ks

>
Rt
i pam RO %

At
asdara
112y i;‘@

o aarert
‘FQ PP

TR

BE:

o R

WS BN D4R




—
o

)

2

)
=
>

)

s }

n

3

LY £V ia A ¢ v
Aagauuueinaenlaglirsasnaudaiiesuuug

DUAL TRANSLINEAR ANALOG MULTIPLIER

F)YH A

THAWATCHAI KAMSRI

a a d 3 ' $ [v] = L7 =
Inentinusiniudiunisvesmsanumundngasfi g imnssumansumiunia
UNIFIAINITUIZVUAIVAN
VUNAINeNaY

ao1umaluloENIZo0UAT UNAUNMISAIANIZ Y

Uil r- sy, .71, 2546

ia |} 4 S reetnann e st e aptntd

- 4 5, 8 83_ ISBN 974-324-205-8
ry 2546

g i Lh\ J ﬁ' r{_].-‘..-uuumutcl_




DUAL TRANSLINEAR ANALOG MULTIPLIER

THAWATCHAI KAMSRI

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENTS FOR THE DEGREE OF
MASTER OF ENGINEERING IN CONTROL ENGINEERING
SCHOOL OF GRADUTE STUDIES
KING MONGKUT'S INSTITUTE OF TECHNOLOGY LADKRABANG
2003

ISBN 974-324-205-8



COPYRIGHT 2003
SCHOOL OF GRADUATE STUDIES

KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG



o YV a a d o 9 da a o ]
IV INYIUNUS mguuuveuasn las1¥asnsudaitlosuuug

WnANY VRUR % 5 LRGNk
sHmlszdim 43061526

Ugan IAINTIUATATUM TN
MU I AAINTTUTZVUAIUAY
W.A. 2546

i
d = d @ W a
ﬂT%]iﬂéﬂ?UQN?ﬂU?ﬁwuﬁ TAAT. IUTY 5350

UNNALD

a a & Gt ° o o
Tnorinusatiuiidumniuauedguunueutaen. 4 AreauaunluzliuLees
s o ey da a7 ' L4 a o
39 nInudyeImzefunuauiAve s nsudaiiviuuugves lnluamins wamaos
= Y ' a = d a o a g ' o = ¢ a a
flsznoudoglulwainsmFapes siawu--8u - uazg luIwaisnaugmaoi siai-
=] a A& o 9 == o & [ ' o 9 oy
BU-N Fmrmdua9930nMaIae s WAL ITASNOUNILIE [1AZAINIUNIUNIIUDN

ﬂ; o dy o o d:l' d" Y = = = o
Tagasasmineruotiziauly nyauswu v sutieninioluldesodamgujuazvan

Ao W da o o [ d Y [~ as ~
MR nsmdntioiiug  msdszgnaanaiiudguuuuemaon saullos

o

0w Hn = sy g v ' A g
msthdnauiuewasni weanuuui lissgnaastutlunesiesaeg - nazieiuns

NANOUANITINULMININUYBIAIAMA IATINMTeanILY - TANRUUIUYMITNIIUYDIINS
A oo A

4 g : < -
&1oTsunsy PSPICE @aninnanisnaantamisaivzdudunalddn 209squi ldesnuuuil

' a wa - Y Y W, e [ P 1] o a
Frafiinnuiiniie tag Wnadnsiinnuuiubigesdagndoutiu lanmanms



Thesis Title Dual Translinear Analog Multiplier

Student Mr. Thawatchar Kamsri

Student ID. 43061526

Degree Master of Engineering
Programme Control Engineering

Year 2003

Thesis Advisor Assoc. Prof. Dr. Vanchai Riewruja

ABSTRACT

This thesis presents an integrable circuit technique for implementing a four-quadrant analog
multiplier. The realization method is based on the use of dual translinear characteristic of bipolar
junction transistors. An analog multiplier makes use of the dual transhinear together with current
mirrors and some external resistances. Dual translinear loop comprising of the two n-p-n and two
p-n-p bipolar transistors which functions as a squaring cell. The proposed circuit operates in
voltage mode. The theoretical principles and their basic applications are outlined. The PSPICE
simulation results confirm that the performance of the proposed circuit. It has been shown that the
proposed circuit achieves a wide dynamic range. high accuracy, which is in agreement with the

theoretical results.
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2.2.4 Mgamuvernaenladliluinarinsudmnes (Bipolar Transistor) [4]
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(2.45)
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tanh ' x = lln[H—x] (2.61)
2 1-x
1@
K,V
Vi =2V, tanh"(—“-J (2.62)
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(Subthreshold Region) [5]
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tauyd 1dusaan Idvhasuvesunmsuiaz e (Drain-source Quiescent Potential) V, >
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1 W

Iy = EK"[T)I (VGSI -V )2 (2.71)
1 W
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L),
i = ! L1, e (2.78 %)
1) (%)
e + PR
(2) (),
{t)(L)
ar = e P (2.78 A1)
) (%)
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L: #; L J;
sty annsalouaumsh (2.71) uaz 2.72) Ina'laidlu
|
Lo :E(IS +Aly) (2.79)
|
I =5(1S — ALY (2.80)

Y =1

dmsunszuaasy 1, uag Iy, 92135 n0samilounu Tnutlouns i I dunwaniudou
' ol g 4 ¥ ¢ o w o - <
luee dhedy Faezldnszumoninaveasssonddanesrauanlulseiaegilii 2.17(n) 7

MIANONVDINTZIT I iaad ladaaunis

]50 T ]SI +lg =1+l = Is “(Idc +Isq)

B Lk

= ; < V, +& ) (2.81)




29

o ar w W s o o '
llﬂz‘n‘]uﬂﬂlaﬂ')ﬂu ﬂ'J'll]ﬁlJWNﬁﬂ]ﬂﬂﬂizuﬂlﬂ‘l“ﬂﬂ‘\lﬂﬂjq?5Uﬂﬂ1ﬁ\1ﬁﬂ~3‘"ﬂQNﬁﬂ'N’.‘LI'N’!]‘Ji‘lJ

1 2.17(v) NS WAMBLYDINTZUE I, uaas ldaums

Lo = Iy + Ty =Ty + Ty =Tg — (I, +T,,)

MOk

- (vV,-v,) (2.82)

dmsunisdiedagues lamsaueeniuszning  HaRleni AT UNaLINGNAI-

o a (" o o & " a
I'Nﬂa\“"l}ﬂﬁ'df]QBUﬁﬂﬂWllﬂﬂﬂﬂ'li‘Uﬂﬂﬂ?ﬂlﬂﬂ'ﬁ-ﬁllﬂ')i vuwxﬁ%'mﬂmwmm"lﬁmgﬂw 2.18

<

DD

g o]
Il
=
L
;Z
i
<
i1
=

s o a 7 o ' a w
3UM 2.18 Mguuuvewasnuuy ldueansugmaes i luradum



30

diosdamou (-1,) oon'l a2 1dus sdu Ifueninyalinuiiy

23 a3

Vo = RL(IOZ _Im): RL(I'SQ '_ISQ)

SRR,
()G

Sy w " sy ya o ¥ a v o
1“U'ﬂuv!ﬂUﬂﬂ'JE]ﬂ‘Nﬂ')ﬂmllUUﬂu'lﬁﬂﬂﬂ]’lﬂlJﬂ'ﬁu'llﬁuaul'Jclu@ﬂﬂ TﬂULuu’Nﬁ]S‘ﬂﬁJ

v .
s luTnuansain i | nndduzmuldndnaudaznniveziifou lvluns

o - " [ 1 ' ag Y et Vet a 3 L4
Wmauinanaiy tazamIngirauyaldginsaildiianuiiugeund nazduilugilnsel

o o i = ¢ = 4 = 7 o
nmioutu Wy lulwarsvsiuddnns wieneans uFmAes IzABIlAUAUNINIUYN

=& ar a’: % [
Uszms szl luidonlumsesnuuudgalasnis ldgunssinnunendu uaeziluly14

@ as = ar 1 = o 3
Tumsesnuuudnu Tasordoma TuTagrevssan ez s ldnunvesgUnssitiosnd

° 4 q” 1o Y = ' A 4 d 9 o A = [ ° =
mimxmqﬂnimuunmumﬂanu Lmzﬂﬂﬂﬂﬂ']dﬂuﬂlﬂuhlﬂ‘ﬁﬂ AD FRUFTINDINIUAINTT WM

v C | o ar = ar dy
Tilsgiiusiniseonuuualgu TaverdumaTu 1aga39s 5Ny



=
Unn3

ida A ¢
MNIAINIUHaal U3

3.1 a1

[ da a o 9t a Y
wanmsvesInsmdanios 1@inmsdszmaazesuis Benuiunanislasuie
. . A~ ] Y a 3 ' 1 a oy "
Barrie Gilbert iiiotn.a. 1975 ieldosuionmsianuveanguiaes hifhuFadu (Non-linear
Circuit) MonlFiuogna 1y undedrasu 29939m (Multiplier), 3395413 (Divider) 10995
o { [ ar o w o 1w (]
onMaDY (Squarer) 1WuAY [17] TaoindnnisszerfunnuduiusveInIsns 1N aInIY
o o = ododa = " a 9/
AN (Transconductance) o3 luIwainswudmaesniinmsudvunilasedailuFadu
) P (] o & o] : by £ ar yw
(Linear) funszuad marhuvinoamntaes sadufinivesis “trans-linear” Fanannisiidana
o a a " a
il 19es vionazadieneesFadurainases 15U 2vsvoiovVeaId AB Tuninomung
yoseotuoudidauluaionl¥iu, wesmomunszua niaulniznaluasesvowdyanun
inmstloundudonszud iudu
da a : a as u’: v =
Tunsvsnaudaiios iy MINnT Ty IR INVIDUNALAZ VIO INHAYDINIDS
a ' : o =} a [ — wala 4
wanegluzlvesnszuaunuiady  uadmsinsuwmssau livhiisesaen-wuves luTwans
a o 9/ & 8 da a o =~ A o
NIMFNReITINAw  Fnziuraliasssniudaiios dungithuasesiiauluvue
A = a ) P v a4 d A 1w [ W
YoInsTUA  1H9IININTRs e InthisasaeR-auninnaenuegludnuaz19es
da a o & Y = o a 1 e Y a ar ' - ' a
nsdaiios Fezdodimemauiuiudues Inddosiy laelindouulasdeguugiisey
(Y - ¢ o [ = L4 & {-] LT
D1UAZUANVANNIEAUVDI TATIATNUDIN IUTAADT B9 UNALININANUVUTUVDI
| a = 4 = v s :sv o a J v
#1500 TUNTLUIUAITHAANIIUTAADS  VLIMUNUANNILITMUILAVAUIDINAT1IIUAY
=1 1 o Y 9 = ) 9 a ‘;a ya’: "y
ma 1uTagv99299552117007 Mgz iinsAanunanmsveanesuuuil ladsuaau
a ' 1o o ' 3/ df a ] =] o qy
NASTHA 60 WU uANG limmsaad1eInsladauma lu lavvesginsalunuiendu
. . u‘)’ ' a d da A Y a J " <
(Discrete Devices) Tuasiziin doanmsdinsieimansudaiios IdimsWanniuedasiag?
" Y - ! s = o 1 ng [

(6, 18] uazlildinzssegiivans1dluInasnsudmaeimnin - wsizms ludauod
= ‘q ¥ o 1 a 9 s a o = @ e o
niugaaes nmanulusndumsalea  selianuduiusuvu@eduiuloTwasnsu-

) o = = o ! da
Feuaos [19] Jeovinsaueams wdmaesugnssinldass Jvsnsudadios 14
- v A Vet o Y . 1 A w a s
onAao (15, 19]  aameu laimswau l)lgmsvalugsieduiveseaniudmnes
= da o ] [ ' o o
ssunazaaiuiesnsudaiios 148nd  uavzeglugivesngiidsdes  (Square-law)

[21]



32

’q ¥ daa A Y do a ¢ ¥
uonvInMslszgna ldauasssnsudadissimeainilndunie leunuuadag  udd

L 4 @ T @ i = A ]
Gannsolivemsadilandudwloununain (Dynamic) 1d8nda Fsgminaueiiu
u‘: 4 g . o n’: 2 d '
aswsnluyersvsnsealuden-Tawm (Log-domain Filter) [20] Aaviudamiuladeise Tomi

9/ ar da A o o 9 a d =Y g/

madhlamdnmsvessnaudadios aunsevilesnuuuasiaisesdiannsetnd laiu

oUUIN

s dv v
3.2 ianMSIUaIaY

] EY Y EUN da a o :’, ﬂ = o 1
ft]'lﬂ“ll'NFI'Llulﬂﬂﬂ'l'll@"lhl')'ﬂ?ﬂ%31’]511&?‘(?\!,1153111“ ‘Ll']ﬁi]'i'ﬂ'ﬂ"lﬂuluiﬂﬂﬂﬂ'imlﬁ Le
a ¥ a 1 ¥ = A o ,
ﬂ']'lllﬁjiﬁlﬁQlia'JWF]G’Iﬂiillﬂ'N‘] ﬂJi‘N'N‘DS‘l‘N‘WT a’Jmﬂuﬂammnmmmmsuaanu'sw’m
Y Y o 2 a - A @ ar o’u’: dM a A ¢ o q’:
Ll'iﬁﬂul’lﬂﬂWHUﬂﬁmlﬁu‘Ulﬂﬂ P90 UAWUTMBOUANUTUAUTNIADINADDUNIAUT AIHU
o w 4 Vel - v o A ’q o fo A
-‘gﬂmﬂmﬁmgwmsmanﬁzﬂmuwuﬂuﬂmwm:ﬁnnuﬂm‘uuﬂﬂmmiaammu uaﬂums
3/ a a {u’: o a ] o o '
i’)'Elﬂll.‘]J‘U'Jw‘.I‘iliﬂ'JU‘l’LlIWﬁﬁﬂﬂumﬁLﬂﬂiuu ﬂ'!'ivl‘lj'ﬂﬁ'Ni]‘iH‘]Jl{'uﬁ'luﬁ'lﬂﬁgﬂﬂﬂlﬂﬂcluﬂﬁ
o @ a o d a a =] . = o
MUAUATSAUDUWLIA WY mswmsmnwsﬂlugﬂmyigmwmmﬂ (Small-signal) nmmmrﬂu

' ¥ 1 [}
pongaizdesnaasglnsal bidhugaduimanlieylusdunusmesidlugadu el

a 9 3 = o a ) d‘ﬂ :iym a4 Y o ayw
ﬁWiJ"Iﬁﬂ'JLﬂﬂgﬁﬂlﬂﬂ?Uﬂitﬂ?uﬂﬁyﬂQﬂﬂl@]ﬂ'?ﬁﬂﬁl“}ﬂlﬂu‘ﬂl UNIINNUA  LUDATAWITNITUNN

L]

@

a a = = -~
Ao lu Iwasnswdmass oglugdumasswnssiangnaiunua on sz (Current-

[
Y-

W an a1 o o ar
controlled Current: Source) NABATIVEONTTLADIAME3 I B Wususddnylunmsqu
wa & A:!yw ag ¥ T a A as o s 9
auliAve 295 aea B iingnauya iilusnsiisuiunszuaneamnaes 1. oundasly

g 2 o a ‘0 ] ar =) (4 Y o
Lﬁuﬂ@ﬁiSll‘lﬂﬂﬂ'J'llJL‘lcju!‘]f#'ll'gu'ﬁ%ﬂu6911!%'31’13'1“”]1?“51@3 LHASIIAAANUTINLVDY VBE a4

a oy

— wa ' — a d a’:
ﬂ'ﬁ'lUﬂ:j‘LllWUGf}ﬂlﬂlJ‘Uﬂ'ﬂl]i‘n‘ill']f.N!.’T]‘Nﬂ'lﬂ%'ﬂ‘llﬂﬂﬂ',]?}‘ﬂﬂﬁmm’]'uuElﬂﬂ’JEJ
¥

o =Y v w ¢ v o o a 1 a as 4 o
TuanudunTwdnnuduiutsznig 1 M vy, W siuanihuilandnidee

' ¢ a o A o lwd W oa ¥ oA A
atnamn‘um"lﬂwm‘smmmamai ‘Tf@ﬂ'l'li]ﬁﬂwuﬁﬂaﬂﬂWUhlﬂUUU'VIZIW?TE‘]

T

\Y%
I. =1 exp( VBEJ_] (3.1)

o I, ABAINILUTDUAI (Saturation Current) Uz V, Aousau TWAUFIQUMAT (Thermal
- "o a8 a o A = a a wa 1
Voltage) HAMfy kT/q n3oszann 25.8 d0d 1ran Agunnil 300 wadu lumalfidau

3 L4 o = o - o = 41 A
e <17 Tuauavluaunmisn (3.1) ﬁ’]iﬂiﬂﬁz'ﬂﬂ‘lﬂ Iﬂﬂﬂgﬂﬂu'lll'lwwﬁﬂﬂﬂﬁﬂluﬂ

U
"
= =)

° - o — 6 o o 1
NATNWIUNATZUTAG H?ﬂﬂ@ﬂlﬂﬂﬂg@’] ua:mammﬁmmgwumlmﬁum‘iﬁ (3.1 i]x‘lé{

ol [
< = gm = —C (32)
OV |’




