumesquare and dilference-square function. The
multiplication function was obtained by the result of the difference of sum-squure
and difference-square [unction of input signals. Either bipolar or CMOS opamp can
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be used in the proposed multiplier. The performances of the proposed multiplicr
have been demonstrated by simulation and experimental results. The results indicate
that the proposed multplier provides a good performance and offers the advantage
ol low cost and simple ¢ireuit configuration.
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Abstract: In this paper presents a power monitoring cireuit for battery energy managenient svstem using operational
amplifiers. The proposed scheme consists of a current sensing circuit with voltage output and an analog multiplier. The
voltage output of current sensing cirenit is direetly proportional to load current. The multiplving result of the load
current in the form of voltage signal and the load volrage becomes the load power in term of ourpur voltge of analog
multiplier. The configuration ot the proposed power monitoring eircuit is simple and economically attractive.
Simulation and experimental results confirming the performance of the proposed cireuit are agreed with the expected
values.

Kevwaords: current sensing, power monitoring. analog multiplicr.

LINTRODUCTION 2. CIRCUIT DESCRIPTION

Power monitoring cireuit_has been widely used in The proposed pawer monitoring circuit based on
electronic system such as batrery charging  system. opamp is shown in Fig. 2. Opamp Al and resistors
power control laop. power circuir breaker, and power Ry-R and Ry, form as the cusrent sensing eireuir.
energy meter [11- [2]. Usually. battery charger monitors Opamps A2 Ad and resistors Ry-Re, £,-Ri where i = 1,
only the charging current 1o break the currenr flow o 2. 3. 4 and 3 are used to function analog multiplicr [4].
battery. For corrent discharging of battery by taking the From Fig. 2, 1he voltage across Roe. Vease Can be
varied load. power monitoring is preferuble current expressed as
monitoring. This 1s due 10 power monitoring deteets
both voltage <ignal across bamery and currenr signal A S DN i« R i

flowing through battery. Moreover, power monitoring is
suitable for circuit breaker i svstem like porcbook
compuier owing to power of system is limited and the

veltage source 1s not consunt [3]. &

ol

Fig. 1 Block diagram of power monitoring cireuit.

Ihe basic principle of operation of power monitoring
circuit is shown in Fig. 1 [3]. which consists of & cumrent
sensing civeuit with voltage outpur and an analog
multiplier. Qutput of the current sensing circuit formed
as volge signal s proportional to load current. The
voltages from current sensing cireuit and load voliage
are multiplied to achicve the outpur signal in term of
power consumption. In this paper. the realization of the
power monitoring circuit in Fig. 1 based on the usc of
operational amplifier copamp) as only active clements is
presented.  The  proposed  cireuit  1s a - simple
configuration and low cost. To  demonstuate  the
performance  of praposed  circuit. simulation  and
experimental results are included. Fig. 2 Praposed pawer monitoring circuit.

(7}
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Assuming B, Raand R» Ry the outpur volrage, v,
of current sensing cireuit can be given by

R K
Ve = iy — )= — 2 = ) 2)
sl s
Substituting Eq. (1) inte Bq. (2). the volmge v,can be
rewriten as

R "
= B =it B @

The resistors Rp-Ry form the voltage divider to deteet
the load voltage. Therefore the voltage . can by stated
a8

R

I T
3 fonud
B+,

-h

Voltage signals v, and v are mansfared o analog
multiplier. The conditions of analog multiplicr can be
expinded as follow, Opamps A2 and A3 are well
matched such as Jyp - fyz — Iy and £y - Lo~ Lowhere 1y
and f¢ denote the guieseent current and class-AB bias
current of opamp. The resistors By - Ry - R ey Ry
R Ra B4y Rs; - B Ry Ru2 8, K@ R0
Ry - Kyand R Rs - R, ave assigned. From routine

analog multiplicr analysis [41. the output volage. v. of

this circuit cun be given by

R R R
— v+ 2} —’R" = k.
WRIR I T LR R

¥, =

IFrom Eq
output volt

(50 I we assume RiR, -
v, can be rewritten as

R2R. then the

BB,
2RIR, I

B G (6]