33

4 " o [ o o = o a =
e g, AemdanMsasiIuAhvesluInasniudames lunegannd [g310azidun
A a 4 =] Y1 @ w & ﬂ a Y e 1
muanTdTumanuan n] dagmuldnianuduiusenaiuFaduiuiinszuanoaan-
¥ 4 ] .
wosnuauiAdoihiuduiugmiiindualumseenuuuiesiall  uazduilundndiag

ad fa o oo 1 2 =
‘UB\'I']‘ﬁﬂ'I‘i'ﬂ'N'Yli'I'NﬁaluUSﬂﬂzﬂﬁ"l'mﬁﬁﬂvlﬂBﬂﬁ}’JU

33 Hﬁﬂﬂ)‘iﬂlﬂ@')dﬂiﬂﬂuﬁalﬁﬂ‘;

g =

= - 1 Yar @ (= ° '

W2190129957A (Closed-loop) AiNsousaf-10u #11A5uMs ludansegidluduaug

[ ar ' =1 H ] ar ar '
Tavaziseanitlu 2 windosunosouaoR-oun lasums ludaauiinssvu Inihanasoulu
= =1 a : s \ g o 9o s = s
NANMUAVLUIAN (ClockWise : CW) fusouaon-1oun lasuns ludaauiusedu liian

A3 01 TUAANINIUIVUIEN (CounterClockWise ; CCW) sanaaalugilii 3.1

ot

= 4 da a da v s a ¢

31U 3.1 puvviugwvensvsnamdadissnlszaeudis lu Inansns mdaaes
Y dv 9 o aa de & o A = A = 3 a
nanmsHanusolgfiuaesitimsuddniosmeantier  wievziivaiwiedouny

ar 1dw ¥ o I = - = | U ¥ Y 9/ 1 aa o
fuegnld  uazdmiusevaei-duninan 3ieduenssiiusevdea-siiamosuos luin-
o =Y d A o ra [ v " [ A ¥n ¥ P [ ' o [
ainugaaeinsesniiulalean lifiaudedila uaniuwelWldnanigndeaniudinis 1y
' aa o ' oA ~ o o aa
JPUADIT-BIMNDTAILIMINZAUNTIB0NEY N3N 3.1 Mimssawusaan I a-8iia-

o 3/
MB3II0UINL 1A

> V,, =0 (3.3)



34

Y.V = XV (3.4)
CwW CCW
4
o
I
Vi = Vo Inf — (3.5)
Iy
A
nio
kT I
Ve = ——In| — (3.6)
q Ayl
= as ' 1 aa o a fou o .
e \% nv Llﬁﬂﬂu\lwﬁ’lﬂﬂﬂ‘iﬂui't‘wﬂﬂmﬁ—ﬂhﬂlﬂﬂiﬂlﬂ&ﬂ‘ﬂummﬂﬂiﬂ’J‘YIJ (V)

o a do A
ﬂﬁl’llﬁﬂ@ﬁtiﬁﬂl(ﬂi’)iﬂl'ﬂﬂﬂﬁ"lu“ﬁﬁlﬂﬂﬁﬂ?“j (A)

b)Y
(o)

usenu Ilfusagamgil (v)

<
oo}
o]

3h

a o = s ¥
0 NIZUADUAIUDINT TUTTIADIAIN j (A)

"
1 ~

ANINUBI 1L ANTUN UL (Boltzmann's Constant) 1A 1A 1.38x107 (J/K)

o~
S
o

T501U913 (K)

—
)
o)

—

QMUY
1

sz Ihwoadianaseu Tauminy 1.602x10" (C)

2
o]
o

¥

& A daa 4 ) s A f s
A A0 WUNDUAWDIVDINI UL ADIAIN ) (cm”)

= = 4 o a s o wa s
ununaunsh (G.6) aaluaunish 3.4) Tasauyd insugmnesnnalguauiamilouny

é‘l = () =1 1 dy dl.Qn ad n’; 9
nﬂﬂ'ﬁﬁﬂ’lﬁ Luﬂﬁ%’]ﬂﬂﬂﬂ]ﬂﬁl‘ﬂﬂiuIﬂU'Ni]ii'JlJ UALIHIWLIATWHNDUAABIINIUU "Ilzulﬂ

K A g kT (g
3o 3 LY@ S XLyt 6.7
cw-q A, cew 9 A
Y Y o a 4 Ao Y a Ps o N Yo aq Ya
Hﬂxﬁ]’ﬂulﬂlﬂiﬂ'ﬂﬂﬂﬂizﬂ’lﬁﬁUQ"UfJQ'N‘i]iﬁ?11 “n‘ﬂﬂ‘ﬁmmcﬁmﬂa‘innﬂﬂm‘uqtu‘nqu%amm

Aumniga Wusaliawsadouaunisi 3.7) 18 1miilu

Iy ol la
HA—HA (3.8)

cw j ccw j

¥
QA '

£ ' e a I ~
B lcj/AJ HUAADATANUHUILUUNITZUARDAUANADTUDINT TUNTIADIUUIDY DINTUNITN (3.8)

= s da a4 oo as o = 9 r
VawsaaglilundnmsnsdadissdmivluTvainswFaaes e “waguueam



35

" =Y o = 1 " " ]
ANUMUUUNI U TURANNIMUITIIEM 9z lAIMAUNARUYDIAIA NN UIUUNT ST
a o a
TuNANI MUY LI [17]
' a0 o A 1 A A o ' B g e '3 ' ' o o
dndwgdndiuniliie dasduiunolamesszningueginsallulmsud-
aa o ¥ A o day @ " A d Yo A Y
aloslunmsldmeadamadnsnaesms  @reonanmiulddanunie  29sdzNounszua
. a:i 9 1 ar ] ; ::'qq Jd’ @ as
(Current Mirror) ¥99z1¥m1oasidunundtmestlumsisudas Inavesnszuaniavesn
¥ .
favz ldnantisvazidoaludiudell  wenniidariolunisaanIonszniauiznniig
" ¥ ) v
anuAanaa lasmmizedstianuiisuvesdyin  MiRAnnaudunuhsesae ldon

1 o a — oA ' d’ Aaa o [
AU NN TVOUAUNIIN (3.8) Tval e INITVRINUNDUANDs DONLI9E 19

1 1
H_HICJ W I—[_HICJ (3.9)
cw A A

jcw cow A j cow

Ysugiinies 19

Y e 2R (3.10)
cw

cCwW

. o ]
o A A9 #2152 NOUDRSITIUNUN (Area-ratio Factor) HoTitiy

[14
s Y

CCwW

(3.11)

L1
™~

= a 4 da o o
3‘1]7] 3.2 JVTHUIAANUI UV INITNIIUADIUYS



36

a a .: da a o o 2 d{ P o
ADINDITUINDTUUIAANUTINYDN NI MTANET I3 UN 3.2 Fawunvesginsal
usngazmnsavRuInuiunIzuaf Inaru mszaniuez1a A, A, A, uaz A, oglu

a o = i ' ) o =
nemamudnnam uvaziil A, A, A, uaz A, ogluiismaniutunin uazee 18

i = AIA4A6A8

= (3.12)
A,ALAA,

duiinsdud Taoialiinezdossmuald A alndfvemidannfigaiidiu

1 c;qy 1o o 4 o d.; c: Vo d” n’: s
WA ualuii iswiudessmualdgunssinndmbiuiiovniu uenandiluinaniadeens
= o 1 3 d' 4 o d a :;
1dmaiamedasidunuimonimsaanavesnnuduniuloruiin (Ohmic Resistance) i

s

wavSnumindudassnedanounulavs uazdeeldansoadeqlszneuuinsiaiu
[} 9 @ 1 " [ e’::'qdr a =3 = [
(Scale Factor) viaInguing 14 Tasedunisnesunuveginssininunuuiagng onaie
=] ' wa s l ¥ :id’d s o
[16] szt laAnmisdnuguauifvesdas iduiuniinnuazanuIni@e?
Qs ) £=% -1 =Y ¢§
G901 NATIZHIINI WA AU AUEMINAIINIIRTAENoUNTE U Fauily
da A u‘dl i a’ TR ‘:; J =Y [ et
JWuvvvennsudadisinionge naadliagun 33 FIMINsUILUANA19INID
n’: = " ci Qs @ o " 1 [ aa ar
audu e Tasvziannuanls Ranuduiussenheausu s a-siamestu

1 o o
AMNTEUTADAANIADT AITUNTT

7 | ;
Vi k_lh{ &) Jz: Y- ln{ ' J (3.13)
q Ja A, Joid\
nazMueuAnINY 12 1a
2
ViAo diRL— (3.14)
\ JSEAI

L

R

o W &
31]“" 3.3 00T AENDUNISUTUVUWUI I




37

= Y o < = ¥ ﬂ ¥ 4
Tuaumsn (3.13) lamimsaznemnszuan lvahvuua Wukalvnszuaneaannesves
' VoW v Y aq ¥ a o o e
Q, danlszinmmihdunszuavinuvasiie 1, WeduyA N uFmaeinnaalnmaua
s ¥ 4 iaa rd Y1 =] Y
milouruymlszmsonduifivamiunsdames wldnm i, =1, nngumulan v, = v,

MIMTUNUAIAUNITN (3.13) uag (3.14) 9214

I, =—21, (3.15)

£ E = o o oA o " = =1 a
‘UQiﬂNﬁLﬂU’JﬂUﬁﬁﬂﬂﬁ'ﬂi'IUﬁﬁLHUﬂ’I'J’]HﬁﬂﬂI‘UﬂQﬂ'nMHH'ILHJuﬂ'iﬁl.l.ﬁ%—l'l"lﬁﬂul!.‘ll'lJHTWﬂ']

¥
(Y ] = o a o ar LY
i)xmmuwag]mmmﬁmuuuﬂi:uﬁ“luﬂﬁmuwnmwm AT NI ﬁxﬁaunszuﬁuuuﬂum

] ) a " e " Y Aaa P .9/ :ly d i o
p019M3 1matANsUTuAdAsIdINUNBNAMB S NTAIIUBNAY UBNIINUAAUDUT
s YA o o ot 9 Tt o n:iJ [ = 9/ 1 '
ﬁﬂlﬂﬂ‘lﬂﬂﬂ ﬂf.l'?ll’ﬂllW‘Ll'ﬁ“ﬂ"!.ﬂfﬂ:ﬁulnllﬁ’lllﬂi‘VI‘UUﬂ‘UQﬂJ.HQUSBU‘UNUE‘]ZF]']FITIIJ'HLI'ILLLI‘U

I Y o (] ' ] o W o ’ 1o 1 ]
nszud g A1 I uaz L d9zdigndney 1aas minanuauR i IznINmonsIMsa I

u U

o @ ar = 4 o a 3 a o
mmumUﬂsxuﬁmﬂqmmgﬂuwuﬁu “D’\‘IﬁW?‘liU]lUTWﬁ’Iiﬂi"m"lfﬁlﬂBﬁ WHIWITONIDUAYY

M3 1801 6 1aaiaa (Decade) NQUNYINGIU3DUDIAUTAITUH [15]

= d da d @ da d
3.4 M3ANTIEHIINIHAAHSNVUYAIHANMINI UTAIHYS

= oa o r e 3 ' o a s a o A o
2N Iudatiosiuugilssneunavd lu Ina1s N USRI viARU-N-0Y (n-p-n)
' o a d a 4o 9 =1 w Pry :!y ﬁ s

uazg 1 NS NIUTMARIBHAN-OU-W (p-n-p) AlugUN 3.4 T Wunesvnemaemng
WUUHEN-AY (Push-pull) Nienldiumnluiaseetuenihiny filassadadulsesnsud-
aa da 9 [ aa [4 o - o = o ar
alvinlizneudavsesasiua-diameives lulnaiins mgamaes Q, 04Q, dmiunszua 1,
n,: s - ] " - ! as ’s =
duiunszualuea lWasailaonunassionszuann e ludald i InasniuGames
NNAINIIRY Tug e

w d '

o daa dan Y ¥ 9 ¥ o
i]'lﬂHﬁﬂﬂ'l'i‘UEN'N%i'ﬂﬁWLEfTﬂtLIUiﬂ]’lﬂﬂﬁ']’]lnllﬁ’)il"lﬁﬂu ANMVUTUNUDIIEHUIN

¥

o o a d a = Vo A
nszuanoaannesve luTwariniudmaesuaazdilunguamunsodon 1ddail
LI, =11, (3.16)

(=3 3 dy Yar s ] ] :d'. ' .:; - o =

vingUiuladneesitldsums ludannunassienszuanan 2 uvasimilouny uazauiyd
I3 a = ' 3 - 1

WluTnarnsmdmaesiia p qand 1 1ng w181 = 1 = 1, aumsi (3.16) Sadoulmild

ri'flu

LI, =1 (3.17)



=i da a4 o '
3‘1]1’1 34 Ni]'msmﬁmuumuug]

§ a | o o 1
uaziiioNIMINgA X 9z Idanduiusseninenseue 1, 1, uag 111y

L=1,-1

in

I; =1, +Hl=

UNUANNSN (318 M) uay (3.18v) aaluannish (3.17) aeld

=12 $1,1, W3 L+ LI 10 =0
Laz
2=1}-1,1, 139 I; =11, ~ =0

WImMsuAauMaii (3.19) way (3.20) a2 ldmnszua 1, g 1, Aail
1 2 2 -
I, = 5[(& +42f -1,
Loz

I, = %[(12 +41§)% + Iin]

38

(3.18 1)

(3.18%)

(3.19)

(3.20)

(3.21)

(3.22)



39

Y = ] o o
2931198 2 wesn Ae wosaamwanuduMUgIile Y tazwesRan AR MUY
19 X uaztlszngadauiiunsesmuusadu i (Voltage Follower) [21] Aliamsenu Iufan

' ' o as 1 1 o =t o e d
ATONTENINA Y AU X usiumuminszud I A Tvarngaga X Taveslinnuduiusily

Vy =V, = "Vbez + Vbel

I 3.23
==V, ln{l—zJ + Vo, ln[—]] el
ISZ ISI

Amualinsugmaeiisassiilauauidmiousunndszmseld v, = v, 1, = I, uag

Vi-Vy=Vy

I,
Vv 5-V4 ln[l_-J (3.24)

1

UNUAT 1 = 1 LA 1, 1Inaunsi (3.21) asluaunish (3.24) w1

1
Viy ==V, m{i%[ﬁ;’n +41; )i -1, }} (3.25)

q

Ii\ 2 III!
Voot vl (e i & (3.26)

2

4 . Ak . 3
W 1, <<21 31a7 (l+ '"] =1 lvaumsi (3.26) gniszinaldiiu
4

I
V, ==V, In 1+[— o J (3.27)

q

a Iin 4:1” 1 Yy o Qs
W Inf 1+ =51 nasolszanu lddeeynsuid
q

1n(l+x)=x—§2—+¥—.... (3.28)

ar 3 [ 'd I 1
auiuaransolszunua ey In 1+[—f} 1
q



40

q q q q (3.29)

° wu’f ' o ) a oy A4 A o o ] ' a
Taotmualddaewain 2 dhidulisdeounilafousunaiusn udumumaunsi

(3.29) Hasluaumsn 3.27) 3z 14

Vo ==V, | —— 3.30)
XY T Zlq (
VEL
V
V. a=-1 (3.31)
XY 21 n

q

w w | ' @ = ]
VANV IUAUMSA 331 awmamnudmunudyaasnanniveudhinnage X

& Y = - o et
nieanumumMuuHiidsngiwesa X 1liauilu

b= R aFos L (3.32)
< o E ¥ 3 3
davzvn lanamnsontugy 1adonszua Tude 1 veiees [21)

3.5 a3

dw 3/ 2 = Y J kY da a4 o kY 3 s
n11‘1'1J'1’1‘11lIilﬂLm’ﬂ»1(1\11.!.141’J‘FI§51l,[.ﬂ3'}’1ﬁﬂﬂ’Iil‘Ui’N{Fﬂ.HJfN'Nil';i‘\"l‘i'ILI?(ﬁL'L!U‘i WIDUNMALTAIND
s @ Y o A g a
1]'5811{1‘1114 LAz gnNAIDu TﬂU‘Hﬂﬂﬂﬁl‘l‘lﬁgﬂuuﬁuE‘]‘UUﬂ'SG!LiﬂlWBi‘HiHﬂ?‘iﬂ'ﬁ'lJ'lUﬂ’l'i'ﬂ'N”lu
oo o o o ] =Y [ 1Y =& Yt =] " = [
‘llﬂ\?’N%'inliﬂQﬂ“b’Llﬂ’liVﬂQ'IHMUUHI‘IJL‘IE:I'IJI.‘NLfTu Ltﬂﬂ'l‘W'il"I'iillﬂ‘l"lﬂilt!‘lf‘ll!’)'l'?lﬂilil“lﬁlﬁulluv
[ o = da a o 19 & a o A
#1139 “V]'Julﬂi}zHﬁ')uﬂitﬂf)ll‘lliliiﬁlﬁﬂi"I‘I-Jﬁﬁluf.li@Qﬂ?U PFIVTHIWIINDFUVIUNTIININIUNGD
" P o sa A v A = Y a o ¥
EJ‘EJﬂH‘U‘UﬂWSﬂ'N'\Uﬂ'JUHﬂﬂﬂ"li't’l'i'Iuﬁﬂl‘lql{}ﬂﬂ Iﬂﬂﬂﬁﬁﬂﬂ'ﬁuﬁuﬂ‘iﬂ‘ITDﬁU'IE.Iﬂ']SVﬂsﬂ‘uulﬂ
o ¢ a ¢ a ¢ a ¢ '
nagUnsalyiialuInarinsudamesuazuoansiudmass  uazludmumovesuniaainis
= a da A o =] [l 1 o = d a a o = "
']Lﬂi’lz'ﬁ’Nﬂ‘iVISWHﬁﬂLHUSMUUﬂ‘ ﬂl]izﬂﬂﬂﬂ‘)ﬂﬂ"l‘lJ.IWﬁ'liﬂi’lu"D'ﬂmﬂiTuﬂ N-IBU-W LUDSA
o a ¢ a d a d A o 40 w &4 o d
lulwasniugmaesyia u-H-ou Memguanyus I YYearsFeeh liduuua-

Anlunsadhailudguuuueuasnde'l



uNnn 4

s da 4 v
mgauuuvaaenlaaliissnuaaiesuuug

4.1 panIm

H a s 9 da a o
Tuuniivzuaastaunnfiamssenuuudlgauuuowiaen  Iavldasnsudaiios
1o 9 0 L4 = d = a d = [ o a d o
uuugnlszneudieg lu Twarsnsugamesyia A-0u-f uazg luTwasniugmaesia
g a g &y a P & a0 w [EY] Y =
PU-N-10u 3 lduaaimsinsiziguanyuidAyvesans Pudr luneumevesuni 3
Y 3 o PP 4 [ o [ [ ar
Tasnmisadsargauuuewiaeniy 91110993 nswdaHosIugusEynARDs WAUR IR 1U-
dyw a 4 sy H
muneueNuazNIsTzRounszud  nazmoluuniiduaaimsinsiziquanifveansi
= A 7] a 4 [} a e = d '
ponuuulumange] Fwsiszneulldae msdimszdmeialjianu msdinszimam
= 4 a o 5 a ea = o "
ANUMUMUAMILBUNARAZAILIOMNA M3 InTzdauflfiReau tagmsins g
s 1 a é =} as 9 = o L = o
wsaeu Trlihdwdu deszduduniiugndvsvesnisimned lavl¥ma@ouimunmsienu
Y921IAMUUVUBWIARNT IeennuudeTi)sunsy  PSPICE  uazgamovesunvzily

as o — = 9 "o
Uivgseussouzvensesmguuuuoniaoni ldeanuuu launiunaiugnas usiud

(Y da d
4.2 mgauyvemaenlealiisesnsuaaitiosuuug

Y -::‘ da a o 1 = & a
il']ﬂﬁﬁﬂﬂ'ﬁwu;iﬂu‘ﬂﬂﬂ'lxﬂiﬂﬁTNﬁﬁluUﬂl‘UUﬂiuzﬂ‘ﬂ 4.1 °ﬁ\3i]$1_|'5$Wf]ﬂﬂ3EﬂU'Ni]3
o - 3 s A o & ¢ o ¥
ﬂ'liJLﬁQﬂuulﬂﬁ'lﬂﬂiﬁﬂE]Uﬂ'w 2 ND3H AD NDIA Y WQLﬁUWﬂiﬁT’]ﬁﬂ']Wﬂ']']llﬂ'lﬂ'ﬂ']“flﬂ oz
4 4 o = a = o i ox a
Wose X mtﬂu‘wa{ﬂ‘nﬁmwmmﬁmmum [21] HASHAUANHUIYDINITAIU [ﬂi?ﬂﬂxl'ﬂﬂﬂ

a o P
N5 AATIEH 1LUNA 3]

4 da o '
30 4.1 29vsmsmdadiosig



42

1 1
I, =|I,+— /|1, +—
' |:°q gml] [W Em3

4 ' 1 T o é = 1 ar
o r, fla manudumuveamashonszualuda 1 asszlimgann uag g, iU g, Ao

L ' = J ] I 1 1
anuhawleuveansuganes Q, uay Q, Famo [H wag | — |sxliAniovnd r,,
gml gm]

[ cg BT
1N Asduzdszan lan

r
e ::—31 (4.1)
Y
r, = (4.2)
21
AN X €
Iy 245 (a2l (4.3)
Lo
(] N NT =/
= (1412 ol T, (4.4)

o da a o " = o o
i]’lﬂﬂiuﬁﬂHmﬁ‘UEN'N%TV]'i'luﬁﬂlu(l'ill‘U'UﬂcluE“J_l‘ﬂ 4.1 mmm‘ummaﬂtmmﬂumﬂmuun

¥
o

¥ o e o a b4
amnﬂﬂ"lﬂmgﬂw 4.2 IﬂUﬂ'ITVI'N']‘LJ‘UHQ?QWJSETTHTSQE]'E‘U"ICJllﬂﬂﬂu




43

i 1 a o ° ¥ o
INN93 1UJUN 4.2 NQUIBIMIUFNABT Q, - Q, AT Q, - Q4 wmrhnduaeeson

s

AA9eD3 (Squaring Cell) [14] SC1 1Az SC2 AMFUAYYIUNTTUADUNA i, 1AL i, AIWAIAY

i a :{ o o o [3 4 "o
TauidioRa13ani SC1 nuFmaes Q, — Q, HazAI UMY Ry, Az R, Mmuald R, iy
o ] o 5 . n a [ 4
R, weimihiidiuiessmdyain (Summing Circuit)  Tasazulasdoygious s Trlfhas
s o (=) Vv ar =) . é -
Wurarmvesdyaausiu wihsuna (v + v ) Wiludyanunssuadune i, el
N

_ Vlnl + VinZ

i, =—% _m- (4.5)
E R +2r,

Q@

LY o ) 4 o :
29sAzNoUnsTIa CM1 v asvoudyaunsud i, ouuIniudygiunssu i, Tay

o

a
a ¥ o vy & 3y & ﬂ o . ;
YNITAENOUNTELUT CM2 NMHUINTENOUNTEUT TN UUAAITINVDIN in'Cllﬂ'izll.fT 1,1t 1,V

U

o o . 4 o o £y
Lﬂuﬁigtgmﬂ‘mmmmwﬁ L mmwuﬂ‘lﬁamwmuwnwsﬂ:‘nauﬂixuﬁ CM1 uoaz CM2

' " W ' Vo P 5 as . [
fiaudunagiinwiiuvile uagnnaunish (4.3) uaz @.4) 9 ladyaunssud i, miny

i{)l i '\}ilznl +4I§ (4.6)

o @ 5 4 0 1w
VINDUNITUNTN (Power Series) Y04 Jil + X ) FIVSUNUNINDY

\/(H—X§=1+%X—-é~xz+.... LA 4.7)

i y

drdmuald X =L Fufummindiouaumsi 4.6 Tw 1di

q

: i i
D L e A 48)
q q

«2
o Y aa 1 o :;' ' ] o ] J a
dmivlunsain 2k <1 mldawamenn 3 mwluruduvesaunsn 4.8) vu'liiianisn
q

P 2 . .
#0 Faensnaria ldsalsemnaduyananszua i, nd1diiu

.2

i =21, +;;;‘- (4.9)

q



44

LY ] o y a = 1 a .4 o 3y o

Tudnpaziru@uanuionasuni SC2 nqunIUFMAes Q, — Q,, HATAAIUNIU R, M
4 [~ " o p " . i o o A

winfidhinaeswaadyana (Differential Circuit) Iaoudasdnyanaus i Iwihdauiluna

1 ar o = v ot a = é IS L
arvvesdaaassiu Iihsuwa (v, - v ) Willudyanunszuaduna i, Falisuiidy

_ Vi = Vi (4.10)

1.
in2
Ry #1,

s o

2903 AENBUNIZIA CM3 dzazNouFYIUNTTUT iy, INDINIVINAY

O o

dyIuNITUd iy, loy
- w O S0 ) < 'ﬂ v ; ;
19T aEoUNTIT CM4 MMINNAENOUNTZUAFUTUHATINYOITYYIUNTEU iy, + iy W
a o . & o ar ¥
Wudgyaunszuaening iy, Fasmualionsiunisvesisesaziounszud CM3 uag CM4

= 1 ’ o = 1 o A o/ L v o
nawmAuLariawiuntd 2 lddyaunszud i, IAumiiy

toy = ad ¥4L @.11)

uazhueuvanu aneynsuidaves /(1 +X) azlszanm iy, Insildith

. m
A Md.t) 4.12
% (4.12)

- Y a a = 1w
1102993 10314 4.2 22 Tddyanuns suaemna Saumiiy

i i g (4.13)

out

¥
@ e

a o P 1w
Wi vz Idus suInihiewing v iaiiiy

- 2 0

Vnul S iule. = (i()l _i02 )Rl = (lm%lmz)R[ (4]4)
q

° ¥ o v = 1 Vo
MuuAlA r << R R, 182 R, = R, =R 381 1mmoun (R ,+2r) Tuaunisi (4.5) iauninuy

4 -A Q‘: ' \ r lé = L el
MONVDI (R, +r,) Tuaunsi (4.10) Funeuisaeasziinuminu R, az'ld v idwiiiy
=—L V. V., (4.15)

o

vin 1@ s sdu e nine v, Hluraguuesdygrausduliiduna v, uaz v,

a b a RL Y]
AUNADINTITUASUINDNUD 3 Lﬂu@ﬂi"ﬁlu’lﬂ‘u&]ﬂﬂﬁﬂm
Chq




45

a d wa
43 MIUASILHAUANTAVEIIVTTUM NG Y]

431 MmyImsimvInlfifauveaces

& w dyw H oy aﬂ 4 o

o9 nvsvesdIguuuvetasni lweenuuuin hwihiidusesn)deudsy-

Y a Y a 24 L4 o £y ‘iﬂ ¢ &g Vo
anauns v Idfhdunailudyaunszuadune dmesa X hmhidlunesan1dsy
ar a o o Y Ao w o L] s o
dyopunszuadune taznesa Y wdmihnsudygiouus s Iihudrdaiilddmesa

¥
@ o = ' a o ' a wa v
X dniusawnmsdinnzdeenilu 2 dau Ae msdmnzdmrenszumlfifou uazea
usanu Il fidan
} i
] o = o ] a wa ar =
dmsumsanzimzanszealfifamniu azinsonanten lveeamsyszunu

' o _ @ d} ' ] a wa
meoynsumaaves 1+ X) Feransoaglidingrenszumlginaueesnes Ae

3 <2I, (4.16)

|n]’ m2 =

3_.V8

in2

. V., M _
Taeh i f# nlezin WAE o it
R 32 ReadA,

Ve

inl

fdmuali (R.= Ry, = Ry >> 1oz Idsadunnausean hdune v, uaz v, awilou

ar dy
ludail

“21 Re <(V,, +V,,)<2 R, (4.17)

nl

~21. R £(V,,, - V,,)S21 R (4.18)

ml

[ s o ] o a wa = ] ar
daumsimsgdmmsrauseu Wil §iRoveenes swinsunnndyy o

o a - 3 o o £ = =1 1A " e
ussnu Ihaunantlowdundmesa v da1naesluglin 42 szmiuniifouwndyg s
o ] n’/’ 4:' s as n’: = s v 1 a
useau' v v mnfuindleuhundewesa Y wea SC2 A1tiumsuATIZHMIAIT 195 AU
Tilfiaau  szRvsannngvesdgyaiaus iy liihduyaidinaihliaseshauld

4 @ a o o ° ' a ¥
HIVE UV NWDINITUBTIRD T Q9 o QIi Uﬂﬂﬂﬂ'}ﬂ’luiu‘ﬁﬂilmﬂﬂﬂ i]gvlﬂ

ﬁ'VEE+(V '*‘an) VISV (V +Vmc) (4.19)

in

d‘l -~ ar s:i ] [ [ v
Wwe Vv fio usauIrlihiianasenunasniwnssud luda 1,

A (Y] P [ " aa o a o
e A0 U Idieanaseussu v nuduaz B AN YBINI IUTMADS Q,

@ H ' ' aa L4 a o
Vi 19 us3au lihnanasoussn v iuauazandlamesvems ugames Q,,



46

wivsnnanuiiugaundvesumasswnszue luda I, Favzh s adu Idhiianasou
annsofia lddesun uadleRsannnguaniAvetssilszngad uihuasesan
s Ao idetlounssiulifuduniinesn v ﬁimsqﬁu'lvlﬁnfm)zgnd%hu'lﬂﬁa
wosa X Faghlimsdnnsidassiudinlfidoudesiiifdus i lnihiiness x
& il v, Fesfldrausadu U §iReusihdusasadu ihiinesa x Al

= L4 ar o [] = [ & Y
NIUFNADT Q,, Q. Q, AT Q,, Tenvinamlumraneniivey ¥iv 14

- VEE + (VBEIS + VCEIZ ) LV S Vcc - (Vam + cho) (4.20)

ml

A o P ' " aa o a o
w10 useau llihinenasensznInyIUauazIBNAREI VBINI WFAADS Q,,

[} = 1 1 aa o = 4
s 10 ussauldvhianasousenavuuduazelianes vemuTmaes Q,

-

o P v ' 4 aa o
e 10 b5eau IihfianaseusznInvInoaRAINDI LYY IBNANDI VDY
= o
NIUFARDI Q,,
o o [ 1 L4 aa o
an 1o s iihienasousgnisunneaannosuaz v 1Blamas Ve
= o
NS IUFAADS Q,,
o LU as a wa
it muald Vi, = Vies = 0.7V 102 Vg, = Ve = 0V 9z ldgsnssan Wil §ia

NUYeI VN £9.3V

4.3.2 MIAATEHMMANUUMUBUNALAZIO YA

L") d' £ .-d'I =) [V
1Insvasinawueaeni lReenuunlilugdit - 42 selimstleudynn

as = o = i o o n‘: a o [ 9/
uiaﬂu"lﬂﬁ'mmgmﬂummu 2 DUNARILNY AU UM AT IZHHIAIANIUATUNIY

a o 1 ' o o = ' @
sunnvzuonitudesdau Ae dmvesdyainussan ddhsuna v wasduvesdyniu

usaaulihduna v,
= o 1 9 a ar o = q‘j 9

M3IRTIERmIMANUMIUMUBuRavssdyanaussau Iiihduwa v, Wnezdes

a n’: o 4 £ ' 1o
ARANINDIN X LLAZWOIA Y “]Nﬁ]:"ﬁﬂ’]lﬂ’lﬂu

rln Vinl =£%J//(RCI +rx) (421)

3
1 a d ' a [ a a as
dumsainzimmanumunudunavesdyanausseu Tidhdune v, e

a = o 1 q‘: 4 = (-

AALALWGIWDTA X INIUU FI9TUANNIND

E-an Vin2 — (RCZ R rx )//(RC3 * r\) (422)



47

A A Y] ~ “ ' A a1 1w VT
We  r, A Anumumurlindsnngiinesa X aaliaumnu R
q

=) ' 9
R¢ Ry Ry 1D Manuaumumisusn

o [ [
fo, A0 APWATUMIRNABIM AN IzLa luda 1|

s

o [ a 3 o @ > 4 "
UM TAnEITmmANUAUNMIWEINAYEIRIRNIUYBIABNTY Iz AUBYNY
] b ' H 1
2sazveunszuandon diiludiy gaiuive 19 18 aumsiudasnuauiandasuds
1 o =4 = ' 9 1 o ar o oA 9 A 9
yonahdimsinszisaztounszuanon  dmiunesiidenld Ae  dvesazviou

; =] 9 s dl
AIzUALUUNUTIM Iaod 1n5993199992993A931U1 4.3 (1)

Ii" i Ioul

QI QZ ]/gml

VEE

(n) (V)

~ v ¥ -
3UN 4.3 (n) 139831399 TAENOUNTHAIDUNUTIY

¥
(W) 29951AIOUVBINTAZNOUNTLURIDUNUTIY

° Y a a = o o @ o o =
Amualiniugmaes Q, nag Q, UanuauwidAunNlszns AnuduRusYeInszIan

v
=1

Y = o
il I uaznszuaigasen I, awnsam ldng

21,

I _[C| "**—[;“‘:0 (423)

m

A a o 7w W ¥
LAZIUDINNNI UL TR QI Lo Q:, dUNIY u'ﬂﬂ‘l_"i:ﬂﬁ ﬂﬂuu%ﬁhlﬂ

I 2
Ioul = IC2 = ICI = ""2 :l:] _m:|lm

/| 2
o ] 4,24
Iin { B+2j| ( )



48

& =1 ] Y o o 3 1] -; a a a
FRLHUN 011 B DA sz ldiesazieunszuanuunuguilseansnmlums
5 2
duuinszua ldavudae
o ) Y o 1 9 r's o 9) [
dmsumsannzimmanudumueive  @wsanssi ld lasnmsadianes

o d o = - [ L4 o 4
lﬁﬁﬂu mq1mﬂu1ﬂlaﬂﬂqzﬂﬂ 43 (v) i]::lfﬂ']Wnﬂ‘Uﬂ'T]ug{_]uﬂ']ula_l“w’ﬂ"]ﬂ\i“51ucﬁﬁlﬁﬂs

)
Q, ¥

ot

AUNINY

o)

. (4.25)

Tauh V, floussdugaisu (Early Voltage)

[ : \ o s . a0 o
AIIUAIANUA UMD HAYBIT IR NUVYBWIABNT IRoanuUU A IR

Ty = [ YM ]//[LA“’ J (4.26)
1o 1o,

4 J ar A ) o o o
1o Vs Wof N6 Ao AUIIAUYALTUUDINI UG ARNDT Q, Hay Q,, MUY

a d u { (& wa
4.3.3 MyIANzRmMANNAYJUROY

= o " A ja wa o = n’:‘
1uﬂ15 ')Lﬂ'i131’1'”1?’]1?1'J"IlJﬂﬂQ'U@N‘I'N‘UﬂQ?I'JﬂmLLUU?Ju‘lﬂf]ﬂ'ﬂ\lﬁﬂaﬂll'lj'ﬂuu WTLUN

=)

a o 3 [ A [ a as ' o
MsansIgHesniy 2 dau Ao dudganawssaulWihoune V. uazdmveadyg i

w U =y 3 ' 3 a o [~ A P
usau Iihdune v, Taoisassdausy Idmisinseddyginvmamn Faziininiug

- a ¥ 1 @ aa o 1 as
IWlilwrla (Stray Capacitance) HifalinszuMAVaRUBRARDS C, 1azseniluvanunoaan-

v
s ~

o ' 4 ' - o o ! a
wes C, sznenegain Fuiludiuidirgismuamnmineyauevedns
¢ i |2 wa (Y o
4.3.3.1 m3IwmaEmanuBlfiRuvesdygassaulivhauna v, |

4 o (Y a o o o [
Wioannmudivesdyginuswmu lWiouna V| szldimedin X uazweia v A
¥

a = '3 3 A (e wa ar o a
azuenms InszimannudUfiaauvesdyanaus ey lvihdune v, eenidlu 2

1 1 A a a d 4 A jawa ' ' B
dau Ao Tudiu SC1 waz SC2 FvziFuimnzimmanudlfiaauludiu sc1 neu 4

@eouilusasauyalddagiii 4.4

QG



49

@ @
L2 v 4

310 4.4 nannvsauyaildimszimmanundfifnuses v, ludau sci

s > " a [ @ 4
nnanFumsdaiussnissanimesa vi, v, fduussdulvdmesa xi,

= a " ot
V,, [9370a2180aM5 3R IUMARUIN U.] AsaunIs

VxI i (gml +SCTrI Xgm'.’ +SC2) (427)
v_\'l SE(CZC\)+S(C3glnI +C]gm7)+gmlgm7

LﬁbC = C o O eConing 'Gea C (58,

n2

) = a0 e o 2 <
Famassmyaluglii 44 9wld V., Sawidugud Autuangumsi 4.26) w14

)

P Ca ] o a s d v iAo [ @
v, Hawmduguedioguiy - dibinisuaszimmanunljuRauvesdyg s iy

Tihdunwa vV, ludau sci winsauafoininnunlfiaauvenasasiounssua

3
@ A

1 o ' '
CM2 Tapas AN INTUMI A I INUDINITaERounIEua CM2 Tdaail

deRnsaniilnua v,
fon= (2, M@, AC I\, (4.28)
oz lvua V.
i =205V, (4.29)
Yaumsi (4.29) MsAavaumsi (4.28)
1

Ol ng
a2 B (4.30)
‘xl gm? +S(Cn7 +Cn8)

- o ' & id a
VINANNIN (4.30) 92 1adumus InaFudlunudNnaINHAYEIT A= NOUNIZIE CM2 §)

ANNINY



50

(4.31)

- gm?