'.f)

where &, is the multiplication gain. Substtuting v, and
vy from Egs. (3) and (4). respectively, ino L. (0). the
voltage v, can be expressed us

(R ¥ Ry o
v, =k 28 - |‘:Ip-a‘l“.’mnf h

i S | R v Ryz !

b it Viod (8)

where ¢ =k

(B a &ii l
"Ry L R Rys

From Lq. {8). it should be noted that the voltge v, is in
form of load power with factor &,

3. SIMULATION RESULTS

The proposed multiplier performance was observed
through the use of PSPICE analogue  sinwlation
program. The simplificd schematic diagram of UAT4
proposed in the literature[3] was used to be UAT41
hipolar opamp moedel for the circuit simulation. with
using bipolar opamp UAT4L. where the simplified
schematic diagram of UA741 was proposed in the
literature [3]. The opamp bias currents £y and f5 are set
o 870uA and 208uA. respectively. The transistor
model of AT&T ALA400 transistor array [6] was used
for bipolar transistors in the simplified  schematic
diagram ot UA741. The resistors used in the circuit
were chosen 10 be Ry = 0.1, Ry = Koo 10KQL R,

Ry = HOKQY, Ry = 9OKQ, Rp = LOKQL Ry — Ky
SKEL Moy v Roy = 2ROL Ry 5 Ry = Ry = Rs = Ry R

32

Ry Ry Repo 100KQ, Ry S0KQL and Ry R
SONKEL Hence scale tactor &y, and input operating of
anmlog multiplier range can be caleulated as 0.192 and
+1.31V. respectively.  The simulated DC  transter
characteristic is shown in Fig. 3.

a0
Ll K an g £ Y u 0 n nk 0
Tngmi vodiage Vaiv)
Fig. 3 Simulated DC manster characteristic.
Fig. 4 demonstrates the volmees, v.of simulation and
calculating from Eq. (81 against load power.

Tutr

Caentats

sollaze

3 A

Fig. 4 Simulated outpur volge versus load power.

Paver i\




Fig. 5 shows the percentage crror of the output
voltage. v,. between simulation und caleulating from
Eq. (8).

g
et ——

Krvar %)

Paser iy

Fig. 5 Simulated pereentage eror of the outpur voltag

4. EXPERIMEN

‘AL RESULTS

The proposed power monitoring cireait in Fig. 2 was
experimental implemented using commercial available
opamp UATA L and 1% tolerance resistor. The resistors
used in the circuit were chosen o the same values vsed
tor the simulation. The quiescent currents and - the
class-AB  bias currents  of  opamps 4, and
respectively, were measured as £y 7 0.33TmA [
OmA,L Ly o 1ABuA and de o 146 LuA using the
technique proposed in [7]. Hence seale thctor £, and
input of analog maltiplier vperating range cun be
caleulated as 0275 and 2091V respeetively.  The
supply voltages used i the circuit were set o 9V, The
measured DO rransfer charaeteristic is shown in
The voltages v, of measuring and caleulating tfrom Lig.
(3) agamst load power are shown in Fig. 7.

a,

Fig. 6 Measured DC transfer characreristic

1641

1o

—o=  Meseuned Valu

Y

Output Valiags Vs

tamer 083
Fig. 7 Measured outpur voltage against load power.
The percentage error of the outpur voltages, v,. between

experiment and caleulating from Eq. (8} against load
power are shown in g, 8.

)

; p——— ‘\\.__.\
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' ™

Eriwr o

Fumwer (W)

8 Measured percentage error of the output voltage

The corrclation between measured and actual load
powers is demonstruted in F
s
) .
b o
4
-
-
-
4‘(-‘
&
v
] ./'
- &
.
"
. 4 B 3 4 . .

Actual Bl power (W1

. 9 The correlation between measured power and
actual load powers,
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From Fig. 9. it can be seen that the measured output
voltage of the propoesed power monitoring cincuit in
form of load power is closely correlated the actual
POWCr.

5. CONCLUSION

in this paper. power monitoring circuit using opamps
has been deseribed. The proposed cireuit provides a
simple contiguration. good performance and low cost.
Simulation and  experimental results  verifvi the
performance of the proposed cireuit are agreed with the
expected values,
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