T O 4l

PCM2

y ' o o o J
e g, Ao manmhnwlouvemsudmans Q,, C,, uaz C 4 Ao awnuy i
v aa o = o a u.- n’: [ P
sTM Uz BNMNesveMs WTdADS Q, Ay Q, MNAIAY ANiuITMAIANILDN
a & ' o a a o [ = ! 3y
Fagsuiluiivaaussousnnnudvesdygsuseiu ihdune v, Tudw scr 13

MY
1

B (4.32)

f, g =
P onC, +C,

drdmuald g, =152x107A/V 1ag C,, =C,, =16.8pF IR 1&manudiFayui

AU £, cppy = 72.04MHz
b4 ]
Tudaw sc2 iuannsadlunssauyaladagiii 4.5

oo

€oq
gm 15

i
il

d' Hq ya s 1 A e wa "
31U 4.5 uaaeesavyanlFn s zimainnudljiaouses vV Tudiu sc2

3
=)

4 o (L] " ar L4 @
vmvsauyalugli 4.5 szmilandumsdaiuszniussdulifmesa v2, v, iy

usaau lilmesa x2, v, ladail
VxZ e (ngI +SCnIngm15 +SC2) (433)
Vi, SZ(CZC.1)+S(C2ngI+C3gm15)+gmllgmli
;ﬁa C, = CPt2 FC ook C i M08 L = C s +C“12
MV, =i,Re uaz V,, =V, duiuezld
(4.34)

] (gmll +SCT:1IXngS +SC2)

ixZ =
vlnl RC3 Sz(CZCJ)-{-S(CngII +C3gm15)+gmllgm15




51
fmSusazRounszia CM4 1IN FuMsAIRIIIAY

lo Emie
1ys (ngS +S(C1:IS +Cn16))

WA (4.34) guiuaunIsh (4.35)

i02 1 (gmll +SCn!IXgml5 +SC2) gmlb
m R (52(C2C3)+S(C2gm“ +C3gm15)+gmllgm15)(gm15 +S(C1|:15 +Cnm))

. 3
vV, =i,,R, 114

Vi _ R, (gmll +5Cn1|)(gm|5 +5C2) Emis (4.36)

Vi. Rg (Sz(czc_l)"’s(czgmn +C]gmli)+gmllgm15)(gmls +S(C7c|5 +Cn:16))

i a1 o " 1 o & a da
VINAUNITN (4.36) mi’JﬂJuiﬂilmJﬂWlHmuﬁﬁjﬂﬂ"flﬂ’ﬂgﬂﬂdﬁ’ﬁﬁlﬂﬂﬂ"lﬂNﬂi!‘EN’Ni]iWi'luﬁﬁ-

a d ' 9 as csy
HUHUVE #3130 1A [4]

Pl & € LUy (4.37)
[Cz \[$s }
gmlS gmll
P2 1L _ix gm]lngS (438)
P G,C,

3 ] o ] a o o
lauh g, uaz g, Ao Awnhowlouveansmdanes Q,, uag Q,, MuMAY
] i A o ] cs' 4 - 9
Tudumenitaosdidumis Inaiunnudiifannravevsaziounszugs CM4
¥
ar lé = 1 o
WD FaA WA
Emis
gy ) (4.39)
CrrlS +Cn]6
-& - v ° 1 = o - [
We g, v Manuhonwleuvenaugmaei Q,,, C,, uaz C,, Ao mmmq"lﬂ%
' an 4 = o o w 3 o 9
wlisgnnauaazdimmesvemugmans Q,, uaz Q,, MudAy  Mdmualv
C., =C,s=C,, =146pF, C,=493pF, C,=34.8pF, g, =7.6x10"A/V,
Eos =86 =15.3x107A/V amnmsunumasluaunsi (4.37), qunsh (4.38) uag
aumsh (4.39) aldmaudiFamvesdgyanausiuli v, Tud sc2 wifluan
v ' ¥ v
NAF0UENAMLD  AeanudvesInadiusn  f, =20.41IMHz  Aniuszmimnaud

UfiRnuvesdyanaumsssuIifdunwa v, 1dwiidy 20.41MHz



[

d { |a s

4332 myamnzimmanualjifnuvesdyanamsaauliihdune v,
WonaIsIMAUTIve Ty IS I

Aty

Y ~
vsauyalanazIh 4.6

i

Tihdunwa Vv, , szldifivauawesa X mniu
a o 1 4 12 wa = J ' ' n’r‘ & =
Tumsamnzimmanutlfidausznnsawaludiu scl wmniu Fazdowiu

“

51N 4

m2

in2

1
d'. Y d 1 d. a e
6 LA ANYaR 1 Ims Iz maIn NIl fifdeuves v
vV 1dmnny

n2
3 a d 1 a4 (a wa w @ [
INVUABUNITIAS MMM IR TR vvesdyamssau Wi V. Tudau

L 1
ANNINY

1 cslein é L t:; o a L)
SCl1 i)xmﬂWmunwmqnmvf]uﬂwmﬂﬂmsmuxmammn‘umffmumunmzmﬂu"tﬂﬁmm@m
gm?

PCM2 — A
PN 7

fp cma = 72.04MHz
guna V,, laminiy 72.04MHz

(4.40)
Sdmuald g, =152x107A/LV woz C, =C,, =16.8pF WldldmanudiiGayuil

¥ ]

Asiuszmimaadlgiaauvesdyainussau v
< [

4.3.4 MmsaaszHmusaau lvvhanunu

o a = o o 1 a u‘:
dmsumsansizinus i Iddhaananuiy
IWdneninae

¥
o

=
¥
¥

@

¥

o = s 2 ° ¥ Sa iy ' ¥
ushiisinginesa X, r aslumsesnuuuissesimuald r flianiosniinnudumiu
g Ang

WIITUIINHAVBIANUATUNIY

1 3/ o/ - 1 [

Mouen R, 109 Jazanunsnaziaonaves r, 18 uasinud i r, fanainanonsany
azfounszuaianualuiesdguuuueuiaeniiniium

umsanzimaus wu Ivhautuszdmualisasveivve 1993

¥
]

4 4 oad a P
HI BIUVUADUNITAUAIICHAIU



o

W3 sC1 Mnualdmdygrunszuaduna 1, lumegaunaliauiiy

I _ Vini + Vinl
inl(ideal) —
RC
' P v
HAYINNTNOONUUD L |9
I- - vinl +Vin2
inl(real) RC +2l"
A L 1 =Y 1 o
Fyegmdyaunssuaduiu I, 1dmny
luffse[] u lm 1(real) - lml(:deal}

UNUMENNITN (4.41) uaz (4.42) 3219

I o Vinl L Vnn2 Vll’ll + VinZ
offset| R J 4 21" R. -

I - er (V i 1 Vin))
offset| RC(RC 4 21‘_‘ )

ml

wev 1, 1Ay

R.(R. +2r,)

1 __[Vln| ¥ vm2] [2[; (le +v|n2)J
inl — J

g

W15 SC2 mua lmdyganszuaduna I, lunagauaaiauminiy

I o Vinl - VinZ
2(ideal) —
i 2(1deal ) RC
1 :i by
AN NOBNUUVL |9
_ vinl “Vinz
n2(real) —
Ra#L

A LY ' - ] o
Fezmdyaunssuadiuiu 1, 18miy

Ioers = IinZ(rcaI) e Iinz(ideai)

53

(4.41)

(4.42)

(4.43)

(4.44)

(4.45)

(4.46)

(4.47)

(4.48)



54

UNUAIANNITN (4.46) Az (4.47) 92 1@

vinl _Vin2 vin] - Vin!
Io&'selZ = R -
C + rx RC

r,(V.,-V.,)
I — X inl in2 4.49
offset 2 RC(RC € rx) ( )

¥ 1w
wwm I, Tdminy

I > Vini ﬁVinZ = rx(vml _V|n2) (4.50)
|n2 R¢ RC(RC +rx) ‘

VINFUMITN (4.14)

) 9.2 %(Iin _I.an)

q

wnua I uag ], NNauNTN (4.45) uay (4.50) wdnu 9z 'la

inl

) _RLHV.nﬁrV-nz_zr‘(v'"'+V’"2))T{V'“‘_V'“z r‘(v.,,,—v.nz)}z}

A1 & R, R (Ro+2r. RHRGRL & L)

q

nizumanuazinglinuvela

R
Vnul = H]iq'vinlvinz
, , : : (4.51)
2 R, (2erc v IVinl - Vin}.’)- , (4erc +4r, lenl + sz)
4Iq Ri‘(Rc+rx)2 R(Z: RC+2rx)2

1 a o 1 a " e
NNAUMIN (4.51) sz s i miyaduiu lamiiy

out _offset — -
- 41

R, (2erC +1 Xvin] ~ Vi) (4erC +4r3XV"“' + Vi) (4.52)
RIR.+r,) RE(R+2r, ) ‘

- (=3 vy 1 9 F= "
INTUNITN (4.52) WCIHUIIDINIADIUATUNIUNIOUDN RC UAIWINNI 1, WING

° [ [ a A o 3
i dus sdu IiheimaduRuiaudr Indguduniu



55

4.4 M31@RAM R,

iesinmsszinuimeseynsuids 1+ X) Tuaunshi 4.7) wiinnugndos

o

: & . : i, 4 ' {
Wo-1<X <1 Fwaiunald -21, <i i, <21, Taoil i, waz i, Sidseumsi

mn

o o & ' a ' o =
(4.5) uaz (4.10) MuaIAY “Bi‘ﬂ:ﬁ'lﬂWﬂTllJNﬂWﬂ’lﬂi]'lﬂﬂ’ﬁ“lJiSll']mﬂ'lvlﬁﬂ\‘IﬂTﬂﬂ‘ﬂ 4.1

=; ' o o o a " o o
MININ 4.1 ﬂmJaswummwwﬂwawﬂumsﬂszmmﬂwmauﬂmmaa 1+X

+2
= ;IZ ANNVAANAIA (%)
i

0.005 3.11x10"
0.010 1.24x10°
0.050 2.95x10°
0.100 0.11

0.500 2.06

1.000 6.07

(= 1 o a v ' o
nnaztin e Siloudyymnszuaduyaliianioondr 21, nne szl
" o o o = a 3/ 9 é [ a d? 1 ar ¥ )
mulesipuannuRanIANfIaAlounIAIl  FedyniunszugduneIziuegiuaIn Ui
o ' VY ci o v cs. o or a
mumoyen R vannumanuammueds o imvinalasdyaaussaulvihsuna
Wiludygranszuaduna - dsimmdumuisaesiisnnesh mdggiunssuadu-
=T 9 3 sl é - oW ‘:; = Y s [} ]
wallaiooAw lawdndam r dedlimdeaumsh (4.2) aziiawieouin  ondetiuy
1 o d’4ﬂﬂ 1 é
I, =200pA 1Aa1 = 65Q e lddeadenld R, flinwing unu ¥ lduaani
v W ' ' oo ' - Y1 1 ' - a J [V o d o
duiusseninaeandmlumadonlym R ded1 r, fnadu (R /r, ) fuaulosidud

' ¥
ANURANIATIAAYY

o " dd d = A
M1714N 4.2 ﬂTL“lJ'E]SL”Humﬂ:l‘]ll”ﬂ'wa?ﬂlu@\nﬂi]‘]ﬂN'ﬁ‘Uﬂ\‘l r,

R./r, AANVAANAIA (%)
1 50.00
10 9.09
100 0.99
1000 0.10
10000 0.01




56

4.5 N’nmss?mmm‘umsﬁnnm’fwiﬂsunsu PSPICE

Lﬁm‘ﬂumiﬁuﬁuﬁaausmummzqmﬁuﬁﬁﬁhm YoINUIIVBMAN DALY
athetu 391819 Tsunsw pSPICE ounuumsiavesesluglit 4.2 Taol$luTnand
NIMFAADIFUA n-p-n 1WOT Q2N3904 taz Ty Inasns G masviia p-n-p 103 Q2N3906
(a3 wazdvaimAn1dlumamion 1) Taolunsdouuuyes 19 M@0 Vee = Vi =10V

IS

nazgualuda I fiAwndy 200uA, Anudumumouen (R. =R, =R, =R,) fim

' 4 » R "o '
MY 100kQ uaz R, =100kQ ¥99z 1aoas 1wy | —5— | 1111 0.05 1M1

2
Chq

100

50

Iin? (HA)

.50 |

-100 t T T

Via (V)

U7 4.7 uamsralfiidanumeuing

Uh 47 wamsmamsidsunuuemsnlfiianunvnavews wau Inihduya
U = 1 Ao o ' a wa s sy v
V,, ludw sc2 guiludruiidinagaslfiiRauvessssdiguuuveuiaenii léesniy

¥
1 ar o b ar " é o as
nagoy lasulsmdyguussau Tiihdunwa ¥, dwa -10v 89 10V Fadmualddynim

nl
o = = 1 Y o 1 o = 4:; [] w Y

usaduihduna v, , awndu ov udriamdyanunszuaduyai lnakuddumu
] " a wa "W & VoA

Mouen R, ¥nnanvizmamaljidoulasing £9.3V deezgndesmuninlaann

MINATIET IUaUNITN (4.20)



57

V=V
V. =6V
JVua

Va=8Y

T T T T T T T

-8.0 -6.0 -4.0 -2.0 0 2.0 40 6.0 8.0
le (V)

37 4.8 uamwaneuunINaIlas

v @

N 4.8 uaPIRaMIBELELUMTNNYBIRIRLIIDBUIRNT IdoBnuLURD Y-

“u o

s anu I Bunaiiiudygnans s Inlihase Mminmsnagoy Tao)samdygu

L]

o '

v - A 2 4
usaiu InihBuna V,; uaz V., 910 -8V fa 8V minnitaz 2v Faninnsluana i,
g Uy £y o v i:j o v S A | a
anaunyumaeni Idesnmumivimshiluienduga 1diuedad  Fagmnnudanaia
voaragu laaens g 4.9
%09
4.5

40
35

error (%)

-8.0 -6.0 -4.0 -2.0 0.0 2.0 4.0 6.0 8.0
Yinl,Vin2 (V)

= sd o a o
51N 4.9 llﬁﬂﬂﬂ'i1wﬂ10~1lﬂﬂ’il°ﬁ'uﬂﬂTIlJHﬂWﬁ’]ﬂ‘UGQGI'JﬂiHHUUOUWﬁ'ﬂﬂ



58

dmSuwamsidsunuumiauvesdIguuuueuaeni ldesnuuy  iWemiminwa
Upiamniunaas1idaguin @.10) uaz @.11) dwsvdyganssiulwihsuya v uas
Vi, WAy laoh K =V,

12

08 1

3 061

0.4 1

1 100 10K M 100M 10G

Frequency V | (Hz)

3N 410 At ianumenimivesduynous s Iihduma V.

12

089

04 1

1 100 10K IM 100M 10G
Frequency sz (Hz)

3N 411 ueasal fidnumentveadyasus wdu I duwa v,

vnglit 410 wrmawinouauesvesdyaauseiulwthiune V., lAwihdy

19.28MHz uaznngdii 4.11 srmanudaevuosvesdyyiaus s ihdune v, 14

L]

Vs & o [ 4 : u’.-‘ a1 1 as i o
wmny  70.88MHz m%:mummmmﬁﬂwﬁummnmuuuﬂﬂﬂatﬁmﬂumﬁmu'sm'lﬁ'

NINQUY



59

4.6 M3USulyaanssouzv991993

ar 9 da a o 1 o
il'lﬂ'«l\?i]i'llﬂﬂﬂ')ﬂmllﬂﬂﬂu'lﬂﬂﬂiﬂtlﬂl‘ﬂ'ldiliﬂi'luﬁmut]‘iilﬂﬂﬂﬂﬂﬂﬂuﬂu‘lﬂuzﬂﬂ 4.2
Vo o a a & Y9 Yo o Y e & o
'lﬁﬂ'lﬂTiﬂTU‘lJiQ'NﬂﬁLWHLG]HLW81T1]’lﬂﬂ?ﬂmﬂNﬂ'ﬂﬂgﬂWENI.HJLIU'IUQ‘U'N mnwmugsmi}z

Wudaglii 4.12

; o &y e o 4 :
U 4.12 uansdigaunuswaonilaiunisdiulsatu v

9 a | [ da a o w é a ' o [ '
wlivlsandn Ao ldyanswdaiies 8 @2 Feemmuanmiudi lumsdai
o 4 ar d-; ]
usaau lWvhoinwesa v mndanesa x 18avu [22] uazludiulsasaziounszuasz 191993

azviounszuauuyIaduliulse (Improved Wilson Current Mirror) [4, 23] iien ey sl

t
=1

Tumsasvihunszumas Indifvsnnuilugauadnniu Taouaazyamunsodinszy 14ds



60

o da A oA d? = o @
31]71 4.13 L!ﬁﬁ\i'N'ﬂ‘ﬂuﬁﬁluﬂiﬂﬂixﬂﬂﬂﬂl‘u%'iﬂﬂi'l'u"?!ﬁlﬁi’)'i 8 M7

ludanvenmsudailosiuszneviusians mdmaes i s & daguii 413 8
yarlszaantomun uiui s ders swu Ifhenmesa v ldnedn x  Tau
nIFmaeson 4 ¢ Ae Q.. Q.. Q, uar Q, fudanfuietasu 1y Veg UD3
niwdmans Q, war Q, InmuguimuiReiunIIuTma0s Q, uaz Q, AMS
AnszianuduiNiveInszuamouendunsziamelull (gswazBuanisiinsziluna

& = o V1
WUIN A.] 1D Iq Ao ﬂigltﬁvlﬂﬂﬁ ‘Dz"lﬂ'}’l

b (4.53)




61

Amualdnsuganesnndalinnuauniueld B, =B, =B, uaz B, =B, =B,
4 "o aa 1 a ¢ a d =
e By uaz B, A0 AIBANVVWNILUABTAADI IINVBINTIUTANADT YA 1DU-A-1DU 1Ay

v d

a o = o o w 'a o o a
W-IOU-W AU LLEISi]']ﬂ'Hﬂﬂﬂ']5T’I'i'I'Nﬁ'ﬁluﬂgﬂzﬂﬂﬁqﬁﬂ’ﬂﬂﬁnwuﬁ
'L, =11, (4.54)

Woinsudaumsi (4.53) uazaunisn (4.54) 12l

(2 +ar2) -1 (4.55)

I

[

L
2

E ~—
I, :% (12 +a2) +1, (4.56)

(-

4 o 3 1 = LY a d g a o Vet 3
Favzdune lanfigduuu@oadudumsinsiziamaudadissuuugilszneudan
NIMFMADS 4 71 103
! kY a W at 4 oo a a
Tudauversesazfounszuainyiaduiliulye suthuiseshiilsz@nsamluns

v o a Y I's s 9 Vv Yo
agnounszuaffuaziiMANUMUMUIBIMNATIONAL 1A5IaT19109299TUaRAd 1AAI3)

N4.14
|
]
Iin Iout
k. § Tog
&Y
Q3 Q" r /. b
1
Q, Q, for T, V3 g,
4 : B V3 — l
Vee Vee
(n) (V)

N 414 n. Tassadrvensssazdeunszuauuuiadudivilgs

G

¥. NITEiiouvoNsAzRounszuauuIaduliulye

1NN 4.14 (1) orfouautia 1. =Bl uazilie Vi, = Vi, udnz1d I, =1, #w da

1850

q,: = v o d 1 = o =
Wuensolounnuduiussznanszuan nadh 1 Aunszuanlvasen 1

out



62

I, =1, -2l +1; +1,, (4.57)

out mn

A 1 I _I I ' =
Favzwiuldinl,, =1,, ="‘—B*"-‘3-ua: Iy, = -2 unumasluaunisi (4.57) 1@

NEL
La =1, "2{%'}2 P (4.58)

B

Wiedagiaunish (4.58) vz 14

I 2
E (4.59)
I B°+2p+2

m

out

& 4 9 a w a dy 3 a o
Fude B>>1 uda rvsazdounszuanvuiadudiulieizansaliszdniamiums
{ o A o s =y { 4
azfounszuadaunfifier  dmsumsdnszimmianudun e ninavesTa e
° 9 Y = o g o — & " 1Y
ﬂigﬂ']]lﬂIﬂUﬂTifﬁN'Nﬂilﬁuﬂuﬁmjy'lm‘uu'lﬂmﬂﬂﬂgﬂﬂ 4,14 () FIWSHITUNITAINIIUAIU

4 a  a o 3
MU IMWAYDIIIs e RounszuanuIadudivlsa1au (24, 25)

1/ Ay (4.60)
50

A = YV o = o 2 A 1w VJ\I
o 15 AD ATUMUNMUDMHAAVDINITUTTINDT QI PIUAUNIND ]—

n

4.0

3.5

vsguuuvemaenlujli 4.2

P

3.0

2.5

error (%)

1vnauuuemaenidiudzaluzli

20 4

-8.0 -6.0 -4.0 2.0 0.0 20 4.0 6.0 80
VYinl,Vin2(V)
. sd o a &
Eﬂﬁ 4.15 ﬂ511"|1lﬂ\11ﬂﬂ'iI."lillﬂﬂ??ﬂﬂﬂﬂﬂ'lﬂilﬂﬂﬂ']ﬂmllﬂvﬂu1ﬁf‘)ﬂ
P 7 o o a = o @
z'lj"ﬂ 4.15 llﬁﬂﬁﬂ5Tﬂﬂﬂdlﬂﬂikcﬁuﬂﬂ11ﬂﬂﬂ7‘m’}ﬂi]’]ﬂNﬁﬂ']iLaUULL']J'Uﬂ'lTVIN'IuﬂlﬂQW'J

AauuawIaenlugun 4.2 uazgin 4.12 lasdmualdm V., =V, Teasnlsmdyaw



63

a a e’: [ = & o Y1 o o 9 as
usadu Iidunadad —8v fis 8V Fnnsmlaziiuldhdgauuuowasnildsums

o =) 4 L 1 ¥ é"v ' ar o é
Ysuilye sz liulesidudnnuianaaiiliantoondguinda Ty 185umssuilss dsamse

L [
ajUnmanta lavswvennesniaesladenisei 4.3

1=; sy = d' =) o q. 9 as
M3 4.3 guauiia lassawversguuuuanlugldi 4.2 WSeumounulsesguinlasy

msdulgalugli 4.12

S0 Yo o =
o . y 2959 [dsumsdsulzalugi
AN sanlugln 4.2
4.12
U > .
- /sa 16 a2 3281
NIUFAADTN 1%

Rin_VmI [%J//(Rm +rx)

Rin vin2 (Rcz+rx)//(Rc3+rx)

{0 e

¥anszuafua N
i eI,

in2 —

U
V < V W VBEIS + VHEQS
‘ﬁ?ﬂllﬁﬂﬁquﬁ”l Vinl < VCC _(VBEU 2 VCElO) R +v(_‘[519 + VCEz7
ﬂﬁﬁ’ﬁqm V. sV +(VBEIS +VCE12) %Sy A +[VBE22 + Vgeag ]
nl — EE
+ Ve + Ve
AMNNUDADUAUDY
~19.28MHz ~11.13MHz
f—JdH
seAuuIInu idog
: =1V ~
e 1 2V
AANuRanaan
Vi =V, =8.0V 4.58% 2.59%
AN VRO UNI
i & 4.2% 1.7%
#15 1UAT I




64

] ¥ g H4y yo @ .; ¥
mennvazainluminalassaivvesdguuuvewaeni lasumsiSulatiez 14

daydnusiaazud 4.16 lumsnade

\Y

inl

o—

Vi >< Vou

o——

317 416 nanadydnualilFunugihasvesdigulugui 4.15

4.6 unayy

¥V
unitldndafwafauazniseeniuuad diguuuveiiaen - laserduniswenn
-3 o a J Ao Y - o o o
yunnaesnwdaiissuuug - imshidiuasudasdngnos i ity dyge
nsznaulszgnanes wNuE UM IUMULBNIAZIRT Ay RounsEg  uazda lduaaans-
4 wa H o s c§ ° ¥
AIEHHINMANTANTIAYVBIIII FWETAINNUYNADIVDINSNNIUYDTHAA1 TN
=Y o = o =
M3AnsIwHAeMsaeuuuns My laol$lisunsy  PSPICE - vinmamsidouuuums
o Y o ' - a1 a wa ~ v =] 1o '
Waunaaslimuinasieeniuuirlfifouinhe - waziianumiuirlumsoudeu
9 " A g v A - ) a pay B ) o
91979 uazyauhmula¥ann fe TassadwvenesseligduuuiSouduazannsoliu
s 9 0 9 4 F =1 " oar P Y
87319078 1A 1A 1AL IUMIUN TWUON Favzuaas Iimudguuuueasni ldeen
dyd o o o o ' 1
wupiiaummsruih ledaihnesgu  wiohlszgndadhatiunesdessnen

TumaTulagrees syl Twarsnsusaaos 1as19ndseansnm



uni 5
kY LY Y da A d
msdszgnald numgamuueinaenlagliisasnsudaios

UL

5.1 a1

]
=

= o w o T 4
Tuedniiruu 18Timsihdgauuuenasn szgndathaiiunasdes Fadu

]
o o w

] s a 8
admszneundiaylulassadisvesnssusumsiszmanodygiuuuududy watonse-
VMR #I061IUBINITHOUIBU . NITHIUANUDYDIAYY AN, 1I9TUBAIAAT YN,

= w - o v g @ ¢ o ¢
nesvnwiamsalfunlfousasvesla, adengy uaziavsdunnzvddygramniiu
a =] 1w n’l’ o ¢ a o o
Tnanend Wludu wiiuldhdgauinuemaoniuauisath llssyadinaiiulses inamh
¥ ¥

Almildmarnmaiaaes snfunoluumiiigasmahdmgauuuouaen Tasldesmsd-
Adiosuuwgi 1oonuuu Pinadiauuaseseniidaans (Squaring Circuit), 2993170115009
1aA(Balanced Modulate Circuit) 103N 109205191 4299505999un 15 00w (Phase Shift
Detector Ciretit) 399z8udumsiauvednesen nadisulaosnisdoummms e

&20T1)5un54 PSPICE

5.2 29958nN A0

3 o

M3asIIsEnmaIdeIansndi i laonisaodyaoussauIwihoune v uaz

U g

4

V,, hdoniuaagii 5. Taelgasesgunldeenuuulugili 4.12

in2

V.

inl

Vout
in2

V. Pt

310 5.1 uamaeesunidaaes

MINAUANTAYDIAINUUVUBUIADN

kV_ .V

out — ™ Vinl* Vin2

¥
e V., =V.,=V auy

inl



66
vV, =kV? (5.1)

1auh k Ans1vsIoupIsIgUUUUDLIABN
4 o o a v v 9 9
Fadyaans i Iiifdunaansafiuldve dygraussduiiihasmsedayga
o o ad o a : o 5 o
usaau Iihady dnsdindyyradunaiiuginiumnd v, =V, sinot azlduseiu i

4 VoW
1D1MNA MY

2

V., =k(V_sinot)’ =k VQ—"’J(I ~cos2mt) (5.2)

oul

P =1 " ar 4 9 ] = ar
NNANMIN (5.2) suudusenldfening v uonldaosdin Ao usedu
V2 ” . V? & ; .
Tvhasetlszunm —2’“— wazusaau lWhady Tmcosmt Fazianuadu 2 mives

¥

dyaamssau IWihduya — wSoisonsvsondideasslunsaiiinihuieesmIanudaeaum

(Frequency Doubler)

s

o s ° o a P Y é‘ ]
AMIUMIATINADUMIMNUUBINNTINMNADMNA1VN TAgashAIguuuy
£ da A o Tt 1 1w ~ FY 3 "o y-:i
awaen lavlysesnsudadissuuughoonuun Pmaedegiit 5.1 uddsmsnsivee i
¥
0.05 W dudunsnazummaraun s mudoduInus sy Tfhese Taoszulsmdaua

= 4 Y a as a
-8V i 8V cﬂ@ﬂgtlﬂﬂaﬂ'ﬁlﬁﬂuuUUﬂﬁzﬂﬂ 52

30 A

Vou (V)

0.5 1

0 T T T T T T T

-8.0 -6.0 -4.0 -2.0 0 2.0 4.0 60 8.0

Vi (V)

311 5.2 wamsidouuuumihauveisseniasaesdedygaus i Trihass

o o

a o = ° s d o a v
mﬂwamimuuuuumswmu"lugﬂﬂ 5.2 mmmmmnmeszuﬂﬂ'meﬁwmﬂ"lﬂ

Ae31n 5.3



67

error (%)

-8.0 -6.0 -4.0 2.0 0.0 20 4.0 6.0 8.0
Vin (V)

4 ' s d o a o w
31]‘?] 53 ll'ﬂﬂﬁﬂ'll‘l]ﬂiI%Hﬂﬂ??hﬂﬂﬂﬁWﬂﬂjﬂd’Nﬁ]iUﬂﬂ'lﬁdﬁﬂﬂ

AMTUNMITBOULUUNITINUUDINTTUNTIAITDY Tunsdidygisis sau T
= § d o £ @ o 5 7 4
sunailugaauanod  sxdmuslifloudyananssiuiihsdadumniftinnud  1kHz

= & = o e §
wazuendgagae 1V 3z ldnamsiounuumsianuagilii 5.4

1.0
=
< 0
=
-1.0
50
g
E
= o
(=]
e
-50 r . T
0 0.5 1.0 1.5 2.0
Time (ms)

3UM 5.4 uamamams@ounumsiinuvessssunideaes lunsdidygiums e I

sunaiiugaduanmd



68

30

20 -

V . (mV)

Frequency (kHz)
ﬂi 4 o o o w - a
3N 5.5 uerasesnsznovveasiy i io I nATEIIs s INTIR eI NA NUDA1Y

] 4 o ¢ dyy a
FINNHAYDIDIAYITENOU  (Spectrum)  vosus i THA o ARRR Id0AN s AU
o = 1 Ty o a
mMaauves 13lugdn 55 ezldmanuiiounieas wiiagm  (Total  Harmonic

- . ] o v - 1 [Ny
Distortion) "NﬂWU’Jﬂlvlﬂ‘D'Iﬂill‘i!!ﬂillllﬂ'llﬂ'lﬂ‘ﬂ 1.7%

5.3 2903UIMUTURQIAINDS

o L4 a . . =)
Ni]smammna@mmain‘juawsuaﬂmmmmauﬂagﬂ (Amplitude Modulation) ¥UA

4 4 a < . 4 _ /. :
Huwammmmﬁﬂaﬁtgmummqﬂu"lﬂi’41w1mﬂ’.1maqa (High-frequency Sinusoidal Carrier
Wave : EJ) Wi hlueqaaiudyesnaiuddl (Low-frequency Sinusoidal Wave 138

Ed

modulating Wave : E_) Tatllaumsuanzdaysyioms s M aunadail
E.=E_ sinot (5.3)
E,=E_ sino,t (5.4)

& o o o n’: Vo w &4
Fansweguansnihdyanaussau iveaes hidloulddudguuunouiaen ¥
»

~

vz I8 sdue iy il
Vou =kEcE, =kE_E_ (sino t)sinw t) (5.5)

NAUANTAVEINS INMA



69

(sinA)sinB) = %[cos(A —B)-cos(A + B)]

14
o A

4 ,
Faoz'la v Tnsidail

Vo= ;.Ecpl?,mp[cos(coC —mm)t—cos(mc +o, )t] (5.6)

4 <3 ' ' { n’:
VNAUNMSH (5.6) UMV, 921)52nouAIumenyeInan1eunInuniaes
[
cos(0e — o, t HAZIMBNVBINATINYBINNANIADI cos(w. + o, It dmTumMIReuu

o L4 o LY da o
AT NINUVDINITUIRIUFNDAIAIADT ﬂ&‘i%ﬂ?ﬂm“ﬁﬂ@u7ﬁﬂﬂiﬂﬂ1%’)§ﬁ'5w51Uﬁﬂlﬁﬂill‘U‘U

o

1an Y ¥ 4 o o Y 1w V. o
g laeonuuyd Fatmuadasivers k 13 vy 0.05 wh vhinsnaaen Tasmstleuduaa

@

usean Iz Uaduannifitinnud 1kHz nay 10kHz nazsmusuondyagegavesdano

o "W 4 a o 4
AUy 1V awamsidousuumehiauaas 13 lugin se

1.0
z
>0 S
>:
-1.0
50
&
E oo
2
>
-50 T T r T
0 0.2 0.4 0.6 0.8 1.0
Time (ms)

1 a o o
zil‘ﬁ 5.6 uﬁmwamsmUuuuumsmmmmmmimmumua@mﬂ

a o = ¥yd 1w =y ¥
%1ﬂNﬁﬂ1ﬁlﬁUullUUﬂ'}3WTQ]ualuzﬂw 5.6 Uﬁﬂ‘31ﬁlﬂu11ﬂ?ﬂﬂuluuﬂu1aﬂﬂﬂv[ﬂﬂﬂﬂ

o o =1
wuy Bansalszgnaadruiiunasuaudueqames 1aiuedied

5.4 3995A599 UM AU

a A - 1 d?dI ﬂ dq ¥ [ P a
?Q%iﬂi?"ﬂ‘ﬂﬂﬂ’lﬂﬁﬂulﬂﬁﬂﬂzﬂ':'l'NiJ'N l u’Nil'iﬂ‘lm'S'JiJi]‘umimﬂmﬂﬁ‘umﬁtgtmm

=Y

a A L4 = - o a N 1 1 @ ¥ [
auwmgﬂﬂ AU ﬂE)QE]‘NT!GI‘mJﬂ’JTlJmﬂUUﬂuuﬂﬂﬂ’JnﬁlW&ﬂﬁﬂu TﬂU'N‘i)'i %:Tﬂzxsaﬂu



70

w a dw 1

J A ar a : é 9 o d‘
PMYARIFRUTUANUMAaveI Ty IuBunAITes  Fagdueadasezudas 3dagln

dut

Vinl=Vplsin(mt+9) v

o—

Vina=Vpsin(ot) @ - /\/}{/\, £

3UN 5.7 uaaavvsasndumsiaeuma

13 57 wesedszneudae 2 daulngn Ae Migauuvewasniimyhiigu

= = [l n& o P .; '
doyasiussdn Iihduna v, uaz v,, Bndaundisiedanseaniui@diu (Lowpass-Filter)

[

[ @ o a v o o
Mlsznoudweetuent A, desmfudadumiu R uazdufulszy i ¢ maiauves
WIsANNINeEUIwlAA el

o [ a o A o A 0w 3
dygansaiudiduna v, uae v, dudygiugdadusniiianudomduu

=
=1

\ ar A = o
f]ﬂ')’]i.lﬂ']dl.ﬂﬁﬂu 0 mwumﬂuaumﬂﬁ'ﬂm
Vi =V, sin(wt + 6) (5.7)
Via= Vi, sin{wt) (5.8)
2t ar u,: 3 [V 9 Y o P "
wedeudyauniaeadh lisdmannuewanns laussduemiva v, taumiu

V. N, V. ~E k.(Vpi sin(ot + 9))(Vp2 sin((z)t)) (5.9)

inl

NNAUAVIAVDIAT INQTA

(sin A)sinB) = %[COS(A ~B)-cos(A +B)]

KV . N
V= %[cose ~cos(2wt +6)] (5.10)

A

; 4 42 .
NNAUMIN (5.10) U v, Usznoudromeouanuddl cos® uazimeunuigl

u

¥
o w9y a

g E &l 4 da
cos(2ot +0) Antudimiiameuanuigiesn iz ldimennnuidr cosd Fudumeunil



71

anuduiusiumadounalasass  lunsiidamenanuigeeenliagilalaoms1y

d0 1 & r oA o 4 4 0 o o
'Nil5ﬂ'iE]GﬂTIIJE]G’I1N"Iu“h’\‘ll‘ﬂLI’ﬁ’]‘lﬂ"lﬂ'ﬂQ‘U’t’)d’)ﬁ%iﬂi'ﬂ%ﬂﬂ’l‘imﬂulﬂﬂ’ﬁiﬂilﬂ.lﬂ'lﬂ’l"lﬁ'luﬂx‘m

= A 9 v w P [l = 1 o
Avsanieoluewt] A, sz'ldanuduiutusanszuai narInua v, fisuidy

A 1
—=——+sC|V 5.11
L [R } an

d‘ o a [ ] Y o ow
NNTAUNITN (5.11) MIHNINFUTIHIY hlﬂm'!ﬂ‘lj

V, 1
B — (5.12)
V,  1+sCR
& o ' Ao = A o "
F9INAUNIN (5.12) zog luzuveasnsasnNudmHIL Tasanuaanaaniiny
AN : (5.13)
S\ '

3
@ s

A " Ao v =1 o Y =
Wiulo v, Muesnsesnnuaawiuuuiy v, ssilviimeunnungecos(2ot +0) gn

s

o w & A 1 0 = v w o |
ﬂ1‘ﬂﬂ’l’)'ﬁ‘]ﬂkl‘lj FIVZIHADUANDUANIUDAT cosO wuummauwuﬁﬂlﬂmu

kV .V
=—p;32—c058 (5.14)

out

& 9 @ o v 1 1 @ n’: o w

Favz lausedu Il e mwaulsiuamminnusia dvesdyanaisdes dmsums
P=) o o 4 Qs da
RELLUUMSMIUYe999sAT I uMsReu dvz 19aguuuveuiaen lasl9evsnsuda
= U y & o @ 1w 1 v Ao
esuvugh laeenuuu 1l Fedmuasasives k iy 0.05 w1 Tudiuversvsaiudm
' o q’: 4 { o s
muezldoetueniiues AD741 Tasdssmnnudrmesn szina 160z TaolFdadunu R
1o o o oo o o [y a
AY 10kQ nazaunudszgiiny 1pF Mimsnaaeu Tasmstloudyanausssulvdbu

é 1 a { 4 ] Q‘ :
Wa v, wog v, Sallaweuldgagega 1V innwd 1kHz udwdsaulasuduues v #

inl
J ] a { Y] 1 as o |
e Taspsrunasuduues v, 130 0 sem duninamsau I uemyain laaway

] [ ° A ar -
aralaaien udninnnadunsiassznanslddagii 5.8



72

Vout (mV)

230 - & 4 S SO .

0 30 60 90 120 150 180

manumaa (A7)

a o sl ' [ 1 [ o o
3UN 5.8 uaasnnuduisssn Temanuaaanazus i I mwauesisesas sy
mstdewa
[=) o ¥ g 1 (Y = b Q’: =
ﬂ1ﬂNﬁﬂ15!ﬂUullUﬁﬂ15ﬂ1&1ullﬁﬂ\?(l'ﬁ!.‘ﬂ‘NTI ﬂ?ﬂﬂlllﬂﬂﬂu?ﬁﬂﬂﬂqﬂE]E]ﬂHUTJ‘LIull

Uszansammuizauiumsii ladaduasesasasumsaeuma’ld

5.5 aql

av y Ry, Sy = of ay oy v )

“l;uwu"lmmﬂmnﬁmﬁuummaf_]muwamaanw"lﬂeﬂmmu"h ulszygnaaiig

[ ¥ ) ] o o o o ar
Wuneestesdan Fa'ldun 29vsoniideaes, VIIUFUDAANIDT HAZIIVIATINIUMG
d’ 4 ' a o 1 o o Y
oume cwflmwiuauwmmy“luiﬂiaamwaamsﬂﬁ:mawamgnpmuuummuﬁaw
NITVIUMST  LASNATDUMITNINUVDIADZIIDT IAUMITIRoULUUNS R0 T sunsy

4 ] 1 = 1 Y =
PSPICE 44910WaMsiaeuunumsmnuusiuaazisssuans Iiiiui. digauuvewaeni

¥
Tdeonuuy Iiuidsz@ntnmmnzanlumni hhlszgndahadluasesdesaeg 185

L
@ o

powA  Aniuagdldndmguuuuewaeniildesnuuy TavordugmauiAvesiansniuda-
- d ld” = P ﬂ = | E] o 3 "ij ™

wrsuougil Ianuminzauiszidudamadennislumaildadatudgauuuouinen
A 1 [ [ = o = £
nsodulsznoululesoesaeg  TaomaTulatiessavvesluIwarsnswgmnes 1aiy

00199



UNN 6

vV
unagUnazvetaueug

6.1 unajuazionsel

v
= =) o o o'
InvrtiwusiihiauenseenuuAS IR INUUUTEIADNIYY 4 AYeALAUS U LA
@ g/ - o £ L=
wsasu i Jaeiilassadrenmunzaulumsth e lumalulagaessy lunisesn
o 2 i i i o i
uuivziENINMsANIAMauTRYeNYI N IMFAlssuLg  InmsAnyeziruldine-
da a l:.: ° Y i N [V Y @
VINI AT YA wwimihnidusssiasdayeaussiu I IFidudyana
a I'd & d Aa 9 3 o Y Ao " Qs s
nszualaviinein v Fuiluwesaitinnudumusndrgaimhniudedayanoms i Trdh
™ o ] ¢ ela ] V. a v q Y o a o
nifanesa X dadlunesafitinnuduniuvudii taznesdilinszumeninaiannsoi
o o @ o1 4 o
hhlszgnailuavseniidsaealavldissazieunssumdnnidsegndsmn - dierinasson
o o - da a o (AN} 1 o o
Mdseanaii M nswdadosUgaes wAVsAzRoUnsZIASIIIY 2 gm W
Uszgndmumaiinmemes-auaisee Ididudganuueinasnawiidens  Taviidagui
:.: s o U 3 d} =)
ponuuULL TS udaswee 1d laslemanudtuniuniouen  ¥INKHANMSIROUILL
o 9/ ¥ d 2 Y [ o 9 1 =1
msvhamdaelisunsy PSPICE uaaaliimufannugndes nagimiudvenes Idiued1ed
& 8 & a9 Bt < v 'ij 1 p{ -
uaziiiorharguuuvewiaeni ldeenuuuil lldszgnaaiauiluresdesiugiy 3 2995 Ao

a

o a4 a s 4 s 4
NITUNNIAITDIY, NITUNUBUDRLOR 1mmwsmawmﬁamﬂmmﬁmm1mauwmﬂﬂﬁ'u

L] «“

x

aa a4 o e & ' Ew ' v
muﬁmmmnmumu CINTI']ﬂWﬁﬂTSLaU‘HLL‘UD‘Uﬂﬂ’NiﬁUﬂUm 3 mummmuuuuﬁaﬂsz—

ansnmuesnaguuuueuiaennesnuyy Pedisdaaudnaie

6.2 vorruauuzlumsnIduazHanne

4 @ da o o o o o '
1119391NHANNIVBIN AT AoeoIfuA N aNNIERUNNYsTMs vy lu-
o a & i W an Y e w 9
R R S (o h muumqmuwamaﬂnw"lﬂﬂammuuwwm:annumsasniumﬂ-
a ' & o q ¥ ' 3 o
TuTaduea99552mnn1 S ldaussouzvoarsesasudnaaou Tuamunszuaums
HaR  JRNzmENMIBINIU UM STABE I AW I s liguanianeud i 1
= d.q‘g ] = o ar Y o w
woosamnavu lunasuudas lsunszurumswaauimin wLazUavNAvoINsulag
s ar s - ] ) o
dyraussdnidudyaiunszua Ao Anuduniu R, #ealiannnnd r, 19 Fadisiia
- L o Y e = T o J =
NIo¥AruMoNYeY r, Inua ez lddgauinnuuiuilumsgunnin soudams

a 2 : da o0 '
Answradiatuinlaslumavesgnsel  Feezithunsesdeniivss lemiedrannluniseae



74

' "
=) o a =

v
o ad
smoanuazaIn  evhdiguuuuewiaeni ldesnuuuil ladailuszuumadidonse-
= a1 a ad =Y o Yq ¥V (Y]
undanll wazluilegiunsesnuuulsesdinnsetundaieg  lalvanuaulalumswann
v Y = a o ar A Yo o o'
19939199 Taeldma TuTadvesweansuFamesidusuin  tleannnldmdinudm  uaz
Y a s D’I‘ s ] 9 v as 1
WumsmguuuulFussduliih - fafumediuudaddlassafesdgauuusuiaenii
b d’ I ‘3 Y = a 9 Ao wada
Teonuuutiannsoadrevudoma luladvesweansudawes 1 Tasidnsnaauiang
'Ilyd ﬂ = & = aa o VoA ' &
1113 Nezithudnuuamaniialuveamisanuidouasianaenaulainedianila
o () Y w [ ] q' 1 a =) o r dv o
Tugwogavie Fsowiatiuednaganinodinusatuiwdhnlse Tominazaunsa
o w  Yd Y] ' a ()
suziwanedmivgnaulalumsiannsesguuuuemnasnuuulvig  Allanuutudigs
0 o o a a Aa 4 ad =
niomasdnansisesguuuveasanilszdniamig  eadeszuumediannsoting

. v
a199 Tavtimannsi Idiuane 130 hiaezszygnaldanenuminz avde



(1]

(2]

(3]

(7]

(8]

[9]

75

1DNA1391999

David F. Stout, Milton Kaufman. Handbook of Operational amplifier circuit design.
McGraw-Hill, Inc. 1976.

Us1Tumd nadon. “m3tlszgnd1Fu oTA” Inniinusimnssumansuniiuda
mimnssu i dusiainnds, aordumaTuTadnszseundudnunms
AT 2531.

Waan WumlSnsmd, Ys1Tund nadiou naz3iani fsmum. “9vsgauazms dygio
Taoldmanmsuperesaewiunszias - Msilszyudnnmsmadanssy i
A7t 20,2540, urh 60-65.

Paul R. Gray, Robert G. Meyer. Analysis and Design of Analog Integrated Circuits.
Third Edition. New York : John Wiley & Sons, Inc. 1993.

D. Coue and G. Wilson. “A Four-Quadrant Subthreshold Mode Multiplier for Analog
Neural -Network Applications.” IEEE Transactions on Neural Networks, vol. 7, no.
5,1996. pp. 1212-1219.

Katsuji Kimura. “Analysis of “An MOS Four-Quadrant Analog Multiplier Using Simple
Two-Input Squring Circuits with Source Followers”.” [EEE Transactions on circuit
and systems, vol. 41, no. I, 1994. pp. 72-75.

Z. Wang. “A Four-Transister Four Quadrant Analog Multiplier Using MOS Transisters
Operating in the Saturation.” IEEE transactions on Instrumentation and
Measurement, vol. 42 no. 5, 1993. pp. 117-120.

0. Olael and P. Loumeau. “Four-Quadrant Class AB CMOS Current Multiplier.”
Electronics Letters, vol. 32, no. 25, 1996. pp. 2327-2329.

A. Fabre. “Wideband Tranlinear Current Converter.” Electronic Letters, vol. 20, 1983. pp.

241-242

[10] M.K.N. Rao and J.W. Haslett. “Class AB Bipolar Votage-Current Converter.” Electronics

Letters, vol. 14, 1978. pp. 762-764.

[11] G. Normand. “Translinear Current Conveyors.” International Journal of Electronics, vol. 59,

1985. pp. 771-777.

[12] A. Fabre and P. Rochegude. “Negative Impedance Converter with Translinear

Implementation.” International Journal of Electronics, vol. 60, 1986. pp. 671-678.




(13]

[14]

[15]

(16]

(17]

[18]

(20]

[21]

[22]

[23]

[24])

[25]

[26]

76

W. Surakampontorn. “Integrable Wide-dynamic-range Negative Resistance Circuits.”
Electronics Letters, vol. 14, 1985. pp. 762-764.

W. Surakampontorn, S. Jutaviriya and T. Apajinda “Dual Tranlinear Sinusoidal Frequency
Doubler and Full-Wave Rectifier.” International Journal of Electronics, vol. 65, no.
6, 1988. pp. 1203-1208.

Edwin W. Greeneich. Analeg Integrated Circuits. New York : Chapman & Hall. 1997.

Chris Toumazou, John Lidgey, David G. Haigh, Editors. Analogue IC Design : The
Current-Mode Approach. London : Peter Pergrinus, Ltd. 1990,

Gilbert B. “Translinear Circuits : A Proposed Classification.” Electron. Lett., vol. 11, no. 1,
Jan. 1975. pp. 14-16

Evert Seevinck. Analysis and Synthesis of Tranlinear Integrated Circuits. Amsterdam :
Elsevier Science Publisher, B. V. 1988.

Remco J. Wiegerink. Analysis and Synthesis of MOS Tranlinear Circuits. Boston MA :
Kluwer Academic Publisher. 1993.

Adam R. W. “Filtering in the Log Domain.” Presented at 63rd AES Conf. New York, USA,
May 1979, Preprint 1470.

Fabre A., Saaid O., Wiest F. and Boucheron C. “High Frequency Applications Based on a
New Current Controlled Conveyor.” IEEE Trans. Circuits Syst. 1, vol. 43, no. 2,
Feb. 1996. pp. 82-91 '

Fabre A. “New Formulations to Describe Translinear Mixed Cells Accurately.” IEEE Proc.
G, Circuits Devices Syst. I, vol. 141, 1994. pp. 167-173

David A. Johns, Ken Martin. Analog Integrated Circuit Design. New York: John Wiley &
Son, Inc. 1997

U ?3':;511. “msoaniuuduniziiaiowaenilandulaondnmseessn Inmn
inwutimnssumansquiada  muniwirnssuiid Sudiaineds,
aoiumaluTagwszeomndudmunmsaiansz . 2535.

pus I3inF0UsNa. “m‘iaammmmxﬂszqﬂﬁal%’umwsgmaa‘ﬁ%smuaauﬁaﬁﬁTﬂia
afanuuniudadios.”  Inertinutimassumaesuituda @vIn
Frangsu Wi, aoniuma TuTadnszeoundudgunnmisaianseals. 2543,

nafing erfuafisaimy. “ssiledduewaen sidansudaiileinaa AB> Iniinug
Iranssumansquitagia muInininssy i Tudaineds, aoiniu-

VY o
L‘Yl’ﬂIuIﬂEW‘it’ﬂﬂ‘mﬂﬁuﬁﬂﬁ]mﬂﬁT‘i'ﬂ']ﬂﬂ‘ig'ﬂ\‘l. 2545.



77

HANUHIN M.

a 4 a P o [ 3 = Ld o

MR Eimnines ndaguaziuuiaswes luTwainswdmaes vz

[ H a 9 ° ] ' [ aa d s
TusrantuFadunsomauluriwenin Tausouaovup AR U UAMRDT v TAS 1
s v [ ¥ w o [ Y]
usaou I ludanse (Forward Bias) dausesdovaavivadiuvineaaneos vy lasunsiau
o @ . 2 L3 a L4 YV a

It ludandy (Reverse Bias) F93sasauyavesluInasnsiudanes dumsauandlaq

sUn n.1

m
rbx Cl-l rcx
B/o—\A/N, l =4 +—"\\M\——0 C
Cz: T VBE I'o
T d ngBE

Cex
E

o o o L4
UM n.1 29 auyaves lu Iwasnsgmaes

MSRIITUIRINITIADI A shizalszneudae o 02 v idumanudun g
Rannnihiduiavesgaressuinmsmdnifumoiigoudedyaniouen davziianioo
snuazansadaiald @ flag fomanudmmuiinannms lusanduvoswiua
fuvineaaniaes LazvIReaNARUYIBANES MUAIAY ANNMUNIY 1y, wlifgenn
wioufumsdanesiamusadaiald dou r f0 mMAnudumLRannms ludanse
vouvnuasuvdtames  uazlumsinsanaianuyluih  (Capacitance)  TuluTwans-
NIUTMADT Cyy 10T Cp 71D Ay IihiliAaninsesdsuesnuafuvIABaanines LAz
wanuvdlanesmuaIAL ﬁﬂfmwaﬁngaﬂma"luiwm{mmcﬁﬁma§ﬁm§'u Ty IuvuIA

< aa o : = "W oY =
ian Taeils2110u99299585A19 035 01 (Common Emitter) annsoiou ni ladagii n.2



78

2, Vae

4 an L
3UM 1.2 2esauyaveNRIdinmesi N

o

=t o - W d = = °
nouimsmauuazaums TavaziBoanoaiuluTnarimsgames lalimaiuaue

] éyw 9/ r :r’ 1 = o o d'o
LI,‘W'i'HﬁTULﬂHﬂE%ﬂ&JWﬂW@ﬁMﬂ’JiLLﬁ’) [1] ﬂﬁu‘uil&’%lﬂﬂﬂ"l’)ﬂilﬂﬂ’l&ﬁilﬂ’l‘iﬁ'lﬂﬂlﬂu'&iﬂi‘lﬂu

o

¥
= a o L ar o a  a '
msinsenuazdnavesnesmnin Tasaadnsuzni Idihdmitdygiavnalng

o o

1 o o a é‘ a ar 1
(Large Signal) ¥89nINsLi@noaantnos (1) MfeaumInsnesue lddsaunsi (n.1)

DynfA \%
N q B(u)l E eXp[qk;E) M.1)
B

9 o

' 3
NFUNIN (A1) s o auns T laasdl

Vv
i &l exp{ VBTE ] (n.2)
Taoi
D.nZA.
o= 1B TR QA
Q3
ey
v, KT
q
il

q = anszylfvesdianasou (Electron Charge) A umifiu 1.602x10™ (C)
e a 1 a g = 2
D, = Mmdwlszdnimsunsvesdianaiounse laaluvuud (cm’s)
L} 1 _- ‘é el A el a = = a -
n = manusuusivdssywmesianiirialavosmsnsdniBuniuga (em”)

' J Aaa s a 4 2
Ap = MNUNDUAIABIVDINT UL HIABS (cm')



79

b4

I o | & ] daa a 3
Q, = M MIUBABNYDINITD IuAREN IR UNBNMADS (cm”)
v a 1 ' a aa I'd
Vv, = Aussau Iihnsesdeviuaiundiames (V)

= A1NINVDY Boltzmann’s Constant A NNINY 1.38x10™ (J/K)

=

= Aguugisonda (K)

—

—
Il

s ANITUADUAD (Saturation Current) (A)

ANNUNUIMUUYBINTZNE (Alem’)

—
I

o= museau I uFagungil (Thermal Voltage) (V)

<
Il

‘ﬂl ] | é’ L A a d‘ U

VAU (0.2) wuhmnseud 1, sgvuegnunius iy i v, Tasfiswes v, 1
! = P & d ¥ a o I~
AJszuim 25.8 mv Ngungil 27° C Favzmu lanaumsvesnssua 1. Sgudnyuziuuuy
=] = < v @ d ' 1 @
o0 TwuuuiFon (Exponential) a1nAmduiutyesnszua 1. nuawsaaulai v, ms
o 3 LU A a o 1 a d' = d
Mavesnuuiinessidinszua I aeimouiuawsssuliih v, diensudmaes
o " P=1 ' e ey, [ a a J = 0 [
wamlugwenivh ualumsdfidulenwsesaulni v, mudussiinaildminszua 1,

o 4 LA & i . 0o q Y1
INUUURIY “ﬂ\ﬁjﬁ1ﬂﬂﬂ1'imulﬂﬂ1]uluaﬂn'ﬁnﬂﬂa‘UﬂQ Base-Width Modulation ‘ﬂﬂ‘ﬂﬂ‘lﬂ‘szuﬁ

V Vo
| X exp[ﬂj[] + -i] (n.3)
V. v,

§ ' o o i a 4 @ a0
e v, Ao AwseulWiieesa (Farly Voltage) vounsudames Iaonaliveiin

1. Wudsaunis (n.3)

o« = oo o J 1 9 @
alszm 130 Taan minaunish (n.2) asamanudmiusssrneamussau i v, fo

aszud 1, Iaih

Vi =V, h{lfmj (n.4)

S

.

aa a0 o @ e d
'i}'lﬂ'Nﬂiﬁngﬁﬂlﬂﬂ?ﬁ%59Uﬂlﬂ955'JilﬂTﬂiUﬁiynymﬂluTﬂmﬂiuzﬂﬂ .2 TU50
o @ i & 'y P & N Ve =3
HITUMTHAAIANVTUNUTISHINTINIIUIAD IR "U‘l"JQvl‘UTWﬂ?iVITIu“ﬁﬁmt']i ulﬁﬂﬁﬂﬂvlﬂu
P 1 o [ o o o ar
NNauMsh (n.2) wwmmonsmsdaiuanui g TAnnanuduiuivesdnsins

4 . g P s E
wasulassnszua 1 Auawmsain iy, Faziludaaumsi (n.s)

dl

c

gm = Ve =0
(n.5)

dv,,
IC
VT



80

o L) [ o .; " =y

wuldhimeasdwiunnmi g wiuegiugungiisendns v, uazezlinnuiiy
a 9 0 @ o o = I 1 a
Fadu Taoulsmwsnszue ludannineammneives luInarinsmdmaes daudnsins

wWasuulasmnszud 1, fuminszuanssauliih v, 02189

dI,
gr = =0
oy, ™
(n.6)
1 dl gy
Br dVie B
& A "o aa o 1
o BF 1D MIDATIVYIUNITSUTVDINIIDUAIADIITIY
- "o [ 1 o < o a o
gn PO ﬂ'lﬂﬂ'i'Iﬂ'l'iﬁﬂN'mﬂTIJJ'LI1ﬂ%1lUﬁﬁ]ﬂﬂleTWﬂ']‘i‘ﬂ‘i"l'lJ"h’me'ﬂ'i
- ] U v 9 o d..
‘Hmmmsnuﬁmag“lugﬂﬂadmm‘mmumu I "lﬂﬂﬁﬁllﬂﬁ'ﬂ (n.7)
1
I = ;
v (n.7)
A
gm

' NS o w d [ = v
AWANUMUNTUYIE0N 1, ¥ IR InANuFuTTveIdRT NIl feuulasainszud

I fuaussau Il v, Tegsinaumsi (n.3) a1

1 dl
N T go v ¢ v =0
r() dvcf
| V..
=R akpl e (n.8)
—r
par IC
Vf\
YEL
Vv
r, =—>2 (n.9)
I,

| aa o T '
nnvsauyainldluassdianesswawsadiousssauya Weglursswasu

(Common Base) 1ﬁﬁdzﬂﬁ .3



@
=

31N .3 29sauyavoIeTUATIY

A ' CE = o " n’l‘ = 1 1 s
mmﬂamé’ﬁumuﬂﬂnaumm{ r, YDINVTUATINUU WWUAUNINY

= Ti

IC

Il

10 o, D MDA IVYINTLUTVDINIVIIVAT

81

(n.10)



82

MARUIN V.

o o [ @ o L4 o o o 1Y
mimilandudaiuvesdygrauseiulddmesa v, v, duneia X, v, dmsuns

a ' 7 o L da a4 o ' u‘: a do" A
'Jlﬂ‘i-izﬂﬂ'IﬁiﬂﬁfUﬂ'ﬁﬁQN']uﬂ]BQ'}Q%sﬂi1uﬁﬁ£uu’ﬂluuquu wUszuIums NNz lagiaen

a d 1 a & ' o a o da a o [ :
’Jlﬂi’lx‘ﬂuﬂmUd‘ljﬂulﬂ‘lfﬂﬂud‘lli)dﬂ‘IUTWﬁﬁﬂi1U‘Hﬂlﬂ8‘i "luaemmmﬂamumuugmmu

A 3 w sJﬂ o n‘: & 1
[26] wazaznldouanudumunndiluresiiduanmivinee Ao g =— uas

s

¥
LY

1 4, ¥ a E
g, = r—mm'ﬁuﬂ"lﬁ g >>g_>>g. YUADUMIINTIZHLA]
o]

A Hq va > g /5
:i"lh'l .1 !lﬂﬂﬁ'}ﬁﬂ?ﬁugﬂﬂi‘ﬂ']iﬂiWﬁﬂﬂTﬁiﬂ‘ﬂuTNN'I‘H

flnua ¥,

I,grnl +gn2 +goq +S(Cn1 +Crt2 +C;|2)JVI _SCuZVZ
_(gn2 +SCJ':2 )vx _(gml +SCnI)Vy = 0

fmua C, =C_ +C,, +C,, wld

(gml * SCI )vr ~§C Vz _(gn:Z +SCJ12)Vx "(gml +5Cm)vy =0 (v.1)

2
nlvua v,

lgm'.' +gn:3 +g02 +S(Cp2 +Cn7 +Cﬂ8 )Jvz _Scplvl
-8V, +gm2(vl _Vx) =0



° b4
Amua C, =C,, +C,, +C,, 214

(8m7 +SC2)V2 —(SCM ~Bm2 )vl -gmV, =0

nivua v,

[gnz +2, +SC1!2]Vx _(gnz +SCu2)vl -8 V2 _gm2(vl _vxl): 0

a3l
(gml +Scn2 )Vx _(gm2 +SC:('.’ )VI = 0

v £
VINANMSN (v.3) 1wV, Taaail

(gm2 +SC:¢2 )Vx

V =
: (gm2 +SCn2)

VI X

| X

unum v, asluaumsi (u.2) uazdagalIng

(gm'f +SC2)V2 "'SC V = O

2 " x

sC
V, = ——V

(gnﬂ +5C2) >

UNUA V, uaz v, aaluaunisi (v.1)

( C,)V, -sC Vs
+ i 5| ———=
gml s 1 X S 2 (gm o SC2

unua C, uazingt vy

87 +5C,

{(gm. v, c))(-(i)_)} (g +5CV, =0

83

(v.2)

(v.3)

(v.4)

(v.5)

):l_(gnZ +Scn2)vx _(gml +SC1tl)Vy = 0



84
imua C, =C,, +C,,unazdngiimi

s* (C2C3 )+ S(ngm +Ci8s )"‘ Emi8mr
(gm7 + SC:)

:|Vx = (gm] + SCnI )Vy

L (gml +SCK] Xgm? +SC2)

¥y B 52(C2C3)+S(ngm| +C3gm7)+gm[gm7

(v.7)

& o o { o v w 1 a o [
FuduilsrFuoToufuannnudniutszuiadyaraussdu i v v,



HMAWHIN A

85

a s s da o o o a o s
ﬂ'ﬁ')lﬂi'lzﬁﬂﬂlﬁiﬂJﬂ‘UfN’N‘Vl'iTN'i’f'ﬂl‘uUii“Vll]ﬁzﬂﬂﬂﬁjﬂulﬂiwa'ﬁﬂiWH“ﬁﬁlﬂaﬁ 31

o da A oA - a 12
31]7] A.1 9NIIUTAULIINYTZNDVUVUNNT IUFANDS 8 A2

= a Y a a 4 o ¥ &
MNIUN A1 SuduRnsumauddees 4 srdwuuie Q,,Q,,Q, uaz Q,

Amuald I, uae B, fe nszuafviuauazdasweonszuadianes Ve ugmaes

A i ey a2 1dn

L,

[=1 -1y =1 -—

6

I‘2 =1, +Iae —IBI _IBZ =

unumeumsh (a.1) asluaunsi (n.2) udwagyInk 1A

(n.1)

2 (n.2)



EZ 1 ﬁé '3! E6
(ﬂ3)
{ 2 J [1 1 l JII Il
BZ 1 ﬂb Blﬁﬁ IEI

& B>>19z1an

B <, =l (R.4)

1
¥ = = o o 9 [ =) o = LY [T
ADUINDTUINITUFTADT 4 AIAUANAD Q,, Q,, Q, taz Q Tuusuaenuz 1an

I
e P e

(n.5)
8
, - Vr—h
14:I4+IBS—IB3—IBQ:I4+é—b—Z——B“T (7.6)
unumaumsd (a.5) aaluaumsii (.6) udasag v 18y
Y, =(_£3i_ (HL}h —L[lx _1_4H
B, +1 L Bs ) B, Bs
I (m.7)
[_L (HL_ ! ]14_1_3
Bi+1)| Bs  BisPs Bs
& B>>1 v 1d N
; |
Lo=1, _B—z (M.8)

~ § a o w o o
NTUNITN (A.1), (A.4), (A.5) Uny (n.8) Lﬁﬂ“ﬂﬁ']‘H“]J’ﬁtﬂﬂiﬂﬂﬂ’]ﬂﬂ’ﬂﬂﬁﬂﬂiyﬂuwﬂﬂﬁgﬂ'l'i
° ar aa L a d a
fmuald B, uaz B, ADOATIVYIWNITZUADIAIADTIINVDINTIUTAADS ¥HA NPN Liag PNP

Vv
o @ o o o Yo A
APV IV IU AU IR NUFURNUTNIzuanolu 1Ad T

86



87

; I
I, = 1_52‘
N
s |
Iz =Iz _B_l
= . (1.9)
] I.1
[ =1, _'B_
P
, I
I, =1, _Bi
P

= A ' ) (4 @ da o d o
‘IN%13m1ﬂ1‘3&‘ﬁ€]uﬂﬂl‘ﬁu3ﬁlﬂﬂﬂi'I‘H”]I'E'TLWE]S Ql — Q4 VINHANNTIINIIUAAUOTIEN

W 1danudunus
RO (7, (A.10)

unum I uag 15 1naumsi (a.9) aaluaunsi (1.10) udardazdaunisezla

g
] B A Bp

o TR 1 )

Bl =11, = (n.11)
JAC \& B [[B0
A . I : <
09910 B >> 1ot ldimon 224 Yagnd; 1,1, mnsumunsnaziala iuwald
NEP
LE T
L=l + 224+ 12 (n.12)
N Pe

v 9 ' ]
15T A nszue 1 =1 =1 wszaziudennumasluaumsi (a.12) w18

I,1

27q

1,1

4 (M.13)

=11+
' v Pe

unu 1, waz 1, anauns (n.9) asluaunisi (n.14) a4

AT
=00 +—21+—2 (.14)
N B

a = ¥ v o L ' '
W5 Inua X ez ldnnuduiusseninanssua I5: Ly waz I

mn



88

=1, -1, (A.15)

I =T, +1, (A.16)

unuaumMsi (a.16) aaluaumsi (a.14) wagdaga Imivent 1) 1y

1
2 2
I :l (Im +[L+LJ1{€J —ilqlm +4lf] {L+LJIQ =l (M.17)
2 Br B p Br By

: o = P o "o ’ o3
VNUUNIMS NN (A.15) asluaunish (.14) wazaag U Tmiwen I, iy

1’4=i [Iin-i-(i-l_LJIQJ —ilqlm+4li a(r—l—+—]—]lq+lm (M.18)
2 Bo By B, By Bn

Y A Yo o "y ! =y -y 2y

i B Imgannwemalizinm ldimaningnuisegaaoa B il alinniosunavaziald
¥ .

ANTUAUNSA (A.17) naz (1.18) Jaamninaasil 1dily

e
It

| —

I 4l oy (n.19)
. arp -1,

e

B ;—ﬁ(lfn +41§);' +ImJ (A.20)



MARUIN .

o a g W a = o
a'lua lyaaveans uGmeosn1¥luinoiinus
= o
NIMUFAAD5IUDT 2N3904 1Az 2N3906

.model Q2N3904 NPN
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+ VJE =0.75 TR = 33.42E-09 TF =A993E#12
+ VTF =4.00 XTF = 6.00 RB =10.00
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VAF =74.03
IKF = 66.78E-03
ISC=0.00

MJC = 0.3085
MIE = 0.2593
ITF=04

VAF = 18.7

IKF = 80.00E-03
ISC=0.00

MIC = 0.5776
MIE = 0.3677

ITF=0.4
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DUAL TRANSLINEAR ANALOG MULTIPLIER

Thawatchai Kamsri. Anucha Kaewpoonsuk, Prapath Ukakimapam,
Vanchai Riewruja and Worapong Tangsrirat

The Faculty of Fngineering, King Mongkut's Institute of Technology Ladkrabang,
Ladkrabang, Bangkok 10320, Thailand.
(Tel: 66-2-739-0757; Fax: 66-2-739-0757; E-mail: vanchai‘@ cs.eng kmitl.ac th)

Abstr

act: In this article. an ategrable circuit technique for implementing an analog multiplier is presented. The

realization method makes use of the dual tanslinear characteristic of bipolar junchion transistors, The proposed circuit

achieves a wide dynamic range and high accuracy. Simulation results demonstrati

circuit are included.

L. INTRODUCTION

I'he analog multplier s ene of the important building
= I £

blocks used in the constructien of nany siznal
processing. For example. it can be apphed to frequency
miners, variable suin amplifiers. adaptive flters, phase-
loched Toops and sinescosine synthesizers. In the pasl,
one tundamental approach 1o realize a - multipher
tunction is based on the use of an operational amplificr
(Op-Amp) wogether with bipokn transistors 1o form
log and anti-lag amplifier [1}. This approach provides

e logarthm principle 1o reahize a multiplier function.

Another approach is based on the use of an operational
transconductance amplifier (O LA and resistors 2]
Allernatively, an approach based on o Gilbert cell [3].
was originally implemented wuh hipolar transistors, In
addinon. three approaches have been reported on the
using  MOS
transistor. The first approach is based on the current-

realizaion. of @ multipher Tunction
voltsge characteristics of MOS transisior i the triode
region [4]. The second approach is based on the use ol
the square-law characteristies o1 MOS wransistor in the
saturation region [S)-[7]. The third approach is based
on the use of MOS transistors operating in the
subthreshold-region  [8] Dual
comprising ol the two n-p-n and 1wo p-n-p bipolar

translinear — loops

transistors have received much attention  recently,
Uisually. they ure employed o unplement analoe like
those of 4 current-to-current converter [9]. voltage-to-
current converter |10, current convevors [11] and
neeative impedance conventers | 12]-[ 13]. Recently. it
has been demonstrated that a dJual translinear loop.
which works as a class AR amplificr can be used 10
implement both ot a sinusoidal trequency doubler and

full-wave rectifier [14]-[13]. The aim of this article is

98

g the characteristic ol the proposed

1o propose a-method for realizing an analog multiplier
circuil based on the use of resistors, current mirrors and
dual-transhinear-loop squaring cell [ 14].

2. CIRCUIT DESCRIPTION

24 Busic Principle

IFigure 1. Basic principle

Figure 1 shows a dual translinear loop formed by
transistors Q. Q.. Qs and Q. The current sources |
provide the bias current for the circuit. Assuming that
the transistors . and Q. as well as (. and (), are well
matched and the commaon-emitter transistor current
vain B>>1. When the voltage V, and V. are apphied o
the circuit. then the voltage at node x will follow the
voltage V, with the gain equal 1. The differential
voltage (Vy-V,) is converted to be an input the signal
current i, =(Vy-V ) (R =1) which [low through the
input node x. where R and r, are the external
resistance and the parasitic resistance at node x ol the



93

Figure 2, The proposed circuil

dual translinear loop. The relationship ol the current iy,
iy and 1, can be expressed as

[\.‘Iin:. *‘”. 1,
r, =t “ (UB}

iy =———* 27

Where i, and iy are the collector current of the
transistors Qr and Qy, respectively

2.2 Dual translineur anatog mualiplicr

Based on the basic principle of figure |, the proposed
dual translinear analog wmuttiplier circuit s shown in
figure 2, The groups of transistors Q -Qy, and Q Qs
function as a squaring cell SC1 and SC2 for the input
signal current i, and i, respectively [14], Transistors
Q-0x and resistors R =Res function as a summing
circuil. which converts the summing voltage (V0 V-)
into a signal current i,,,. Then the signal current iy, can
be stated as

99

V) =V,

i NV CR
Ry 42rg

mi =

Stmilarly, transistors Q0 Qs and  resistor Ry
funcuon as a differenual circuit. which convens the
ditferential input voltage (V- V) into the signal current

1oz Thenbe signal current i,,.> can be stated as

) VE i 2
iy = 25— —4 (4}
Rex+ry

Consider the SC1. the current mirror CM1 reflects the
current iy in order to add with the -current 1y, If the
current gain of the CM; and CM, are cqual 10 one,
using equation { 1) to equation (2) then the iy, is given
by

e di? (5)

Yo il 3

I we set x 1i:...5"4|:qa and the power series ol
Jiex) s syt o

the equation {3) can be written as

are employed. then



ion =21, 1+ (6)

81

SRR

i

For (i:;.ni'-ii:q)t'l the current i, can be approximately
given by

1

3 i{n
iy =21 + -1 (M
41,
Swumilarly. the current g can be stated as
i = s
1oy Tl —o (3)

a1,

From equation (7) and (8). the output vohage V ,, can
be approximaied as

Vo = o Ry = ligr=iga R = Ry (9)

If the term of (R -2r) in cquation (3) i set to equal
with the term of (Res+r) inequation (4). Then the
output voltage V. can be stated as

R, =(i(31"i\]‘}Rl -

ViV,
R

(1)

Since, R is the term of (Re.=2ro It should be noted
that the output voltage V- is the multiplicr function of
the input signal voltage V, and V. witlt the gain equal
10 (RU(R L.

3. SIMULATION RESULTS

The circuit performance was studied by the use of the
PSPICE analog simulation program. Phe simulation
was carried oul using bipolar parameter ol 2N3906 and
2N3904 for p-n-p and n-p-n transistors, respectively.
The bias current Iq is set o FO0uA. Rey= Res = Re=
R —100k€2. R =100k and V¢ ~-V,:~10V. Figure 3
shows the DC transter characteristic of the proposed
circuit. Figure 4 shows the transient response for 1V
peak amplitude sinusoidal signal vV and V, with
frequency 10kHz and 1kl respectively. 1t is evident
that the proposed circuit exhibits a high accoracy and

wide dynamic range.
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4. CONCLUSION
In this armicle. an alternative  scheme  suitable  tor

fabrication using bipolar wransistor technology for the
realization of analeg multiplier function has been
presented. Fhe simulation results have shown that the
ciscuit perlormance s highly accurate and has wide
dynamic range.
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TEMPERATURE COMPENSATION OF
CMOS TRANSLINEAR CURRENT CONVEYOR AND OTA

Amphawan Chaikla. Prasit Julsercewong, Wandee Petchmaneelumka,
Thawatchai Kamsri and Vanchai Riewruja

I'he Faculty of Engineering, King Mongkut's Institute of Technology Ladkrabang.
Ladkrabang, Bangkok 10520, Thailand.
(Tek 66-2-739-0757; Fax: 66-2-739-0757; E-mail: vanchaid.cs eng.kmitlac.th)

Abstract: In this anicle. an integrable temperature compensation scheme for CMOS translinear second generation

current conveyor (TCCHD and OTA is presemed. The proposed scheme makes use of the new bias circuit, which has a

current that is inversely proportional 10 the absolute temperature. The transconductance of both TCCIl and OTA can
also be hnearly varied with the bias current. Performance of the proposed scheme is confirmed through PSPICE

simulation program.

I. INTRODUCTION

An operational transconductance amplifier (OTA) and
a rranslinear second generation  current  conveyor
(1CCID) have heen received much atention i the
desien and hnplementation ol current mode Tunction
circunts with electronically tunable characteristic. It can
be found in many applications such as oscillator.
converter, multiplier and flter [1]-[4]. In the past, most
of OTA and TCCH applications were based on bipolar
technology. However, the characteristic of OTA and
TCCH s rather strongly dependent on the absoline
wmperature. [he remperature compensation scheme
can be lound in [3]-[6) For CMOS-based OTA and
LCCH 7] the transconductance ey, of OTA can

be controlled by an external bias cuveent or

R N p
¥ ol
Where K; is a transconduclance parameler, which is
dependent on an absolute temperature and 1 is a bias
current. W oand L. are the channel width and length of
the input stage transistor. respectively, The major
OTA is  the thar  the
transconductance gain g, is dircctly proportional 1o the

disadvantage  of fact

absolute Therefore,  the

compensation is required for the OTA-based circuit.

lemperaturs. lemperature
Consequently. the transconductance gain gy, is the
square-root function of the current 1, In the case of
ICCH. the parasitic resistance r. which appears al

94

port x of LCCI, can be varied by an external bias

current, or

| '7 I
2VKe Wty

Where W g and Ly are the channel width and length
of MOS tansistor inoa class AB stage. Many
applications using TCCH employ an advantage of this
parasitic resistance, However the parasitic resistance 1,
is inversely proportional 1o the absolute temperature.
Therefore. the temperature compensation schemes also
It should be noted that
the variation of both e, and v, are the sguare-root

need tor TCCH-based cirgun

tunction ot the controlled current ly. The purposed of
this article v 1w proposed a method o realize a
temperdiure  compensation. scheme. which the bias
current of OTA and 1CCH are inversely proportional
1o the absolute wmperature.

2. CIRCUIT DESCRIPTION

I'he proposed circuit is shown in ligure 1. the
transistors M -M,_ resistor R and current source |
function as a reference current generator. It is required
that W 'L, and WL, are equal 10 4W 710 where W/,

is the rutio of channel width and length (W) of

transistor M,. The drain current of transistor M, 1.,
can be expressed as

- W
hor =KplLRF (3)
2,



If the ratio of WL, is set 1o 8, then a current Iy,
becomes 4Kp(1,R)*. Transistors MM, and the current
source ly form a squaring function circuit [&] and
transistors M -M,: function as a unity gain current
mirror. If Wg/Ly is equal to W./L,. then the current Iy,
becomes the same magnitude of the current lps. The
current mirror M.-M: reflects the current Iy, to the
output current lp,p. It should be noted that the
transconductance parameter K, is dependent on the
absolute wemperature. Therefore. the current lyy; is
inversely proportional 1o the absolute temperature, The
current ;5 can be stated as

h _ I

4y 16Kp(LRY

o=l =ly=

4
Where [}, 18 the external bias current and 1, 1s fixed to a

constant value,

Figure 2 shows the OTA bias current. which is

repliced by the proposed circuit mi Ngure 10 From
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equation (1) and (4). the wansconductance gain g, of
OTA can be expressed as

N =__|“ ,ﬁ (3)
BTN T ’

where W\,'L,, 1s the ratio of width and length of the
transistor M ,,,.

Figure 3 shows the circuit diagram of ['CCI, which the
bias current uses the proposed circuit in Ngure 1. From
equation (2) and (4). the resistance r, is given by

5 I
= 2hR Jf Ly ] )
In \' Wy

where L, "W is the ratio of leneth and width of the
transistor My It is clearly  seen thar  the
transeonductance gain g, and the resistance r, which
the temperaturc-dependent are compensated and can be
hinearly controlled by an external bias current.

a0y ;1'7'- L
1 b DG PR -
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— et
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Figure 1. The proposed circuit
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3. SIMULATION RESULTS

The pertormance of the proposed scheme is verified by

the use of PSPICTE analogue simulation program. 1he

simulation was carpied out using BSIM 0. 7um CMOS

process, I'he current 1y and 1, of the circuit in figure 1

are set to 30uA and 25uA. respectively. R 10kE and

Vi -V

3V. The ratio of ¢channel width and length

WL of the circuit i figure | was shown in table |

Figure 4 shows the simulation result for the current £, -

auiinat temperature

Fo compare the performance off

the temperature compensation OTA i ligure 2 with the
conventional OTA. both OTAs were used to reahize a
controlled resistance [9]. The ratio of Wi ob QLA was

shown in table 2.

resistance againsl temperature

resistances sot o HikE2 e 27°C

Figue 3 shows 1he simulated

where the smutaed

In figure 30 The cireuit

was simulated by using the ratio ol WoLoas shown n

table 3 and the simulated results of the ouipul current at

port / i, agamst temperature are shown in tigure 3. In

this case, the current v, is set o UMV, It is clearly

seen that the temperature pertormance ol the proposed

circuit is much beter than the conventional circut,

Lable 1 Phe rano of WAL ol ciremit m bigare |
namy Wy pm
M b
MM M Mo M M 124
M,
My M. b
M, VoM, RO

96

Table2 e ratio of W ot O3 A
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Faculty of Engincering. King Mongkut's Institute ot Technology Ladkrabang.
Ladkrabang, Bangkok 10320, Thailand
Phone: +66-2-739-2406 ext 129, Fax: =66-2-730-2406 ext 103
) F-mail: vanchaies.eng kmitLac.th

Abstract

In this uriicle. a simple circwt-design rechnique for
implementing  an analog  mubiphicr s proposed. The
realization method makes wse of the ivherited ranslinear
foop of the franslinear current convevar aind the cuirrent
niirrors The proposed scheme achieves avide. dviamiic
ranwe and hich accwracy. Pevrformimes of the schene is
demonsirated by PSPICE sipnslation vesidis,

1. Introduction

In recent years. the transhnear current conveyor  has
received much attention 1o design and implement current-
mode circuits such as filters. oscillators, variable gain
amplifier. a sinusoidal frequency double and full-wave
rectifier [1]-[6]: The advantage ot this method s that the
terminal resistance r,. appearing at the port x of the current
conveyor. can be varied by an external bias current. It
should be noted that the terminal resistanee depends on the
input resistance of the dual translineir loop in the current
convevor, The purpose of this letrer 1s o propose i simple
analog  multiplier cireuit that emplovs the translinear
current conveyor. resistors and current mirrors. The design
technique makes use of the dual translinear characteristic
of bipolar Junction  transistors associated  within the
translinear current conveyor. where this charactenistic is
monitored from the supply-line currents

2. Circuit Description
2.1. Basie Principle

The schematic diagram of the translincar-based  current

conveyor 1s shown n figure b [6] Where the croup of

transistors Q) Q constitutes o duad ranshnear mput cell.
The current 1, and |, denote respectively the positives
supply current and the negative-supply current ol the
current convevor. The current 1, 15 an external bias
current. Assuming that the transistors 0 and Qs as well as
Q. and Q; are closely matched. the common-emitter
transistors current gain 51, and all current mirrors has
exactly umity gain. From the transhinear principle [7]-[8].

the relation of the currents [, 1x, 1, and the input current
I,s can be expressed as

h

+ = )

when 1, 0. the currents by — - — ... The relatuon of the
currents Ly Lo 1 and 1s are

o faf ¢ o
AR

Figure 1. Schematic diagram of the translinear current
convey or

2.2, An analog multiplier
The block diagram of the proposed analog multiplicr using

the translincar current conveyor and current mirrors 1s
shown in figure 20 Where the CCII, building  block
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Figure 2. The proposed analog multiplier

corresponds 1o the circunt diagram ol the translinear
current conveyor in figure 1. The current |y, and Ty, denote
respectively the positive-supply current and the negative-
supply current of the curreni conveyor CCll,. The current
i1 and i,> denote the input signal current of the conveyors
CCH, and CClly. respectively. If we set the external bias
current 1y, of all current convevor are equal Thus, the
expression for the current 14,2 L. [y and Li-are

~ (3
HE, (6}
[ :;?_, N N
ly- =3, + \H_—;;*l (83

Due to the current mirrors CM, retlects the current fy, in
order o addmg with the current [ and the current mirror
CM; rellects the current 1y: m order Lo adding with the
current ly-. The current mirrors CM. and CM, action
respectively reflects the current L and L to the output
nade. then the output veltage V, becomes

M Tt

It we set k(i 417 .), and the power series of v(1 °K), ~
1+ 12)k=(1:8)k™+... are employed. then the equation (9)
can be written as

el : ;
B R T R )
\ J1,0 R = o (m
W wn L B 4
" g
i 1B 1281, )

For 4Tl 1 and (K@ 0< 1 then the output
voltage V.. can be approximately given by

(rh

Where 1 =(Vi=VOIURGF2r ). = (V= Vo) (Roa#r;) and
r.. is the parasitic resistance at port x ol the conveyor
COHL I we set §R -+ 2r (R +r =R then the equation
11y becomes

Yo = —a % ¥, VaE RV Y (12)

it should be noted that the circuit of figure 2 provides the
O 5 A ! v
function of analog multiplier and K2R, 'R" l,,..) 15 the

, ¢ p ¢
multiplication constant.

3. Simulation results

The performance of the circuit in-figure 2 was studied by
the use of PSPICE analogue simulation program. The
simulation was carried out using the bipolar transistor
parameters of the 2N3906 and 2N3904 for pnp and npn
transistors. respectively. The bias current 1y, set to



200pA. Ve — Vi~ 10VL Ry 30K and R~ 100KE2.
Fieure 3 shows the measured de transter charactenstic of
the proposed circuit.  Figure 3 shows the transient
response for 1V peak amplitude sinusoidal signal V, and
Vo with frequency 100kHz and 10117, respectively. The
maximum  total harmonic distorton ot both the input
voltage of 1V is about 0.69%. where the input voltage V.
is DO volage and Vs the <inusoidal input voltage with
the trequeney of ThHz The simulated requeney response
of the proposed circuit is shown in figure 8 Bandwidth of
fivure 3(a) and figure 5(b) 18 about 167MIz and
1.66MHz, respectively.
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Figure 3. DC transfer
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Figure 4. Transient response
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Fizure 5. Frequency response
(a) For input voltage V,
(h For input soltage vV,

4. Conclusion

It has been shewn s leter that an analog multiphicr
cireuit. can be realized by wsing rnshinear current
conveyor and current nurrers as active arcuit clements
The mwltiplier acton s pertormed by employing the dual
transhinear characteristic of upolar junction transistors
associated  within the current convesor, where this
charactersiic has been monitared from the supply-line
currents. PSPICE simadation results have been emploved
e centirm the pertorniance of the proposed cireuit
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